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Abstract
Changes in environmental conditions alter host–parasite interactions, raising the need 
for effective epidemiological surveillance. Developing operational, accurate, and cost-
effective methods to assess individual infection status and potential for pathogen 
spread is a prerequisite to anticipate future disease outbreaks in wild populations. 
For endoparasites, effective detection of infections usually relies on host-lethal ap-
proaches, which are barely compatible with wildlife conservation objectives. Here, we 
used the brown trout (Salmo trutta)—Tetracapsuloides bryosalmonae host–parasite sys-
tem to develop a non-lethal method for endoparasite infection detection, hereafter 
called “uDNA” for urine DNA. The uDNA diagnostic test is based on the amplification 
of endoparasite DNA from host urine. We sampled wild fish (N = 111) from eight sites, 
let them excrete in individual buckets filled with mineral water and performed para-
site DNA amplification from water filtration. We compared the results of the uDNA 
diagnostic test for host infection status and parasite load to those from kidney sam-
ples (the current standard method). uDNA was sensitive in determining host infection 
status (even for infected hosts showing no sign of the disease), since up to 90% of fish 
individuals were correctly assigned to their infection status. The quantity of uDNA 
detected from the hosts depended on the sampling sites, suggesting a spatial varia-
tion in the parasite spread. uDNA was positively, but weakly correlated with parasite 
load in the kidney. This correlation depended on the severity of macroscopic lesions 
caused by the disease and was negative in fish with severely damaged kidney, likely 
due to impaired urine excretion. The uDNA approach provides novel avenues to non-
lethally infer infection parameters from wildlife populations at large spatial scales. 
By targeting parasite transmission stage, uDNA is also valuable to get insights on the 
parasite fitness and the ecological and evolutionary dynamics of this host–parasite 
interaction.
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1  |  INTRODUC TION

Changes in environmental conditions can affect both host and 
pathogen geographic ranges as well as the outcomes of host–
parasite interactions, such as parasite virulence and transmission 
rate, host susceptibility to infection, and ultimately disease de-
velopment (Gallana et al., 2013; Lafferty, 2009; Schrag & Wiener, 
1995). Investigating the dynamics of parasites in space and time in 
wild host populations is crucial for management and conservation 
plans (Smith et al., 2006). However, parasite surveillance in wild pop-
ulations is notoriously challenging because of sampling difficulties 
(Ryser-Degiorgis, 2013), especially when it involves endoparasites. 
For instance, screening for the presence of endoparasites often re-
quires sampling specific organs or tissues, which generally implies 
killing a substantial number of hosts to reliably monitor key param-
eters such as parasite prevalence and abundance (e.g., Cilia et al., 
2020; McAllister et al., 2016; Sjöberg et al., 2009). These lethal 
approaches raise ethical issues and often fail to provide sufficient 
sample sizes in host populations. These approaches can additionally 
hardly be considered for protected, endangered, or even exploited 
species for which parasite infection monitoring is particularly im-
portant (Breed et al., 2009; Smith et al., 2006). Moreover, lethal 
sampling impedes repeated individual-based survey, which would be 
useful to monitor individual infection over time. To overcome this 
challenge, an increasing number of studies have developed indirect 
methods to non-lethally detect and monitor endoparasites in wild 
animal populations. Most of these studies involve parasite morpho-
logical identification in feces collection (Kumar et al., 2019; Riepe 
et al., 2019) and/or the use of environmental DNA (eDNA) to detect 
the infectious agents and evaluate disease risks (Bass et al., 2015; 
Honma et al., 2011; Huver et al., 2015; Sengupta et al., 2019). eDNA 
is defined as free DNA molecules released from living bodies in sur-
rounding environment without having to isolate target organisms, 
thereby indicating the presence of a species (Bohmann et al., 2014; 
Pawlowski et al., 2020). eDNA has quickly become a prominent 
tool due to the increasing availability of powerful genetic devices 
allowing the detection of species even from slight amounts of DNA 
(Jerde et al., 2011; Miotke et al., 2014; Shokralla et al., 2012). eDNA 
can be used to detect parasites from the open environment (i.e., air, 
water, soil) (Rusch et al., 2018) or from host fluids (i.e., blood, feces, 
or urine) to measure host individual infection status along the in-
fection course (e.g., Etienne et al., 2012). Using host fluids may be 
particularly relevant for detecting endoparasites colonizing internal 
organs, but is still rarely used, especially for aquatic species (but see 
Berger & Aubin-Horth, 2018; Jousseaume et al., 2021). Moreover, 
detection of parasite DNA into host fluids mediating parasite trans-
mission could further provide valuable information on the parasite 
fitness and on its ability to produce infectious stages.

