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1  |  INTRODUC TION

Environmental DNA (eDNA) is increasingly used as a cost-effective 
and sensitive supplement to traditional sampling methods in surveys 

and monitoring programs (Kumar et al., 2020; Taberlet et al., 2012; 
Valentini et al.,  2016). The methods are considered particularly 
promising when targeting rare or recent invasive species that in 
general are difficult to detect (Thomsen et al.,  2012; Valentini 
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Abstract
Environmental DNA (eDNA) is an increasingly used noninvasive and cost-effective 
method for species detections in surveillance studies. The myxozoan endoparasite 
Tetracapsuloides bryosalmonae is the causative agent of proliferative kidney disease 
(PKD) in salmonid fish. PKD is a potentially lethal disease of freshwater salmonids 
when water temperatures exceed 12–14°C for prolonged periods. Periodically, high 
mortality and decline in farmed and wild salmonid populations in Europe and North 
America have been reported in the last decades. The aim of this study was to use 
eDNA as a method to detect Tetracapsuloides bryosalmonae from large, deep, dimic-
tic Norwegian lakes. Such habitats are expected to become increasingly important 
for cold-water salmonids with global warming. Samples were collected from five 
lakes in southeastern Norway, and parasite DNA was detected by qPCR. eDNA from 
T. bryosalmonae was detected in four of the five lakes surveyed. These findings cor-
responded with the detection of T. bryosalmonae DNA in salmonid kidneys in four of 
the lakes in a previous survey. The detection of parasites from eDNA varied between 
years and stations within the same lake, revealing a changing and apparently stochas-
tic spatial distribution of parasite DNA from year to year. Nonetheless, by sampling 
multiple sites throughout the lakes, we were able to detect T. bryosalmonae at the lake 
level in both survey years. Strategies for eDNA sampling in deep, dimictic lakes are 
discussed.
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et al.,  2016). eDNA is intra- or extracellular DNA (Pietramellara 
et al.,  2008; Taberlet et al.,  2012) collected from a range of envi-
ronmental samples such as soil, seawater, snow, or air, rather than 
directly sampled from an individual organism (Ficetola et al., 2008; 
Taberlet et al., 2012), and can be used for detection of single spe-
cies or as a substrate for eDNA metabarcoding (where a large num-
ber of species are detected simultaneously) (Taberlet et al.,  2012; 
Taberlet et al., 2018). In lakes, eDNA has been used to detect the oc-
currence and distributions of aquatic parasites since 2014. (Ficetola 
et al., 2008; Strand et al., 2014).

All parasites depend on their hosts to live and complete their 
life cycles. Endoparasites, such as myxozoans - which are normally 
concealed within their hosts, can be particularly difficult to detect 
and sample in the environment (Bass et al., 2015; Duval et al., 2021; 
Okamura et al., 2018). Traditional surveys therefore mostly rely on 
lethal sampling of the host to detect the parasite (Huver et al., 2015; 
Rusch et al., 2018). eDNA offers sampling and detection of genetic 
material released from a parasite, without capturing or killing its host 
(Bass et al., 2015; Duval et al., 2021; Hallett & Bartholomew, 2006; 
Huver et al., 2015; Rusch et al., 2018).

The myxozoan endoparasite Tetracapsuloides bryosalmonae is 
the causative agent of proliferative kidney disease (PKD), which 
is a potentially lethal disease of freshwater salmonids when water 
temperatures exceed 12–14°C for prolonged periods (Hedrick 
et al., 1993; Okamura et al., 2011; Waldner et al., 2021). PKD has 
caused high mortality and decline in both wild and farmed popu-
lations of salmonid species in Europe and North America for more 
than four decades (Ferguson & Needham, 1978; Hedrick et al., 1993; 
Hutchins et al., 2021; Okamura et al., 2011; Opitz & Rhoten, 2016; 
Ros et al., 2021; Schmidt-Posthaus et al., 2015; Sterud et al., 2007; 
Svavarsdottir,  2016; Wahli et al.,  2002). PKD is still considered 
an emerging disease as it manifests in new ways, expands to new 
areas, and increases in severity with an increasingly warm climate 
(Okamura et al., 2011; Okamura & Feist, 2011; Rubin et al., 2019; 
Tops et al., 2009).

T.  bryosalmonae has a life cycle alternating between the pri-
mary bryozoan and an intermediate salmonid host (Anderson 

et al., 1999; Canning et al., 1999; Longshaw et al., 2002; Okamura 
et al., 2011) (Figure 1). The parasite produces two morphologically 
different spores in its two hosts (Feist et al., 2002; Gay et al., 2001; 
Grabner & El-Matbouli,  2008; Syrová et al.,  2020), and rising 
water temperature can enhance the proliferation of the parasite 
in both hosts (Bettge, Segner, et al., 2009; Ros et al., 2021; Rubin 
et al., 2019; Tops et al., 2006; Wahli et al., 2008). Bryozoans are 
known to live on surfaces that are sheltered from light, sedimen-
tation deposits, and water movements, e.g., submerged plants, 
dead trees and roots, rocks, piers, and boat fenders (Økland & 
Økland, 2006; Wood & Okamura, 2005) and are able to produce 
resistant spores (statoblasts) that can survive under very harsh 
conditions (Økland & Økland,  2006; Wood & Okamura,  2005). 
In Norway, most surveys have sampled bryozoans from shel-
tered substrates in rivers and in the upper 1.5 meters of the lit-
toral zone of ponds and lakes (Økland & Økland, 2005; Økland & 
Økland,  2006), but there are also reports of Fredericella sultana 
from Norwegian oligotrophic lakes down to 20 meters (Raddum & 
Johnsen, 1983) and, in some Swiss lakes, even down to 100- and 
214-m depth (p. 356 in Marcus  (1940)). In Europe, species within 
the class Phylactolaemata, specifically the two species F. sultana 
and Plumatella emerginata, have been found to be the most abun-
dant hosts of T. bryosalmonae (Bendixby & Hals, 2009; Hartikainen 
et al., 2014; Okamura & Wood, 2002; Ros et al., 2021). The parasite 
has also been observed in Cristatella mucedo and Pectinella magni-
fica in the USA (Hartikainen et al., 2014).

The presence of T. bryosalmonae has so far mainly been docu-
mented by the lethal sampling of its hosts, by analysis of blood or 
tissue samples from salmonids, and less frequently, parts of bryo-
zoan colonies. However, the use of eDNA for detecting the parasite 
is evolving and an increasing number of surveys are using eDNA to 
detect T. bryosalmonae, so far mainly from rivers (Fontes et al., 2017; 
Hutchins et al., 2017; Sepulveda et al., 2020; Sepulveda et al., 2021), 
and in controlled experiments (Duval et al., 2021; Sieber et al., 2020). 
In these surveys, samples are analyzed by conventional polymerase 
chain reactions (PCR), real-time PCR (qPCR), or droplet digital PCR 
(ddPCR), using species-specific primers (Carraro et al., 2018; Fontes 

F I G U R E  1  The life cycle of 
Tetracapsuloides bryosalmonae, alternating 
between the primary invertebrate sessile 
bryozoan host and the intermediate 
salmonid fish host. Figure from (Sudhagar 
et al., 2019)
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et al., 2017; Hutchins et al., 2017; Sepulveda et al., 2020; Sepulveda 
et al., 2021).

There are only a few studies on the presence and distribution of 
T. bryosalmonae in deep, large lakes and to the best of our knowledge, 
no work has been published on T. bryosalmonae using water samples 
and eDNA from large, deep lakes. Deep lakes, with their large cold 
hypolimnion, are important habitats for many cold-adapted salmo-
nids in the northern hemisphere and their importance might increase 
in a warmer climate (Gaudard et al., 2018; Oredalen et al., 2022). Two 
recent surveys have detected parasite DNA in kidney samples from 
different salmonid species in deep, large lakes (Naldoni et al., 2019; 
Oredalen et al., 2022), but in general, surveys of wild salmonids have 
focused on T.  bryosalmonae and PKD in rivers and shallow lakes 
(Feist et al., 2002; Hutchins et al., 2021; Kristmundsson et al., 2010; 
Lewisch et al.,  2018; Mo & Jørgensen,  2017; Sterud et al.,  2007; 
Svavarsdottir, 2016; Svavarsdóttir et al., 2021; Wahli et al., 2007).

eDNA studies conducted for species detection in large lakes, 
focusing primarily on fish (Hänfling et al.,  2016; Lawson Handley 
et al., 2019; Zhang et al., 2020), have highlighted several challenges 
in terms of detection probability and sampling design due to the 
“ecology of DNA” (Barnes & Turner, 2016). These challenges include 
the origin, the state, the transport, and the fate of the DNA in the 
environment (Barnes & Turner,  2016). Several works have high-
lighted important factors, including persistence, partly due to dif-
ferent DNA degradation rates that are seen to be higher in marine 
inshore than in offshore environment (Collins et al.,  2018; Dejean 
et al.,  2011; Lawson Handley et al.,  2019; Thomsen et al.,  2012; 
Zhang et al.,  2020), and temporal and spatial variations in density 
and distribution of species (Hänfling et al., 2016; Lawson Handley 
et al.,  2019; Zhang et al.,  2020). In large, deep, dimictic lakes, de-
tection probability becomes complex and challenging due to the 
patchy distribution of species and the physical properties of these 
lakes with large water volumes and periodic mixing and stratifica-
tion, resulting in elevated summer surface temperatures (Hänfling 
et al., 2016; Lawson Handley et al., 2019; Zhang et al., 2020). The 
patchy distribution often observed in lentic waters is due not only 
to the patchy distribution of the source species but also to varia-
tions in degradation and persistence of eDNA (Dejean et al., 2011; 
Eichmiller et al., 2014; Thomsen et al., 2012), and that eDNA remains 
closer to its source of production than in lotic habitats (Bedwell & 
Goldberg, 2020; Dunker et al., 2016). This can lead to the absence or 
very low concentrations of target DNA in samples taken outside of 
“hotspots” (Dunker et al., 2016; Eichmiller et al., 2014; C. S. Goldberg 
et al., 2016), and where present, concentrations below or close to 
the limit of detection (LOD), the lowest concentration of target an-
alyte that can be detected with confidence, as described in Klymus 
et al. (2020) and references within. However, the authors point out 
that even if positive PCR detections from eDNA are sub-LOD, they 
may be true positives and meaningful, albeit with a reproducibility 
less than desired (Klymus et al., 2020).