The myxozan endoparasite Tetracapsuloides bryosalmonae rep-
resents an ideal case study for testing the effectiveness of a non-
lethal method to infer infection from its fish host fluids. This parasite 
has a complex life cycle involving two hosts: a salmonid fish species 
(intermediate host) and a bryozoan species (primary host). Parasite 

spores excreted from infected bryozoans enter salmonid fish through 
gills and skin, circulate through the blood until they reach the kid-
ney and spleen where they settle and develop (Hedrick et al., 1993; 
Okamura et al., 2011). Parasite multiplication and strong host inflam-
matory response can lead to renal lesions and impair renal functions, 
especially blood cell production (Bailey et al., 2020; Hedrick et al., 
1993). As a result, fish can suffer from anemia, which is considered 
to be the most severe health consequence of proliferative kidney 
disease (PKD), often resulting in losses in aquaculture and declines 
of several wild salmonid populations (Hedrick et al., 1993; Okamura 
et al., 2011).

As its development strongly depends upon water temperature 
and quality, global environmental changes could lead to more recur-
rent and severe PKD outbreaks (Okamura et al., 2011), emphasizing 
the need for precise and operational tools for monitoring T. bryosal-
monae infection in both wild and hatchery-reared salmonid popula-
tions. T. bryosalmonae spores are excreted from infected fish into the 
water through urine (Hedrick et al., 2004; Morris & Adams, 2006). 
Up to date, detection of T.  bryosalmonae in open waters is based 
on eDNA approaches targeting free-circulating spores and/or DNA 
molecules (Fontes et al., 2017; Hutchins et al., 2018). Nonetheless, 
the amount of T. bryosalmonae DNA detected with these approaches 
does inform neither on its developmental stage (i.e., relative number 
of spores released by the salmonid fish or by the bryozoan) nor on 
individual host infection status. The latter information is, however, 
important, because fish individuals are not equally infected even 
when exposed to the same concentration of parasite spores due to 
individual variation in resistance (Debes et al., 2017; Råberg et al., 
2007). Current monitoring of fish parasite load and infection status 
relies on histological observation or T.  bryosalmonae DNA amplifi-
cation out of kidney samples (hereafter kDNA for “kidney DNA”) 
(Bruneaux et al., 2017; Hedrick et al., 1993), involving fish euthana-
sia, and thus relatively small-sample sizes when inferring infection 
prevalence (Fontes et al., 2017; Okamura et al., 2011). T. bryosalmo-
nae DNA detection from brown trout excretion has been explored 
recently in an experimental setup to approximate the start of spore 
release by infected fish host (Strepparava et al., 2018), but it has 
never been used for individual infection status assessment.

Here, we exploited the fact that T. bryosalmonae spores are re-
leased in fish urine to develop a non-lethal diagnostic test to monitor 
T. bryosalmonae infection and parasite spore release at the individual 
fish level. This novel approach based on the detection and quanti-
fication of T. bryosalmonae DNA in the fish urine (hereafter uDNA 
for “urine DNA”), was developed on wild brown trout (Salmo trutta), 
a species known to be an intermediate host of T. bryosalmonae and 
for releasing infectious spores (only toward bryozoan host) through 
urine (Okamura et al., 2011). Specifically, we tested (a) whether the 
probability to detect T.  bryosalmonae DNA in the excreted urine 
(uDNA) is positively correlated with the probability of detection 
directly in the kidney (kDNA) and to a lesser extent with the de-
tection of PKD symptoms, that is, typical gross renal lesions, and 
(b) whether the quantity of T. bryosalmonae uDNA is a good proxy 
of individual fish parasite load. Infected brown trout should release 
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T. bryosalmonae spores or at least DNA traces in their surrounding 
water through urine, even though we have no information on the 
regularity of the release. However, by waiting for several excretion 
cycles, the uDNA could inform on the infection status (infected or 
uninfected) and parasite load (relative quantity of parasites in the 
kidney) of fish individuals and be used to infer parasite prevalence 
and mean parasite load in fish populations. Moreover, as uDNA mea-
sures parasite transmission through fish excretion, it could be used 
as a proxy for the fitness of the parasite (the higher the quantity of 
DNA excreted in urine, the higher the fitness of the parasite), which 
has to our knowledge never been estimated. To assess the reliabil-
ity of the uDNA method, we compared results of the uDNA test to 
the detection of T. bryosalmonae DNA in fish kidney (kDNA) that we 
used as a “reference” as it is the classical method currently used to 
detect fish infection status and parasite load (Bettge et al., 2009; 
Bruneaux et al., 2017). We expected the infection status inferred 
directly from kidney (kDNA) to be only partially correlated with the 
detection of gross PKD lesions, as some individuals can be asymp-
tomatic parasite carriers (Abd Elfattah et al., 2014; Soliman et al., 
2018). In addition, previous PKD studies did not find a clear rela-
tionship between the level of PKD lesions and the parasite load in 
the kidney (Bruneaux et al., 2017; Gorgoglione et al., 2013). More 
importantly, we expected to find a positive correlation between the 
infection status inferred from DNA detected in the urine and that 
inferred from DNA detected in the kidney, and that the uDNA diag-
nostic test would be more efficient than macroscopic examination 
of gross renal lesions to detect infected fish hosts, as asymptom-
atic infected fish should also release parasite DNA (Soliman et al., 
2018). Moreover, we tested whether the amount of uDNA varied 
among environmental contexts (sampled sites), as ecological param-
eters such as water temperature may impact parasite development 
and disease severity (Okamura et al., 2011), which could influence 
uDNA detection success through variability in parasite release. We 

predicted a positive correlation between uDNA concentration and 
parasite load inferred from kidney, except for fish showing important 
gross renal lesions and/or fish living in the warmest sites, because of 
impaired excretion rate due to the disease development.

2  |  METHODS

2.1  |  Brown trout sampling

The study area was located in southern France, at the foothills of the 
Pyrenean mountains and sampling took place in the Bouigane, Lez, 
Oriège, Arize and Ariège Rivers (Figure 1). PKD was suspected in the 
area by the Fédération Départementale de Pêche de l’Ariège since 
late 2000s and confirmed in 2016 after a high mortality of juvenile 
brown trout was reported through passive surveillance (Garmendia 
& Lautraite, 2017). Brown trout were sampled at eight sites: six of 
them were sampled during the first week of September 2018, while 
the last two sites were sampled during the first week of October 
2018 (Table 1, Figure 1). At this time of the year, all the infected fish 
should be shedding parasite spores (Strepparava et al., 2018). The 
sampled sites showed contrasted environmental conditions, espe-
cially in terms of thermal regime (see Table 1). Fish were sampled 
through electrofishing by the Fédération Départementale de l’Ariège 
de Pêche et de Protection des Milieux Aquatiques, in charge of the 
local angling management and the conservation of aquatic environ-
ment. We primarily targeted small juvenile trout (mean = 120 mm, 
range = 68–169 mm) corresponding mainly to young-of-year (0+) be-
cause brown trout are more prone to develop PKD when exposed to 
infectious spores of T. bryosalmonae for the first time (which gener-
ally occurs in Spring, some months after trout emergence from the 
gravel, Okamura et al., 2011). A total of 111 fish were sampled (4 to 
16 individuals per site according to local abundances, Table 1).