For selecting optimal sampling time and locations in large, deep 
lakes, the physical, chemical, and ecological processes, and the ecol-
ogy of target organisms in each lake should be carefully considered 

(Dejean et al.,  2011; Dunker et al.,  2016; Eichmiller et al.,  2014). 
Sampling and analysis replicates should always be included to in-
crease sensitivity and reliability when working with eDNA (Dejean 
et al., 2011; Goldberg et al., 2016).

This survey aimed to use eDNA, extracted from water sam-
ples from representative stations, to detect the myxozoan parasite 
T. bryosalmonae in five Norwegian deep, large, dimictic clearwater 
lakes using real-time PCR. Our hypothesis is that this method can 
detect parasite presence in large lakes despite the challenges in sam-
pling design and analytical constraints in lentic systems.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

Water samples were collected during late summer in 2018 and 2019 
from five deep, clearwater, dimictic lakes in South-eastern Norway: 
Lake Fyresvatn (6 and 5 stations, respectively), Lake Totak (6 and 5 
stations), Lake Møsvatn (3 stations both years), Lake Tinnsjå (6 and 7 
stations), and Lake Norsjø (6 and 5 stations) (Figure 2). Sampling was 
conducted after a warm summer period with elevated water temper-
atures when we expected the highest probability of encountering 
parasite spores. All five lakes are nutrient-poor and have been part 
of watercourses regulated for hydropower purposes for more than 
50 years (Appendix  0). The regulation zone, between the highest 
regulated water level (HRV) and lowest regulated water level (LRV) 
of four of the lakes, varies between 4 and 18.5 meters (Appendix 0). 
Lake Norsjø (with a regulation zone of only 0.3 meters) was sampled 
at HRV both years, while the other lakes were sampled between 
HRV and LRV (Appendix 0). The surface water temperatures above 
the deepest area of the lakes were in all cases above 12°C at the time 
of sampling (Appendix 0).

2.2  |  eDNA sampling

Samples were collected by hand (using disposable gloves) in 1 L poly-
propylene bottles just beneath the water surface at all stations. The 
upper meter of lake shoreline, mainly by the mouths of inlet rivers 
and the outlet river, were chosen as sampling stations in each lake. 
Most of the stations were dominated by large rocks and shingle with 
little noticeable benthic organisms present. A few stations deviated 
from this picture, such as Lake Norsjø, the inlet of Lake Fyresvatn 
(station 1.1), and the outlet of Lake Tinnsjå (station 2.5) where the 
stations showed a pronounced presence of periphyton, macro-
phytes, and benthos, and some detritus and sand. In addition, one 
sample was collected from surface waters above the deepest area 
of each lake (selected from depth maps), a commonly used site for 
limnological sampling.

At every station, two sampling replicates (treated separately) 
were collected during the survey in August 2018 (54 samples col-
lected from 27 stations) and three sampling replicates in September 
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2019 (75 samples collected from 25 stations). Three field blanks 
were included in 2018 and followed the same analytic procedures as 
the other samples. No field blanks were included in 2019.

Cleaning of equipment and sampling procedure followed C. 
Goldberg and Strickler (2017), with the exception of using 10% hy-
pochlorite instead of 50% for cleaning of bottles. All sampling bot-
tles (new, 1 Liter, polypropylene) were cleaned in the laboratory 
before going into the field as follows: first, a standard machine wash 
for laboratory equipment, then soaking in 10% chlorine for 1 min, 

and subsequent rinsing three times with distilled water. Before sam-
pling, the bottles were rinsed three times with lake water at each 
site. All samples were collected by filling the bottles with lake water 
just beneath the surface, using fresh disposable gloves (VWR Latex, 
powder free) during sampling at each station. Sampling bottles filled 
with distilled water served as blanks and followed the same proce-
dures as the samples in subsequent filtering and analyses.

Samples were stored in cooling boxes with cooler bricks during 
transport from the field to the laboratory and each replicate was 

F I G U R E  2  Lake localizations in southeastern part of Norway of the five deep, dimictic lakes included in the survey: Lake Fyresvatn, Lake 
Tinnsjå, Lake Totak, Lake Møsvatn, and Lake Norsjø

No. of biological replicates analyzed

Both years 2018 2019

Total no. of b. replicates: 128 54 74

Filtration volumes:

B.replicate = 1000 ml 101 (78.9%) 53 (98.1%) 48 (64.9%)

B.replicate <1000 ml 27 (21.1%) 1 (1.9%) 26 (35.1%)

B.replicate =650 ml 3 (2.3%) 0 3 (4.1%)

B.replicate = 850 ml 1 (0.8%) 0 1 (1.4%)

B.replicate 900 ml 5 (3.9%) 0 5 (6.8%)

B.replicate = 910 ml 1 (0.8%) 1 (1.9%) 0

B.replicate = 950 ml 17 (13.3%) 0 17 (23.0%)

TA B L E  1  Number of biological 
replicates with different filtration volumes 
in 2018 and 2019, and total numbers of 
biological replicates filtrated both years
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filtered within 24 h. One liter was filtered through sterile disposable 
0.45 μm cellulose nitrate filter funnels (47 mm) (Pall corporation, Ann 
Arbor, MI, USA). Occasionally filters clogged, in which case filtration 
was stopped after approximately 15 min - and the filtrate volume 
was measured (Appendix 1). Less than 1000 ml was filtered in 1 bio-
logical replicate (1.9%) in 2018 and in 26 replicates (35.1%) in 2019 
(Table 1). Of the 26 biological replicates with reduced filtration vol-
ume in 2019, 950 ml was filtered in 17 (65.4%) of them. Forceps used 
for filter handling were cleaned in 50% chlorine for 1 min and rinsed 
in distilled water between each sample.

Filters from samples collected in 2018 were folded and placed 
in cryo-vials (Thermo scientific Nalgene Cryoware Cryogenic Vials, 
catalog number 5000–0020) with 1440 μl ATL buffer (Fossøy 
et al., 2020; Majaneva et al., 2018) and kept at room temperature 
approximate 1 year until DNA extraction with Blood and Tissue Kit 
(Qiagen). Filters from samples collected in 2019 were gently rolled 
up and placed into tubes from Power Water Kit (Qiagen), and stored 
for approximately 1 month at −20°C before extraction.

2.3  |  Molecular analysis

All DNA extractions were performed in a dedicated pre-PCR labora-
tory, physically separated from any equipment or products from the 
post-PCR laboratory. Extraction of filters from 2018 followed the 
protocol of Blood and Tissue Kit with some modifications, due to a 
larger volume of ATL buffer than described in the protocol: each fil-
ter with corresponding ATL buffer was transferred to a 2.5 ml tube, 
with 160 μl proteinase-K and incubated for 16 h on a Thermomixer 
Comfort (Eppendorf AG) at 56°C and 500 rpm. After incubation, the 
filters were thoroughly manually squeezed using two pairs of for-
ceps to express trapped fluid and then discarded. Subsequently, the 
buffer-proteinase solution was centrifuged in three steps (due to the 
large sample volume) through the DNeasy Mini spin columns pro-
vided in the extraction kit. Volumes used were 600 μl (×2) and 400 μl, 
with the addition of the corresponding proportion of ethanol/AL-
buffer prescribed in the protocol. Further processing followed the 
standard procedure of the kit except that, since we expected small 
amounts of T. bryosalmonae DNA in the water, the elution volume 
was reduced from 200 μl to 100 μl to increase the concentration.

Samples from 2019, stored in tubes from Power Water Kit, fol-
lowed the kit protocol with one adjustment: an additional heating 
step was added between steps 5 and 6 for increased lysis.

DNA concentration and purity of undiluted samples were mea-
sured by NanoDrop™ Lite Spectrophotometer (Thermo Fisher 
Scientific) after extraction in order to verify DNA content and the 
comparability of the two extraction methods (Appendix 2).