F I G U R E  1  Sampled sites location 
(blue dots with codes) at the foothills of 
Pyreneans Mountains, southern France. 
Main rivers of the sampled area (Ariège 
department) are also shown
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2.2  |  uDNA collection

After capture, fish recovered for about 30 min in a bucket filled with 
stream water and aerated by a small air pump. Each individual was 
“rinsed” with commercial (i.e., uncontaminated) mineral water to 
avoid false-positive detection of parasite DNA potentially present 
in the stream water and then placed in a plastic bag filled with 2L of 
commercial mineral water (as in Raffard et al., 2019; Villéger et al., 
2012). To minimize physiological stress, we chose mineral water 
(Cristaline®) with physicochemical characteristics similar to those 
encountered in streams and stored at stream temperature. Each bag 
was maintained in a bucket to allow proper movements of the fish, 
and buckets were covered and shaded to reduce fish stress. Given 
that urine excretion occurs by bursts every ~20 min (Curtis & Wood, 
1991), fish were kept in bags for at least one hour to ensure they had 
enough time for at least one excretion cycle. At each site, the experi-
mental design included 1 negative control bucket with mineral water 
only per 4 sampled fish (i.e., 1–4 controls per site, Table 1).

After excretion, 1L from each bag was filtered onto a 1.2µm cel-
lulose nitrate Sartorius® filter (Ø 50 mm), using a Solinst® peristaltic 
pump (model 410) and Sartorius® filter holders. Filters were then 
individually stored in Eppendorf Tubes 5ml in a cooler on the field 
and then at −80°C until DNA extraction. The material (filter holders, 
buckets, pipes…) was thoroughly disinfected in a 10% bleach bath 
overnight and rinsed with clear water after each field session to 
avoid cross-contamination.

2.3  |  Gross lesions and kidney parasite 
prevalence and load (kDNA)

After excretion, fish were euthanized with an overdose of ben-
zocaine, measured to the nearest mm, and weighed to the near-
est 0.1g. PKD gross lesions were assessed after dissection by a 
trained fish veterinarian (AL) through a visual inspection of gills, 
spleen, and kidney, showing typical PKD gross lesions ranging from 
0 (no lesion) to 3 (very high PKD suspicion). A gross lesions score 
of 3 represents a pale kidney exhibiting severe swelling (due to 

hyperplasia). Medium kidney samples were collected from each 
individual, stored in 70% ethanol, and sent to the laboratoire des 
Pyrénées et des Landes (LPL, Mont-de-Marsan), a certified labo-
ratory for analyses, in order to assess fish kidney parasite load 
(kDNA) through quantitative polymerase chain reaction (qPCR). 
18S T.  bryosalmonae rDNA was co-amplified together with 12S 
brown trout mitochondrial DNA to correct for the amount of kid-
ney tissue used for extraction. kDNA is thus expressed as the ratio 
between the number of 18S T. bryosalmonae rDNA copies detected 
and the number of 12S brown trout mitochondrial DNA detected 
in the sample. As the LPL is commercially exploiting the kDNA ap-
proach described above, they held details about the laboratory 
protocol confidential. kDNA provides the actual infectious status 
and parasite load of a fish, that is, the “reference” value (Bruneaux 
et al., 2017).

2.4  |  uDNA detection

DNA extraction was performed on excretion filters using the 
QIAGEN DNeasy PowerWater kit following manufacturer recom-
mendations and under a strict laboratory environment for eDNA 
extractions. The 518F_Q and 680R_Q primers designed by Fontes 
et al. (2017) were used to amplify a 182bp fragment of T. bryosalmo-
nae 18S SSU rDNA sequence. To accurately measure the quantity of 
parasite DNA released by fish individuals, DNA amplifications were 
run through quantitative PCRs (qPCRs). The PCR reactions were 
performed in a total volume of 20 µl including 10µl SYBR® Green 
master mix, 2 µl of sample DNA, 1 µl of each primer (10 µM), and 
6 µl of DNase/RNase-free water. The PCR program was run with a 
QuantStudio™ 6 Flex System (Applied Biosystems), under the fol-
lowing thermal conditions: 95°C for 15 min followed by 45 cycles 
of 95°C for 15 s and 60°C for 1 min. We performed a qPCR stand-
ard curve with one positive sample and a 1:10 serial dilution of this 
sample (n  =  7 concentrations). The linear standard curve revealed 
an amplification efficiency above 100% suggesting too high con-
centration of samples. So, we diluted the most concentrated sample 
in the standard curve and all samples in our study to 1/10th. The 

TA B L E  1  Characteristics of sampled sites, date of sampling, and number of brown trout individuals sampled (N). Mean water temperature 
for summer 2018 was computed with SIEAG (Système d’Information sur l’Eau du Bassin Adour Garonne) and the Fédération de pêche de 
l’Ariège data when available

Code Site Stream Altitude (m)
Source 
distance (km)

Mean summer 
temperature (°C) Sampling date N

ARIPam Pamiers Ariège 277 102 – 9/7/2018 16

ARIVar Varilhes Ariège 324 87 15.6 9/7/2018 16

ARZDur Durban Arize 351 27 16 9/5/2018 16

LEZAub Aubert Lez 418 32 17.2 9/6/2018 12

BOUArg Argein Bouigane 531 21 15.8 9/6/2018 16

ARILuz Luzenac Ariège 590 40 15 10/10/2018 4

ARISav Savignac Ariège 677 32 14.6 10/10/2018 15

ORIAx Ax-les-Thermes Oriège 777 21 12.6 9/4/2018 16
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7 standards used encompassed the full range of sample tested in 
this study. The standard curve was applied to all runs to allow com-
parison of parasite DNA quantification across separately run qPCR 
plates. Each 96-well qPCR plate included 3 PCR negative controls 
(water only), 2 field negative controls (buckets with no fish), 2 dilu-
tion series, and samples in triplicates. A sample would be considered 
positive for T.  bryosalmonae DNA when at least two out of three 
replicates yielded positive results. Following qPCRs, mean Ct val-
ues, representing the number of amplification cycles needed to get 
to a fluorescence threshold, ranged from 26.8 to 38.8 for positive 
samples. Ct values exceeding 40 were considered as artifacts and 
the corresponding assays as negative. After correcting Ct values 
for among-plates variation in PCR efficiency (see above), the initial 
relative concentration values (N0) ranged between 0 and 1, 1 being 
the individual with the highest T. bryosalmonae DNA concentration 
found in urine.

For a comparison purpose, we used a second method of DNA 
amplification and quantification that is expected to be more sen-
sitive than classical qPCRs and eases comparisons among samples: 
the droplet digital PCR (ddPCR) (Doi et al., 2015). ddPCR is based 
on water–oil emulsion droplet technology and transforms the PCR 
mix into approximately 20000 droplets in which independent PCR 
reactions occur. If target DNA is present in the droplet, amplifica-
tion occurs and the droplet fluoresces. This method provides con-
centration values (hereafter dC for droplet concentration) that are 
directly interpretable and that corresponds to the ratio of positive 
fluorescing droplets to total number of droplets, with no need 
for corrections, nor sample replicates, while limiting trouble with 
PCR inhibitors (Doi et al., 2015; Wood et al., 2019). ddPCRs were 
run with a BioRad QX200 Droplet Digital PCR system™ (Bio-Rad, 
Temse, Belgium), with the following thermal conditions: 95°C for 
5 min followed by 40 cycles of 95°C for 30s and 60°C for 1 min; 
and 4°C for 5 min and 90°C for 5 min. The PCR reactions were per-
formed in a total volume of 22 µl including 11 µl EvaGreen digital 
PCR Supermix, 2.2 µl of sample DNA, 1.1 µl of primer mix (same 
primers as for the qPCRs, 2µM), and 7.7 µl of DNase/RNase-free 
water. Each 96-well run included 4 PCR negative controls (water 
only), and a total of 18 field negative controls (buckets with no fish) 
were distributed among the different runs. The baseline threshold 
for separating positive and negative droplets was manually chosen 
per run, according to the distribution of the negative droplets from 
the negative control wells.