DNA extractions were analyzed by real-time PCR (qPCR) 
(Applied Biosystems StepOne™ and StepOne Plus™ Real-Time PCR 
systems) on MicroAmp Fast 96-Well Reaction Plates (0.1 ml). Primers 
specific for 18S rDNA of T. bryosalmonae (Bettge, Wahli, et al., 2009) 
were used: Forward primer PKDtaqf1: 5′-GCG AGA TTT GTT GCA 
TTT AAA AAG-3′ and reverse primer PKDtaqr1: 5′-GCA CAT GCA 

GTG TCC AAT CG-3′, giving a target sequence of 73 base pair am-
plicons (Bettge, Segner, et al., 2009; Bettge, Wahli, et al., 2009). As 
a positive control and for quantification purposes, a synthetic plas-
mid, pTbr, which is the cloning vector pUC57 with an insertion of 
the T. bryosalmonae target sequence, was obtained from GenScript 
(Piscataway, NJ, USA).

qPCR amplification was performed using a 25 μl reaction volume, 
containing 12.5 μl Taqman Environmental Mastermix 2×, 1 μl each 
of forward and reverse primers (10 μM), 0.5 μl TaqMan MGB probe 
(10 μM, 5′- AGT CGG ACG GTT CCA-3′, produced at Thermofisher), 
5 μl sterile water (Fresenius Kabi Norge A/S) and 5 μl undiluted sam-
ple DNA. The qPCR program consisted of an initial 10-min heating 
step at 95°C, followed by 45 cycles of 15 s at 95°C and 1 min at 
60°C. In each qPCR-run a standard curve (dilution series of plas-
mid from 106 to 1 copy number was included) (Figure 3), and two 
or three replicates of negative control (RNase-Free Water, Qiagen 
GmbH) and two replicates of positive control (fish-kidneys positive 
to T. bryosalmonae DNA). Each sampling replicate was analyzed in 
qPCR triplicates.1

2.4  |  Sensitivity of qPCR analysis

The limit of detection, LOD, was calculated according to the proce-
dure described by Klymus et al.  (2020) using an R-script provided 
by Merkes et al. (2019). Calculations were based on qPCR analyses 
of dilution series of the control plasmid pTbr with 10 replicates of 
each concentration ranging from 106 to 1 DNA copies/reaction, and 
further 10 replicates of each concentration of 100, 80, 60, 40, 20 
DNA copies/reaction. Effective LOD for 95% probability of detec-
tion in at least one of three replicates was calculated using the curve 
fitting method (Merkes et al., 2019) as to 10.33 DNA copies/reaction 
(standard error of 0.55) and rounded down to 10 DNA copies in fur-
ther discussion (Figure 4).

Positive results were stratified relative to LOD and classified as 
above LOD and sub-LOD. A biological replicate was considered pos-
itive if at least one of the three PCR replicates was positive (with a 
quantification cycle [Cq] below 40). A station was considered posi-
tive if at least one of the biological replicates were positive.

Even when below the LOD, positive signals are still considered 
meaningful, since truly negative samples will give no signal response 
(Ellison et al., 2006; Hunter et al., 2017). However, to be considered 
as a “true” positive, the samples should parallel the controls in the 
qPCR multicomponent plot. Thus, in this work, additional analysis 
of the indicative presence of T. bryosalmonae in the five lakes was 
performed, based on positive detections sub-LOD. However, unless 
otherwise stated, results always refer to values above LOD.

2.5  |  Inhibition

In testing for possible inhibition of qPCR by the samples, we as-
sumed similar water quality and inhibition agents in all replicates 
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taken at each station. One sampling replicate from each station 
and year (51 samples) was spiked with 1 μl of positive control, con-
taining 2000 DNA copies of the plasmid. The spiked samples were 
processed through the standard qPCR protocol used for all samples. 

It was considered as evidence of inhibition if a qPCR sample had 
a shift >  =  3 in CT-value, or a reduction in endpoint fluorescence 
by >  =  50%, as advised by Hartman et al.  (2005) and Goldberg 
et al. (2016).

F I G U R E  3  Example of standard curve from qPCR, ranging from 106 to 10 DNA copies

F I G U R E  4  LOD for different numbers 
of biological replicates. By the use of 3 
replicates, the LOD is estimated to 10 
DNA copies per PCR run



    |  7OREDALEN et al.

2.6  |  Data analysis

Data from qPCR were stored and extracted from StepOne Software 
v2.3. and further processed in Excel for Microsoft 365 MSO with 
statistical summaries shown in the tables. All raw data are attached 
in Appendix 1. The data include 3 to 7 stations per lake over 2 years 
(2018–2019), 2–3 biological replicates per station, and 3 PCR rep-
licates per biological replicate. The dataset, with a relatively small 
number of samples, does not allow for more elaborated statistical 
tests.

The calculation of LOD was performed in a modified R-script 
from Merkes et al.  (2019), which is available at USN figshare; doi.
org/10.23642/​usn.19387​472.v1and doi.org/10.23642/​usn.19387​
469.v1.

3  |  RESULTS

All positive detections of T. bryosalmonae in all five lakes are shown 
in Table  2. The highest number of DNA copies from the parasite 
was observed in the samples from 2019, and the highest number of 
parasite DNA was detected at the shoreline/boat jetty (1.3) in Lake 
Fyresvatn, by an inlet river (1.1) in Lake Fyresvatn, by an inlet river 
in Lake Norsjø (5.1) and by the outlet river in Lake Tinnsjå (Table 2).

T. bryosalmonae was detected above LOD in four of the five lakes 
in both years (Table 3a). In these four lakes, the naïve occupancy (the 
frequency of stations with positive detections of T.  bryosalmonae) 
varied from 0.2 in Lake Norsjø and Lake Tinnsjå in 2018 to 0.7 in 
Lake Møsvatn in 2019 (Table 3a).

A few qPCR samples gave positive detections solely with values 
sub-LOD, in Lake Fyresvatn and Lake Totak, indicating a possibly 
higher naïve occupancy relative to calculations that only included 
values above LOD (Table 3b).

Within lakes, the number of stations with detection of T. bryosal-
monae was quite similar from year to year. The frequency of detec-
tion varied slightly (Table 3), but the number of samples is too limited 
to give a meaningful statistical power.

At station level, there was less consistency in parasite detection 
between years than at lake level (Table  4,). Even where the same 
number of stations showed parasite detections in a lake in both 
years, the actual positive stations were to a large extent different 
(Figure  5). Within each lake, the number of stations consistently 
positive to parasite presence varied between 0% and 33%, the num-
ber of consistently negative varied between 0 and 100%, and the 
number with variable results varied between 0 and 80%. (Table 4a). 
Stations with detected DNA concentrations including values sub-
LOD are shown in Table 4b.

In total 28 stations were sampled in this survey, 27 in 2018 and 
25 in 2019. Four habitat types were included; 13 stations close to 
inlet rivers, 5 stations by shorelines with no inlets/outlets, 5 stations 
in the middle of the lake, and 5 stations by outlet rivers. Positive 
detections were registered in all types of stations (Table 5). When 
comparing station types across the different lakes, there is a slight 

tendency for higher detection of the parasite at the shoreline/jetty 
and mid-lake stations, compared with inlet river and outlet river sta-
tions (Table 6).

Spiking with IPC showed that only one of 52 samples gave a shift 
in CT -values of >1 cycle (CT: 28.6–29.4) and none showed a reduc-
tion in endpoint fluorescence. One spiked sample failed to amplify, 
but the sample was repeatedly positive for T. bryosalmonae in 3/3 
replicates, so the spiking result was regarded as an anomaly. The 
three field blanks from 2018 were all negative when tested by qPCR.

Extraction with Blood and Tissue Kit gave a higher total DNA 
yield than extraction with Power Water Kit. Samples extracted with 
Blood and Tissue Kit in 2018 had an average/median DNA content 
of 40.9/37.2 ng DNA/μl, respectively, while det corresponding av-
erage/median for samples extracted with Power Water Kit in 2019 
was 10.0/9.1 ng DNA/μl (Appendix 2).

4  |  DISCUSSION

Tetracapsuloides bryosalmonae was detected by eDNA above the 
LOD level in four of the five lakes in 2018 and 2019. When DNA 
concentrations below LOD level were included, the parasite was de-
tected in all five lakes in both years.

4.1  |  Variation in detection of parasite DNA 
between stations and station types

Although the number of stations with parasite detection in each lake 
was the same in both years of the eDNA survey, the result for indi-
vidual stations varied from year to year (Table 4, Figure 5). In only 
two cases, in Lake Fyresvatn at the inlet and in Lake Møsvatn at 
the shore/jetty, T. bryosalmonae was detected in both years. On the 
other hand, in all four lakes where T. bryosalmonae was detected in 
both 2018 and 2019, several stations were negative both years: Lake 
Møsvatn (1 station), Lake Norsjø (3 stations), Lake Tinnsjå (3 stations) 
and Lake Totak (5 stations) (Table 4).