Ultimately, because urine excretion depends both on time spent 
in the plastic bag and on fish body mass (Hunn, 1982), we corrected 
the resulting uDNA values (N0 and dC for qPCR and ddPCR concen-
tration values, respectively) by the time of excretion (in minutes) and 
fish body mass (in grams).

2.5  |  Statistical analyses

Statistical analyses were conducted using the R environment (R 
3.6.1, R Core Team, 2019).

2.6  |  Inferring infection status and parasite 
prevalence from uDNA

We first used a Cochran's Q test (RVAideMemoire R package, Hervé, 
2020) to test whether the global prevalence (percentage of infected 
fish across all populations) varied among the methods (renal lesions 
examination, kDNA, uDNA amplified using either qPCR or ddPCR). 
When significant, pairwise Wilcoxon post hoc tests were conducted. 
Then, we tested whether T. bryosalmonae prevalence estimated at 
the site level using the uDNA diagnostic test correlated (Spearman's 
rank correlation) with the parasite prevalence estimated using kDNA.

Finally, the sensitivity and specificity of the uDNA test (using 
either qPCR or ddPCR) were quantified to provide a quantitative 
reliability of the method. Sensitivity is defined as the proportion of 
infected trout (i.e., positive with kDNA) that are also detected as 
infected with the uDNA test, while specificity corresponds to the 
proportion of non-infected trout (i.e., negative with kDNA) that are 
also identified as non-infected with the uDNA test (Akobeng, 2007). 
We thus classified each individual as “true positive” or “true nega-
tive” when the status (infected or non-infected) identified through 
uDNA (using either qPCR or ddPCR) was the same than the status 
identified through kDNA. On the contrary, we classified each indi-
vidual as “false positive” or “false negative” when the status iden-
tified through uDNA differed from that identified through kDNA. 
Sensitivity is then calculated as the ratio between the number of 
true positives and the sum of true positives and false negatives and 
specificity as the ratio between the number of true negative and the 
sum of true negatives and false positives.

2.7  |  Inferring parasite load from uDNA

Our second objective was to test whether the uDNA approach was a 
reliable method to estimate the parasite load of fish hosts.

We first used a Spearman rank correlation test to assess the re-
lationship between individual T. bryosalmonae DNA concentration in 
urine samples obtained either from qPCR or ddPCR, so as to test 
whether these two methods yield similar information about T. bryo-
salmonae DNA excretion. A similar approach was used at the site 
level to assess and test the relationship between T.  bryosalmonae 
DNA concentration estimated from kidney and the DNA concen-
tration estimated from urine samples (amplified using either qPCR 
or ddPCR), in order to provide information about the reliability of 
uDNA for estimating the mean parasite intensity.

Finally, we tested whether the quantity of T. bryosalmonae DNA 
excretion in fish urine could vary depending on the environmental 
and epidemiological contexts. We assumed that different sites cor-
responded to different environmental contexts and that the extent 
of PKD gross lesions corresponded to different epidemiological con-
texts, that is, different stages of disease development estimated by 
a trained veterinarian. We used a linear model with T. bryosalmonae 
DNA concentration estimated from urine at the individual level as 
the dependent variable, and T.  bryosalmonae DNA concentration 
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estimated from kidney as the explicative variable and we included 
in the full model the site identity, the extent of gross renal lesions, 
and their two-term interactions as additional fixed effects. Note that 
three out of the eight sites (LEZAub, ARZDur, and BOUArg) were re-
moved from this analysis because they had too few infected individu-
als. Based on a full model (all simple terms +the interactions between 
site identity and kDNA concentration and between renal lesions and 
kDNA concentration), we used an information-theoretic approach 
(based on the small-sample size corrected Akaike Information 
Criterion, AICc) to identify the most likely model(s) (Burnham & 
Anderson, 2002) using the MuMIn package (Barton, 2019).