No detection of the parasite at a station may indicate that the 
parasite is absent, or that the levels are too low and/or the distri-
bution is too patchy to allow consistent detection. It may also re-
sult from inhibition of the PCR reaction, but since no evidence of 
inhibition was found at any station, the latter explanation is less 
likely. We thus conclude that T. bryosalmonae is thinly and/or patch-
ily distributed in the lakes sampled. The challenges in the sampling 
of eDNA from lentic waters, including patchier distribution of the 
organisms than in lotic systems, are demonstrated by many former 
investigations (Dejean et al.,  2011; Dunker et al.,  2016; Eichmiller 
et al.,  2014; Lawson Handley et al.,  2019). These challenges and 
finding the “hotspot” to detect the species of interest are espe-
cially important when sampling in large, deep lakes (Bedwell & 
Goldberg, 2020; Eichmiller et al., 2014), since DNA normally is not 
transported far away from the source in these waterbodies (Bedwell 
& Goldberg, 2020; Dunker et al., 2016; Eichmiller et al., 2014).

https://doi.org/10.23642/usn.19387472.v1and
https://doi.org/10.23642/usn.19387472.v1and
https://doi.org/10.23642/usn.19387469.v1
https://doi.org/10.23642/usn.19387469.v1
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This survey included four different station types: inlet river, 
shoreline/jetty, outlet river, and open water over the deep area of 
the lake. Although the parasite was detected at all station types, 
the results showed a higher percentage of parasite detection at 

shoreline/jetty- (63%) and mid-lake stations (50%) than by inlet- 
(28%) and outlet rivers (22%) over the 2 years (Table 6).

Somewhat surprisingly, the parasite was detected in open water 
above the deepest area in four of the lakes, Lake Fyresvatn (both 

Year
Lake 
Fyresvatn Lake Møsvatn Lake Norsjø

Lake 
Tinnsjå

Lake 
Totak

a Detections above LOD

2018 3/6 (0.5) 1/3 (0.3) 1/6 (0.2) 1/6 (0.2) 0/6 (0.0)

2019 3/5 (0.6) 2/3 (0.7) 1/5 (0.2) 2/7 (0.3) 0/5 (0.0)

b Detections both above and below LOD

2018 4/6 (0.7) 1/3 (0.3) 1/6 (0.2) 1/6 (0.2) 2/6 (0.3)

2019 4/5 (0.8) 2/3 (0.7) 1/5 (0.2) 2/7 (0.3) 1/5 (0.2)

Note: Detection frequency per lake in brackets. Lake Fyresvatn and Lake Totak (gray color) 
showed a possible higher detection frequency if positive detections below LOD were included of 
T. bryosalmonae.

TA B L E  3  (a) Number of stations 
where Tetracapsuloides bryosalmonae 
were detected above LOD over the 
total number of stations in each lake; (b) 
Detections of T. bryosalmonae including 
values both above and below LOD, as 
number of stations with detection over 
the total number of stations in each lake

TA B L E  4  Number of stations in each lake with (1) positive detections of Tetracapsuloides bryosalmonae both years or (2) no detections 
both year, and (3) stations with different detection in 2018/2019

(a) Detections above LOD (b) All detections

Lake
Detection both 
years

No detection both 
years

Different detection 
each year

Detection both 
years

No detection both 
years

Different 
detection each 
year

Fyresvatn 1 (0.20) 0 4 (0.80) 3 (0.60) 0 2 (0.40)

Møsvatn 1 (0.33) 1 (0.33) 1 (0.33) 1 (0.33) 1 (0.33) 1 (0.33)

Norsjø 0 3 (0.60) 2 (0.40) 0 3 (0.60) 2 (0.40)

Tinnsjå 0 3 (0.50) 3 (0.50) 0 3 (0.50) 3 (0.50)

Totak 0 5 (1.00) 0 0 2 (0.40) 3 (0.60)

Note: (a) Refers to detection values above LOD; (b) refers to detections including both above and sub-LOD. Frequency of the respective stations 
in brackets. Numbers in bold (Lake Fyrsvatn and Lake Totak) are the detections that differ when values sub-LOD are included in the material, 
compared with only detections above LOD. When values sub-LOD are included, two more stations in Lake Fyresvatn have positive detections of 
T. bryosalmonae both years, and Lake Totak have three stations with positive parasite detections in one of the 2 years.

F I G U R E  5  Detections of Tetracapsuloides bryosalmonae in eDNA sampled from the five lakes in 2018 and 2019. First number is Lake 
number; second number is station number. Square symbols represent detections above LOD (open symbol  2018, filled  2019); triangles 
represent detections sub-LOD (open symbol 2018, filled 2019). Open circles represent stations with no detections (open symbol 2018, 
filled 2019). X represents lack of sampling at the station either year (first position 2018 or second position 2019)
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years), Lake Totak (sub-LOD, 2019), Lake Møsvatn (2019), and Lake 
Norsjø (2018). Above these deepest areas, often used for sam-
pling in limnological surveys, we expected no or very few parasite 
spore detections due to high degree of dilution, and no presence 
of benthic bryozoans. Furthermore, statoblasts of F.  sultana and 
P.  emerginata (the most common bryozoan hosts for T.  bryosalmo-
nae) that can produce T. bryosalmonae spores, are sessile (Wood & 
Okamura, 2005). However, spores and DNA released from the free-
roaming fish host might be a possible explanation for the parasite 
detection in open water, as shown in a recent experimental study 
that used eDNA to detect T. bryosalmonae released in urine (named 
“uDNA”) from brown trout (Duval et al., 2021). A previous fish sur-
vey from the large Lake Windermere in the UK also showed that a 
majority of the fish species present in the lake were detected by 
eDNA from shoreline sampling during summer (Lawson Handley 
et al., 2019; Zhang et al., 2020). The exception outlined by Lawson 
Handley et al. (2019) was that eDNA from Arctic charr was only de-
tected offshore in midwater and bottom samples in the lake during 
summer stratification. Interestingly, both benthic and littoral species 
were detected throughout the water column during winter (Lawson 
Handley et al., 2019).

Possible implications from these findings to this present study 
are that T. bryosalmonae spores released from salmonids presumably 
could be traced both in shoreline and in open water areas during late 
summer before autumn lake circulation. It would probably be less 
meaningful to sample eDNA for T.  bryosalmonae detection during 
the more homogenous water column in winter as suggested by 
Lawson Handley et al. (2019) for fish eDNA sampling, given that the 
soft-valved parasite spores released from salmonids have a lifetime 
of less than 24 h (Hartikainen & Okamura, 2015b).

4.2  |  Detection of parasite DNA in eDNA survey 
versus fish survey

The detection of T. bryosalmonae by eDNA was consistent with para-
site detection in fish in three of the five lakes (Lake Fyresvatn, Lake 
Tinnsjå, and Lake Norsjø) sampled in 2018 (Oredalen et al., 2022). In 
fish, T. bryosalmonae was recently reported in wild Arctic charr Lake 
Tinnsjå and Lake Norsjø and in farmed Arctic charr in Lake Fyresvatn. 
The parasite was detected in brown trout in Lake Fyresvatn, Lake 
Tinnsjå, Lake Norsjø, and Lake Totak. European whitefish was in-
fected with T. bryosalmonae in Lake Norsjø (Oredalen et al., 2022). If 
detections of parasite DNA sub-LOD from Lake Totak were included 
in the eDNA survey, the results corresponded with the previous 
fish survey from the same lake. The results from Lake Møsvatn dif-
fered in the two surveys; T. bryosalmonae was not detected in Arctic 
charr in 2016 but was detected in eDNA in both 2018 and 2019. 
A plausible explanation of this difference would be parasite pres-
ence in brown trout, which are present, but were not sampled in 
2016. As previously shown in both Lake Fyresvatn and Lake Totak, 
brown trout are more susceptible to T. bryosalmonae infection than 
wild Arctic charr (Oredalen et al., 2022). Other possible reasons for TA
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the divergence between datasets in Lake Møsvatn could be that 1) 
the charr sampled in 2016 were quite large (255 mm, STDEV ± 13.1) 
and T. bryosalmonae could have been present in smaller and younger 
charr (not sampled) 2) despite no evidence of infection of charr in 
2016 - they could have been infected in 2018 or 3) the sampling sites 
for fish and eDNA were different.

4.3  |  Variations in DNA concentrations levels

In Lake Totak concentrations of T. bryosalmonae DNA sub-LOD were 
detected in both years, at two stations in 2018 (5.0 and 4.9 DNA 
copies/reaction) and the third station in 2019 (5.1 DNA copies/reac-
tion) (Appendix 1). Despite these low values, these results indicated 
parasite presence in the lake, and the presence was consistent with 
the detection of T. bryosalmonae in brown trout in the 2018 fish sur-
vey (Oredalen et al., 2022). Different sampling locations may be a 
possible explanation for the low detection of the parasite in eDNA 
samples compared with detection in fish samples from Lake Totak, if 
spores released from fish were the main source of eDNA detection. 
Infected trout were sampled in the south-western part of the lake, 
while water for eDNA analyses was sampled in the north, eastern 
and southern parts. The distance between sampling sites in western 
or eastern parts is substantial, with expected minor water exchange. 
Sampling of eDNA was performed at water levels close to HRV in 

both years (Appendix 2) as was the sampling of fish in 2018. This 
means that the hydrological conditions were comparable during all 
samplings, with most of the littoral zone submerged and the possibil-
ity of parasite spores being present in the surface water. However, 
we cannot exclude the possibility that some of the positive results 
come from the dead remnants of T.  bryosalmonae populations no 
longer present in the lake (Cristescu, 2019).

Concentrations of parasite DNA below LOD were observed in all 
the investigated lakes and in both years. However, a general pattern 
in the analyses was that the highest concentrations (and lower CT) 
were measured in 2019, at four stations in three lakes (Table 2), but 
there was no apparent correlation between concentrations at the 
same stations in the 2 years.

As the samples were stored differently and extracted by two 
different extraction kits in the 2 years, this may be a possible factor 
influencing the different concentration levels. The measurements 
of total DNA content in the samples (measured by nanodrop) were 
ten times higher in the samples extracted with Blood and Tissue 
Kit in 2018 than in the samples extracted with Power Water Kit in 
2019 (Appendix 2). Even so, the highest concentration of DNA from 
T. bryosalmonae was measured in the Power Water Kit. Despite these 
differences, both methods allowed for the detection of the parasite. 
The two extraction methods are also compared in other studies 
that concluded an equally well performance (Djurhuus et al., 2017; 
Kumar et al., 2020).

TA B L E  6  Number and percentage of all detections of Tetracapsuloides bryosalmonae at each station type in 2018, 2019, and both years 
merged

2018

Station type: Number of stations
Number of samples 
(replicates merged) Detection No detection % detection

Inlet rivers 12 12 4 8 33

Outlet rivers 5 5 0 5 0

Shoreline/jetty 5 5 3 2 60

Mid-lake 5 5 2 3 40

Total 27 27 9 18 33

2019

Inlet rivers 13 13 3 10 23

Outlet rivers 4 4 2 2 50

Shoreline/jetty 3 3 2 1 67

Mid-lake 5 5 3 2 60

Total 25 25 10 15 40

Both years

Inlet rivers 13 25 7 18 28

Outlet rivers 5 9 2 7 22

Shoreline/jetty 5 8 5 3 63

Mid-lake 5 10 5 5 50

Total 28 52 19 33 37

Note: Detections both above and below LOD both years.



12  |    OREDALEN et al.

4.4  |  Sampling strategy and challenges of 
eDNA studies

Tetracapsuloides bryosalmonae depend on an invertebrate bryozoan 
host and a vertebrate salmonid host to complete its life cycle and 
maintain its presence in a habitat. Transmission from fish to fish 
seems to be precluded (D'Silva et al., 1984; Ferguson & Ball, 1979). 
From this, we conclude that when T. bryosalmonae is detected in a 
lake, both salmonids and bryozoans most probably must be present. 
The littoral zone, which is thought to be the main habitat for bryo-
zoans (Økland & Økland,  2005; Økland & Økland,  2006), was ap-
parently unpopulated by benthic organisms in four of the lakes in 
this study. These lakes (Lake Møsvatn, Lake Totak, Lake Fyresvatn, 
and Lake Tinnsjå) are regulated for hydropower purposes with reg-
ulation zones between 4 and 18.5 meters (Appendix 0). Repeated 
water level drawdowns during each winter and early spring lead 
to subsequent wash-out of organic matter of the affected upper 
shoreline (Borgstrøm & Hansen, 2000; Hellsten & Riihimäki, 1996; 
Hirsch et al., 2017). The overall regulation scheme in these lakes is 
to reduce water levels in winter and spring, and filling of the res-
ervoirs with snowmelt from the high mountain areas in early sum-
mer and precipitation during summer and autumn. Although the 
littoral zones of most of these lakes are sparsely populated by ben-
thic organisms, the spores of T.  bryosalmonae may potentially be 
protected and survive within the dormant and resistant bryozoan 
statoblasts. The statoblasts usually have a production peak in au-
tumn, and can survive prolonged winter conditions of freezing and 
drying of the littoral zone (Hartikainen & Okamura, 2015a; Raddum 
& Johnsen,  1983; Wood & Okamura,  2005), germinate in spring 
(Raddum & Johnsen, 1983) and subsequently release “hiking” para-
site spores. Bryozoan colonies and spores may also survive in deeper 
layers of the lake, below the regulation zone, as seen in other oligo-
trophic lakes (Marcus, 1940; Raddum & Johnsen, 1983) or in the inlet 
streams (Økland & Økland, 2005; Økland & Økland, 2006).

At the end of the summer season, when water temperatures in 
the epilimnion are usually highest the highest abundance and pro-
liferation of infectious T. bryosalmonae spores is expected, both in 
bryozoan and salmonid hosts (Bettge, Segner, et al., 2009; Bettge, 
Wahli, et al., 2009; Okamura et al., 2011; Strepparava et al., 2017; 
Tops et al., 2006; Tops et al., 2009). This was the rationale for the 
sampling strategy of this survey: Sampling surface water at the time 
when we expected the highest density of parasite spores, at the 
most likely parasite-host habitats in the littoral zone and by river 
inlets and outlets. Bryozoans have been reported from such habitats 
((Økland & Økland, 2006) and salmonids use these habitats for feed-
ing and spawning (Borgstrøm et al., 1995; Klemetsen et al., 2003). A 
possible disadvantage of stations close to river inlets is the potential 
dilution of spores and DNA that may be present in the water.

The eDNA survey mostly detected rather low concentrations 
of parasite DNA. One reason for this may be that we have missed 
“hotspots”—the sampling sites with the highest abundance of par-
asite DNA (Bedwell & Goldberg,  2020; Eichmiller et al.,  2014; 
Goldberg et al., 2016) from bryozoans or fish. Another reason may 

be that spore production from one or both hosts was low overall, or 
that locally produced spores were diluted or had decayed (Bedwell 
& Goldberg, 2020; Dejean et al., 2011; Goldberg et al., 2016). This 
highlights the importance of finding the right place and time when 
using eDNA methods, and planning for representative and sufficient 
samples (Bedwell & Goldberg, 2020; Dunker et al., 2016; Eichmiller 
et al., 2014).

Our results showed that the parasite presence could be de-
tected by eDNA at the lake level. Despite indications of the higher 
percentage of parasite DNA detection in shoreline/jetty and deep 
lake stations, this survey cannot conclude on any clear and system-
atic differences in detection between the 2 years or the four station 
types: river inlets and outlets, free water above the deepest area of 
the lakes and shoreline with pier or jetty. That said, all station types 
in this survey (except above the deepest area) were chosen with an 
assumption of them being suitable habitats for both hosts - with 
a consequent higher a priori probability of parasite presence. Our 
findings indicate that number of samples could be more important 
than the specific station types. A recent study on crayfish and its 
parasite Aphanomyces astaci in different types of water bodies found 
that seven water samples per site were needed to achieve a 95% 
success rate (Natalie Sieber et al., 2021). The same survey concluded 
that if results sub-LOD were included, three samples were sufficient 
to reach the same detection success.

eDNA methods have limitations when it comes to revealing dy-
namics in spatial and temporal infection by T. bryosalmonae, includ-
ing the origin of the DNA and infection status of the host (Duval 
et al., 2021). This shortcoming of molecular methods compared with 
traditional sampling surveys, which can reveal for instance differ-
ent development stages of the species, sex, age, etc., has also been 
raised in other studies (Hallett & Bartholomew,  2006; Valentini 
et al.,  2016). Additionally, sampling of eDNA must be considered 
a snapshot of the status in the water at a specific time point, as 
DNA has been shown to become undetectable within a few days 
or weeks, depending on sedimentation and degradation rates 
(Barnes et al., 2014; Bedwell & Goldberg, 2020; Dejean et al., 2011; 
Thomsen et al.,  2012). In contrary, infected fish can “sample” the 
parasite present in the water over a longer exposure period (Hallett 
& Bartholomew, 2006).

Questions remain about the number and placing of stations 
needed to achieve representative samples of eDNA from ponds 
and lakes (Harper et al., 2019). These questions are highly relevant 
to the detection of T. bryosalmonae if the method is to be used to 
monitor the parasite and support control measures in large and deep 
lakes. However, it is possible to detect T. bryosalmonae throughout 
the year from salmonid tissues as they migrate from the littoral to 
the pelagic zone and between hypo- and epilimnion, in particular in 
brown trout where the parasite can persist for at least 5 years after 
exposure (Soliman et al., 2018). The more stationary bryozoans re-
lease fragments, spores, and statoblasts with peaks in abundance 
mostly in autumn. Particularly in large, regulated lakes with limited 
bryozoan abundance and cold water most of the year, the period of 
elevated chance for detection of T. bryosalmonae from eDNA in late 
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summer/early fall is shorter compared with detection in salmonids, 
which are always present. Nevertheless, this survey showed that 
the parasite could be detected using eDNA in large, deep lakes in 
late summer. However, more extensive sampling in such large, deep 
lakes should be carried out to gain more knowledge on the optimal 
sampling sites and time for the detection of T.  bryosalmonae. This 
could preferably be done by continuous (automated) sampling over 
larger areas of a lake at different times (Sassoubre et al., 2016) or by 
pooling several subsamples into one merged sample for screening 
analyses, as suggested in Bruce et al. (2021). Another option worth 
investigating is to use water temperature measurements to deter-
mine the time point of the highest infection probability T. bryosalmo-
nae in salmonids. This appears to peak after 30–55 days of exposure 
to water temperatures above 15°C (Rubin et al., 2022; Strepparava 
et al., 2017). This publication concluded that the probability of high-
est parasite detection (assessed by histology) in brown trout was 
after ~1500 degree days or 30 days with an average temperature 
≥15°C, in two Swizz rivers. It would be interesting to collect eDNA 
from the water after such a temperature-induced period of “maxi-
mum infection,” when infectious spores may be released from brown 
trout urine. Experiments have shown that the release of infectious 
parasite spores from brown trout was temperature-dependent, and 
started after 55 days postexposure of the fish in water temperature 
of 15°C (Strepparava et al.,  2017). The detection of T.  bryosalmo-
nae and the infection status of the salmonid host using eDNA (or 
uDNA) released from the urine of brown trout has been successfully 
achieved (Duval et al., 2021), leading to further promising possibil-
ities for future eDNA detection and monitoring of T. bryosalmonae.

5  |  CONCLUSIONS

Tetracapsuloides bryosalmonae was detected in all five lakes surveyed. 
In Lake Totak, all detections were sub-LOD, but the presence of the 
parasite was in agreement with results from brown trout in the same 
lake in 2018. In three of the lakes, Lake Fyresvatn, Lake Tinnsjå, and 
Lake Norsjø, lake level detections of eDNA were consistent with de-
tections in salmonids from the previous fish survey. T. bryosalmonae 
was detected by eDNA in Lake Møsvatn in 2018, but not in Arctic 
charr, which was sampled in 2016. Our results confirm that eDNA 
can detect DNA of T. bryosalmonae even in large lakes with presum-
ably patchy and dilute occurrence. However, parasite detection from 
eDNA varied between the 2 years and between stations within the 
same lake, revealing a shifting and apparently stochastic spatial dis-
tribution of parasite DNA between years. The results highlight not 
only the importance of sampling strategy in eDNA surveys in large, 
deep lakes but also the possibility of using a noninvasive method for 
monitoring the presence and spread of this emerging parasite.
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APPENDIX 

Morphometric data and salmonid species present in the five lakes included in the survey

Fyresvatn Totak Møsvatn
Tinnsjå (ex. 
Vestfjorden) Norsjø

Area (km2)a 49.795 37.264 79.097 49.535 55.116

Volume (m3)a 218 2360 1574 9700 5100

Max/Mid depth (m)a 377/120 306/62 68.5/20 460/190 171/87

Altitude (m.a.s.l.)a 280 687 919 190 15

HRV/LRV 279.8/275.2 687.3/680 918.5/900 191.2/187.2 15.3/15.0

ΔHRV-LRV (m)a 4.6 7.3 18.5 4.0 0.3

Water level (m) b 
2018/2019

277.9 /279.2 686.9/686.3 915.3 /915.6 188.5 /190.3 15.3 /15.3

Temperature (°C) 16.7/15.3 13.6/12.1 14.6/12.5 16.3/12.5 19.3/NA

First regulation yearc 1914 1958 1944 1907 1952

Salmonid species 
presentd

whitefish1 brown 
trout2 Arctic 
charr3

Arctic charr brown 
trout

Arctic charr brown 
trout

Arctic charr brown 
trout

whitefish brown 
trout Arctic 
charr

Note: Data references: ahttps://vanne​tt.no/porta​l/water​body/ extracted 07.04.2021., HRV: Highest Regulated water level (m), LRV—lowest regulated 
water level (m). https://vann-nett.no/porta​l/#/water​body/, bThe Norwegian Water Resources and Energy Directorate (NVE). Temperature measured 
from surface water above the deepest area of the lake. chttps://atlas.nve.no/, dLydersen (2015). 1Coregonus lavaretus, 2Salmo trutta, 3Salvelinus 
alpinus, 4Salmo salar.

https://doi.org/10.1007/s00027-006-0843-4
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https://doi.org/10.1046/j.1365-2761.2002.00401.x
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APPENDIX 1

Raw data from PCR

Sample Name Cт Quantity in PCR sample Voume filtrated, ml

Fyr 1.3.1 (19) 32.53 228.0 1000

Fyr 1.3.1 (19) 33.05 161.9 1000

Fyr 1.3.1 (19) 32.58 221.1 1000

Fyr 1.3.2 (19) 32.97 170.3 900

Fyr 1.3.2 (19) 31.67 404.9 900

Fyr 1.3.2 (19) 33.58 113.7 900

Fyr 1.3.3 (19) 29.59 1600.6 1000

Fyr 1.3.3 (19) 29.49 1711.2 1000

Fyr 1.3.3 (19) 29.17 2112.3 1000

Fyr 1.1.2 (19) 29.62 1568.9 1000

Fyr 1.1.2 (19) 30.66 787.4 1000

Fyr 1.1.2 (19) 31.19 554.3 1000

Fyr 1.1.1 (19) Undetermined 0.0 1000

Fyr 1.1.1 (19) Undetermined 0.0 1000

Fyr 1.1.1 (19) Undetermined 0.0 1000

Fyr 1.1.3 (19) Undetermined 0.0 650

Fyr 1.1.3 (19) Undetermined 0.0 650

Fyr 1.1.3 (19) Undetermined 0.0 650

Fyr 1.2.1 (19) Undetermined 0.0 950

Fyr 1.2.1 (19) Undetermined 0.0 950

Fyr 1.2.1 (19) Undetermined 0.0 950

Fyr 1.2.2 (19) Undetermined 0.0 1000

Fyr 1.2.2 (19) Undetermined 0.0 1000

Fyr 1.2.2 (19) Undetermined 0.0 1000

Fyr 1.2.3 (19) Undetermined 0.0 1000

Fyr 1.2.3 (19) Undetermined 0.0 1000

Fyr 1.2.3 (19) Undetermined 0.0 1000

Fyr 1.5.1 (19) Undetermined 0.0 1000

Fyr 1.5.1 (19) Undetermined 0.0 1000

Fyr 1.5.1 (19) 38.72 4.5 1000

Fyr 1.5.2 (19) Undetermined 0.0 900

Fyr 1.5.2 (19) 36.95 15.0 900

Fyr 1.5.2 (19) Undetermined 0.0 900

Fyr 1.5.3 (19) Undetermined 0.0 1000

Fyr 1.5.3 (19) Undetermined 0.0 1000

Fyr 1.5.3 (19) Undetermined 0.0 1000

Fyr midt-1 (19) Undetermined 0.0 1000

Fyr midt-1 (19) Undetermined 0.0 1000

Fyr midt-1 (19) Undetermined 0.0 1000

Fyr midt-2 (19) Undetermined 0.0 1000

Fyr midt-2 (19) Undetermined 0.0 1000

Fyr midt-2 (19) 38.43 5.4 1000

Fyr midt-3 (19) Undetermined 0.0 1000

Fyr midt-3 (19) Undetermined 0.0 1000
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Sample Name Cт Quantity in PCR sample Voume filtrated, ml

Fyr midt-3 (19) Undetermined 0.0 1000

Ti 2.1a.1 (19) Undetermined 0.0 950

Ti 2.1a.1 (19) Undetermined 0.0 950

Ti 2.1a.1 (19) Undetermined 0.0 950

Ti 2.1a.2 (19) Undetermined 0.0 950

Ti 2.1a.2 (19) Undetermined 0.0 950

Ti 2.1a.2 (19) Undetermined 0.0 950

Ti 2.1a.3 (19) Undetermined 0.0 950

Ti 2.1a.3 (19) Undetermined 0.0 950

Ti 2.1a.3 (19) Undetermined 0.0 950

Ti 2.1b.1 (19) Undetermined 0.0 950

Ti 2.1b.1 (19) Undetermined 0.0 950

Ti 2.1b.1 (19) Undetermined 0.0 950

Ti 2.1b.2 (19) Undetermined 0.0 950

Ti 2.1b.2 (19) Undetermined 0.0 950

Ti 2.1b.2 (19) Undetermined 0.0 950

Ti 2.1b.3 (19) Undetermined 0.0 950

Ti 2.1b.3 (19) Undetermined 0.0 950

Ti 2.1b.3 (19) Undetermined 0.0 950

Ti 2.2.1 (19) Undetermined 0.0 1000

Ti 2.2.1 (19) Undetermined 0.0 1000

Ti 2.2.1 (19) Undetermined 0.0 1000

Ti 2.2.2 (19) Undetermined 0.0 1000

Ti 2.2.2 (19) Undetermined 0.0 1000

Ti 2.2.2 (19) Undetermined 0.0 1000

Ti 2.2.3 (19) Undetermined 0.0 1000

Ti 2.2.3 (19) Undetermined 0.0 1000

Ti 2.2.3 (19) Undetermined 0.0 1000

Ti 2.3.1 (19) Undetermined 0.0 1000

Ti 2.3.1 (19) Undetermined 0.0 1000

Ti 2.3.1 (19) Undetermined 0.0 1000

Ti 2.3.2 (19) Undetermined 0.0 1000

Ti 2.3.2 (19) Undetermined 0.0 1000

Ti 2.3.2 (19) Undetermined 0.0 1000

Ti 2.3.3 (19) Undetermined 0.0 1000

Ti 2.3.3 (19) Undetermined 0.0 1000

Ti 2.3.3 (19) Undetermined 0.0 1000

Ti 2.4.1 (19) Undetermined 0.0 950

Ti 2.4.1 (19) Undetermined 0.0 950

Ti 2.4.1 (19) Undetermined 0.0 950

Ti 2.4.2 (19) Undetermined 0.0 900

Ti 2.4.2 (19) Undetermined 0.0 900

Ti 2.4.2 (19) 37.45 10.6 900

Ti 2.4.3 (19) Undetermined 0.0 900

Ti 2.4.3 (19) Undetermined 0.0 900

Ti 2.4.3 (19) Undetermined 0.0 900

Ti 2.5.1 (19) Undetermined 0.0 950



20  |    OREDALEN et al.

Sample Name Cт Quantity in PCR sample Voume filtrated, ml

Ti 2.5.1 (19) 35.78 33.2 950

Ti 2.5.1 (19) 38.31 5.9 950

Ti 2.5.2 (19) 32.75 144.1 1000

Ti 2.5.2 (19) 32.93 125.7 1000

Ti 2.5.2 (19) 32.70 150.7 1000

Ti 2.5.3 (19) Undetermined 0.0 900

Ti 2.5.3 (19) Undetermined 0.0 900

Ti 2.5.3 (19) Undetermined 0.0 900

Ti midt-1 (19) Undetermined 0.0 950

Ti midt-1 (19) Undetermined 0.0 950

Ti midt-1 (19) Undetermined 0.0 950

Ti midt-2 (19) Undetermined 0.0 1000

Ti midt-2 (19) Undetermined 0.0 1000

Ti midt-2 (19) Undetermined 0.0 1000

Ti midt-3 (19) Undetermined 0.0 1000

Ti midt-3 (19) Undetermined 0.0 1000

Ti midt-3 (19) Undetermined 0.0 1000

Tot 3.1.1 (19) Undetermined 0.0 1000

Tot 3.1.1 (19) Undetermined 0.0 1000

Tot 3.1.1 (19) Undetermined 0.0 1000

Tot 3.1.2 (19) Undetermined 0.0 1000

Tot 3.1.2 (19) Undetermined 0.0 1000

Tot 3.1.2 (19) Undetermined 0.0 1000

Tot 3.1.3 (19) Undetermined 0.0 1000

Tot 3.1.3 (19) Undetermined 0.0 1000

Tot 3.1.3 (19) Undetermined 0.0 1000

Tot 3.2.1 (19) Undetermined 0.0 1000

Tot 3.2.1 (19) Undetermined 0.0 1000

Tot 3.2.1 (19) Undetermined 0.0 1000

Tot 3.2.2 (19) Undetermined 0.0 1000

Tot 3.2.2 (19) Undetermined 0.0 1000

Tot 3.2.2 (19) Undetermined 0.0 1000

M midt-1 (19) Undetermined 0.0 1000

M midt-1 (19) Undetermined 0.0 1000

M midt-1 (19) 34.79 30.4 1000

Tot 3.3.1 (19) Undetermined 0.0 850

Tot 3.3.1 (19) Undetermined 0.0 850

Tot 3.3.1 (19) Undetermined 0.0 850

Tot 3.3.2 (19) Undetermined 0.0 650

Tot 3.3.2 (19) Undetermined 0.0 650

Tot 3.3.2 (19) Undetermined 0.0 650

Tot 3.3.3 (19) Undetermined 0.0 650

Tot 3.3.3 (19) Undetermined 0.0 650

Tot 3.3.3 (19) Undetermined 0.0 650

Tot 3.4.1 (19) Undetermined 0.0 1000

Tot 3.4.1 (19) Undetermined 0.0 1000

Tot 3.4.1 (19) Undetermined 0.0 1000
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Sample Name Cт Quantity in PCR sample Voume filtrated, ml

Tot 3.4.2 (19) Undetermined 0.0 1000

Tot 3.4.2 (19) Undetermined 0.0 1000

Tot 3.4.2 (19) Undetermined 0.0 1000

Tot 3.4.3 (19) Undetermined 0.0 950

Tot 3.4.3 (19) Undetermined 0.0 950

Tot 3.4.3 (19) Undetermined 0.0 950

Tot midt-1 (19) Undetermined 0.0 1000

Tot midt-1 (19) Undetermined 0.0 1000

Tot midt-1 (19) Undetermined 0.0 1000

Tot midt-2 (19) Undetermined 0.0 1000

Tot midt-2 (19) Undetermined 0.0 1000

Tot midt-2 (19) Undetermined 0.0 1000

Tot midt-3 (19) Undetermined 0.0 950

Tot midt-3 (19) Undetermined 0.0 950

Tot midt-3 (19) 37.12 5.1 950

M 4.1.1 (19) Undetermined 0.0 1000

M 4.1.2 (19) 37.18 4.9 1000

M 4.1.2 (19) Undetermined 0.0 1000

M 4.1.2 (19) 34.45 39.6 1000

M 4.1.3 (19) Undetermined 0.0 1000

M 4.1.3 (19) Undetermined 0.0 1000

M 4.1.3 (19) Undetermined 0.0 1000

M 4.2.1 (19) Undetermined 0.0 1000

M 4.2.1 (19) Undetermined 0.0 1000

M 4.2.1 (19) Undetermined 0.0 1000

M 4.2.2 (19) Undetermined 0.0 1000

M 4.2.2 (19) Undetermined 0.0 1000

M 4.2.2 (19) Undetermined 0.0 1000

M 4.2.3 (19) Undetermined 0.0 1000

M 4.2.3 (19) Undetermined 0.0 1000

M 4.2.3 (19) Undetermined 0.0 1000

M midt-2 (19) Undetermined 0.0 1000

M midt-2 (19) Undetermined 0.0 1000

M midt-2 (19) Undetermined 0.0 1000

M midt-3 (19) Undetermined 0.0 1000

M midt-3 (19) Undetermined 0.0 1000

M midt-3 (19) Undetermined 0.0 1000

N 5.1.1 (19) 31.10 653.2 1000

N 5.1.1 (19) 31.16 626.7 1000

N 5.1.1 (19) 31.20 610.3 1000

N 5.1.2 (19) Undetermined 0.0 1000

N 5.1.2 (19) Undetermined 0.0 1000

N 5.1.2 (19) Undetermined 0.0 1000

N 5.1.3 (19) Undetermined 0.0 1000

N 5.1.3 (19) Undetermined 0.0 1000

N 5.1.3 (19) Undetermined 0.0 1000

N 5.2.1 (19) Undetermined 0.0 1000
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Sample Name Cт Quantity in PCR sample Voume filtrated, ml

N 5.2.1 (19) Undetermined 0.0 1000

N 5.2.1 (19) Undetermined 0.0 1000

N 5.2.2 (19) Undetermined 0.0 1000

N 5.2.2 (19) Undetermined 0.0 1000

N 5.2.2 (19) Undetermined 0.0 1000

N 5.2.3 (19) Undetermined 0.0 1000

N 5.2.3 (19) Undetermined 0.0 1000

N 5.2.3 (19) Undetermined 0.0 1000

N 5.3.1 (19) Undetermined 0.0 1000

N 5.3.1 (19) Undetermined 0.0 1000

N 5.3.1 (19) Undetermined 0.0 1000

N 5.3.2 (19) Undetermined 0.0 950

N 5.3.2 (19) Undetermined 0.0 950

N 5.3.2 (19) Undetermined 0.0 950

N 5.3.3 (19) Undetermined 0.0 950

N 5.3.3 (19) Undetermined 0.0 950

N 5.3.3 (19) Undetermined 0.0 950

N 5.5.1 (19) Undetermined 0.0 1000

N 5.5.1 (19) Undetermined 0.0 1000

N 5.5.1 (19) Undetermined 0.0 1000

N 5.5.2 (19) Undetermined 0.0 1000

N 5.5.2 (19) Undetermined 0.0 1000

N 5.5.2 (19) Undetermined 0.0 1000

N 5.5.3 (19) Undetermined 0.0 1000

N 5.5.3 (19) Undetermined 0.0 1000

N 5.5.3 (19) Undetermined 0.0 1000

N midt-1 (19) Undetermined 0.0 950

N midt-1 (19) Undetermined 0.0 950

N midt-1 (19) Undetermined 0.0 950

N midt-2 (19) Undetermined 0.0 950

N midt-2 (19) Undetermined 0.0 950

N midt-2 (19) Undetermined 0.0 950

N midt-3 (19) Undetermined 0.0 950

N midt-3 (19) Undetermined 0.0 950

N midt-3 (19) Undetermined 0.0 950

Fyr 1.1.1 (18) 36.71 14.1 910

Fyr 1.1.1 (18) Undetermined 0.0 910

Fyr 1.1.1 (18) 36.70 14.3 910

Fyr 1.1.2 (18) Undetermined 0.0 1000

Fyr 1.1.2 (18) Undetermined 0.0 1000

Fyr 1.1.2 (18) Undetermined 0.0 1000

Fyr 1.2.1 (18) Undetermined 0.0 1000

Fyr 1.2.1 (18) Undetermined 0.0 1000

Fyr 1.2.1 (18) Undetermined 0.0 1000

Fyr 1.2.2 (18) Undetermined 0.0 1000

Fyr 1.2.2 (18) Undetermined 0.0 1000

Fyr 1.2.2 (18) 37.00 11.6 1000
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Sample Name Cт Quantity in PCR sample Voume filtrated, ml

Fyr 1.3.1 (18) Undetermined 0.0 1000

Fyr 1.3.1 (18) Undetermined 0.0 1000

Fyr 1.3.1 (18) 37.65 7.4 1000

Fyr 1.3.2 (18) Undetermined 0.0 1000

Fyr 1.3.2 (18) Undetermined 0.0 1000

Fyr 1.3.2 (18) Undetermined 0.0 1000

Fyr 1.4.1 (18) Undetermined 0.0 1000

Fyr 1.4.1 (18) Undetermined 0.0 1000

Fyr 1.4.1 (18) Undetermined 0.0 1000

Fyr 1.4.2 (18) Undetermined 0.0 1000

Fyr 1.4.2 (18) Undetermined 0.0 1000

Fyr 1.4.2 (18) Undetermined 0.0 1000

Fyr 1.5.1 (18) Undetermined 0.0 1000

Fyr 1.5.1 (18) Undetermined 0.0 1000

Fyr 1.5.1 (18) Undetermined 0.0 1000

Fyr 1.5.2 (18) Undetermined 0.0 1000

Fyr 1.5.2 (18) Undetermined 0.0 1000

Fyr 1.5.2 (18) Undetermined 0.0 1000

Fyr midt1 (18) Undetermined 0.0 1000

Fyr midt1 (18) Undetermined 0.0 1000

Fyr midt1 (18) 36.42 16.4 1000

Fyr midt2 (18) 36.97 11.2 1000

Fyr midt2 (18) Undetermined 0.0 1000

Fyr midt2 (18) Undetermined 0.0 1000

Fyr Blank1 (18) Undetermined 0.0 1000

Fyr Blank1 (18) Undetermined 0.0 1000

Fyr Blank1 (18) Undetermined 0.0 1000

M 4.1.1 (18) 37.98 5.6 1000

M 4.1.1 (18) Undetermined 0.0 1000

M 4.1.1 (18) Undetermined 0.0 1000

M 4.1.2 (18) Undetermined 0.0 1000

M 4.1.2 (18) Undetermined 0.0 1000

M 4.1.2 (18) 35.74 26.3 1000

M midt1 (18) Undetermined 0.0 1000

M midt1 (18) Undetermined 0.0 1000

M midt1 (18) Undetermined 0.0 1000

M midt2 (18) Undetermined 0.0 1000

M midt2 (18) Undetermined 0.0 1000

M midt2 (18) Undetermined 0.0 1000

M 4.2.1 (18) Undetermined 0.0 1000

M 4.2.1 (18) Undetermined 0.0 1000

M 4.2.1 (18) Undetermined 0.0 1000

M 4.2.2 (18) Undetermined 0.0 1000

M 4.2.2 (18) Undetermined 0.0 1000

M 4.2.2 (18) Undetermined 0.0 1000

Ti 2.1.1 (18) Undetermined 0.0 1000

Ti 2.1.1 (18) Undetermined 0.0 1000
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Sample Name Cт Quantity in PCR sample Voume filtrated, ml

Ti 2.1.1 (18) Undetermined 0.0 1000

Ti 2.1.2 (18) Undetermined 0.0 1000

Ti 2.1.2 (18) Undetermined 0.0 1000

Ti 2.1.2 (18) Undetermined 0.0 1000

Ti 2.2.1 (18) Undetermined 0.0 1000

Ti 2.2.1 (18) 36.98 11.1 1000

Ti 2.2.1 (18) Undetermined 0.0 1000

Ti 2.2.2 (18) Undetermined 0.0 1000

Ti 2.2.2 (18) Undetermined 0.0 1000

Ti 2.2.2 (18) Undetermined 0.0 1000

Ti 2.3.1 (18) Undetermined 0.0 1000

Ti 2.3.1 (18) Undetermined 0.0 1000

Ti 2.3.1 (18) Undetermined 0.0 1000

Ti 2.3.2 (18) Undetermined 0.0 1000

Ti 2.3.2 (18) Undetermined 0.0 1000

Ti 2.3.2 (18) Undetermined 0.0 1000

Ti 2.4.1 (18) Undetermined 0.0 1000

Ti 2.4.1 (18) Undetermined 0.0 1000

Ti 2.4.1 (18) Undetermined 0.0 1000

Ti 2.4.2 (18) Undetermined 0.0 1000

Ti 2.4.2 (18) Undetermined 0.0 1000

Ti 2.4.2 (18) Undetermined 0.0 1000

Ti 2.5.1 (18) Undetermined 0.0 1000

Ti 2.5.1 (18) Undetermined 0.0 1000

Ti 2.5.1 (18) Undetermined 0.0 1000

Ti 2.5.2 (18) Undetermined 0.0 1000

Ti 2.5.2 (18) Undetermined 0.0 1000

Ti 2.5.2 (18) Undetermined 0.0 1000

Ti midt1 (18) Undetermined 0.0 1000

Ti midt1 (18) Undetermined 0.0 1000

Ti midt1 (18) Undetermined 0.0 1000

Ti midt2 (18) Undetermined 0.0 1000

Ti midt2 (18) Undetermined 0.0 1000

Ti midt2 (18) Undetermined 0.0 1000

To 3.1.1 (18) Undetermined 0.0 1000

To 3.1.1 (18) Undetermined 0.0 1000

To 3.1.1 (18) Undetermined 0.0 1000

To 3.1.2 (18) Undetermined 0.0 1000

To 3.1.2 (18) Undetermined 0.0 1000

To 3.1.2 (18) Undetermined 0.0 1000

To 3.2.1 (18) Undetermined 0.0 1000

To 3.2.1 (18) 37.87 5.0 1000

To 3.2.1 (18) Undetermined 0.0 1000

To 3.2.2 (18) Undetermined 0.0 1000

To 3.2.2 (18) Undetermined 0.0 1000

To 3.2.2 (18) Undetermined 0.0 1000

To 3.3.1 (18) Undetermined 0.0 1000
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Sample Name Cт Quantity in PCR sample Voume filtrated, ml

To 3.3.1 (18) Undetermined 0.0 1000

To 3.3.1 (18) 37.89 4.9 1000

To 3.3.2 (18) Undetermined 0.0 1000

To 3.3.2 (18) Undetermined 0.0 1000

To 3.3.2 (18) Undetermined 0.0 1000

To 3.4.1 (18) Undetermined 0.0 1000

To 3.4.1 (18) Undetermined 0.0 1000

To 3.4.1 (18) Undetermined 0.0 1000

To 3.4.2 (18) Undetermined 0.0 1000

To 3.4.2 (18) Undetermined 0.0 1000

To 3.4.2 (18) 44.11 0.1 1000

To 3.5.1 (18) Undetermined 0.0 1000

To 3.5.1 (18) Undetermined 0.0 1000

To 3.5.1 (18) Undetermined 0.0 1000

To 3.5.2 (18) Undetermined 0.0 1000

To 3.5.2 (18) Undetermined 0.0 1000

To 3.5.2 (18) Undetermined 0.0 1000

To midt1 (18) Undetermined 0.0 1000

To midt1 (18) Undetermined 0.0 1000

To midt1 (18) Undetermined 0.0 1000

To midt2 (18) Undetermined 0.0 1000

To midt2 (18) Undetermined 0.0 1000

To midt2 (18) Undetermined 0.0 1000

N Blank1 (18) Undetermined 0.0 1000

N Blank1 (18) Undetermined 0.0 1000

N Blank1 (18) Undetermined 0.0 1000

N 5.1.1 (18) Undetermined 0.0 1000

N 5.1.1 (18) Undetermined 0.0 1000

N 5.1.1 (18) Undetermined 0.0 1000

N 5.1.2 (18) Undetermined 0.0 1000

N 5.1.2 (18) Undetermined 0.0 1000

N 5.1.2 (18) Undetermined 0.0 1000

N 5.2.1 (18) Undetermined 0.0 1000

N 5.2.1 (18) Undetermined 0.0 1000

N 5.2.1 (18) Undetermined 0.0 1000

N 5.2.2 (18) Undetermined 0.0 1000

N 5.2.2 (18) Undetermined 0.0 1000

N 5.2.2 (18) Undetermined 0.0 1000

N 5.3.1 (18) Undetermined 0.0 1000

N 5.3.1 (18) Undetermined 0.0 1000

N 5.3.1 (18) Undetermined 0.0 1000

N 5.3.2 (18) Undetermined 0.0 1000

N 5.3.2 (18) Undetermined 0.0 1000

N 5.3.2 (18) Undetermined 0.0 1000

N 5.4.1 (18) Undetermined 0.0 1000

N 5.4.1 (18) Undetermined 0.0 1000

N 5.4.1 (18) Undetermined 0.0 1000
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Sample Name Cт Quantity in PCR sample Voume filtrated, ml

N 5.4.2 (18) Undetermined 0.0 1000

N 5.4.2 (18) Undetermined 0.0 1000

N 5.4.2 (18) Undetermined 0.0 1000

N 5.5.1 (18) Undetermined 0.0 1000

N 5.5.1 (18) Undetermined 0.0 1000

N 5.5.1 (18) Undetermined 0.0 1000

N 5.5.2 (18) Undetermined 0.0 1000

N 5.5.2 (18) Undetermined 0.0 1000

N 5.5.2 (18) Undetermined 0.0 1000

N midt1 (18) Undetermined 0.0 1000

N midt1 (18) 38.05 4.4 1000

N midt1 (18) Undetermined 0.0 1000

N midt2 (18) Undetermined 0.0 1000

N midt2 (18) 36.26 15.4 1000

N midt2 (18) Undetermined 0.0 1000

N Blank2 (18) Undetermined 0.0 1000

N Blank2 (18) Undetermined 0.0 1000

N Blank2 (18) Undetermined 0.0 1000
Note: CT-values, which are marked in red, are not included in the results.
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