3  |  RESULTS

3.1  |  Inferring infection status and parasite 
prevalence from uDNA

The overall T.  bryosalmonae infection prevalence differed sig-
nificantly among the four methods of detection (Cochran's Q test, 
Q = 73, df = 3, p < 0.001, Figure 2a). We identified more infected 
individuals with the detection of parasite DNA from kidney (kDNA, 
62%) or from urine (uDNA, qPCR = 53%, ddPCR = 56%) than with 
macroscopic examination of PKD gross lesions (28%, Figure 2a, 
post hoc tests, p < 0.001), meaning that 55% of the infected indi-
viduals were asymptomatic. T.  bryosalmonae prevalence estimated 

from uDNA was slightly lower than from kDNA (Figure 2a, Figure 3). 
Nonetheless, this difference was significant when uDNA was ampli-
fied using qPCR (post hoc test, p = 0.02), but not with ddPCR (post 
hoc test, p  = 0.08). Using kDNA individual infection status as ref-
erence, uDNA methods provided a correct infection status (true 
positives + true negatives) for 87% (qPCR) and 90% (ddPCR) of the 
samples (Figure 3).

Infection prevalence (from kDNA) varied markedly among sites 
with three out of the eight sites (LEZAub, ARZDur, BOUArg) not or 
barely infected (0 to 6% infection prevalence), whereas five sites 
(ARILuz, ARIPam, ARISav, ARIVar, ORIAx) had a prevalence of 100% 
(Figure 2b). In these highly infected sites, PKD gross lesions score 
varied between 0 and 3, except for ORIAx in which none of the indi-
viduals displayed any PKD gross lesions (Figure S1). kDNA and uDNA 
prevalence measured at the site level were significantly positively 
correlated (rho = 0.85, p < 0.01 for uDNA prevalence estimated from 
ddPCR; rho = 0.85, p < 0.01 for uDNA prevalence estimated from 
qPCR). However, uDNA underestimated the prevalence for ARIVar 
and ARISav (Figure 4a).

The specificity of the uDNA diagnostic test was very high (95%) 
for both amplification methods (qPCR and ddPCR). The sensitiv-
ity was slightly lower for uDNA amplified using qPCR than using 
ddPCR (83% vs. 87%) because qPCR yielded more false negatives 
(11% vs. 8% using ddPCR), even though the difference in distribu-
tion of the results categories between both methods was not sig-
nificant (Stuart-Maxwell marginal homogeneity test, χ² = 1.8, df = 3, 
p = 0.615) (Figure 3).

3.2  |  Inferring parasite load from uDNA

T.  bryosalmonae DNA concentrations estimated with uDNA from 
qPCR and ddPCR were strongly and positively correlated (rho = 0.96, 
p < 0.001, Figure S2), indicating that both approaches yielded very 
similar estimates of DNA parasite concentrations in the urine. Only 
the results with T. bryosalmonae DNA concentrations obtained from 
ddPCR will be shown hereafter.

kDNA concentration, representing our standard measure of 
parasite load, ranged from 1.27 10−6 to 9.29 10−2  T.  bryosalmonae 
DNA copies per S. trutta DNA copy for infected trout. At the site 
level, mean T. bryosalmonae DNA concentrations measured in kid-
ney were positively correlated with mean concentrations measured 
with uDNA, but this relationship was only marginally significant 
(rho =0.71, p = 0.06). T. bryosalmonae kDNA/uDNA concentrations 
strongly departed from the 1:1 expectation for two sites (ARIPam 
and ARILuz, Figure 4b) indicating both over- and underestimations of 
the T. bryosalmonae parasite load when measured with uDNA.

The most likely model to explain T.  bryosalmonae DNA con-
centration measured in urine at the individual level included the 
identity of the sampling site, the score of fish PKD gross lesions, 
T.  bryosalmonae DNA concentration measured in kidneys, and the 
two-term interaction involving the two later variables as fixed ef-
fects (Table 2, Table S1, AICc = −8.4, W = 0.72). This model revealed 

F I G U R E  2  (a) T. bryosalmonae infection prevalence recorded 
among the 111 brown trout sampled according to the detection 
method. kDNA indicates parasite DNA detected in kidney 
and serves as a reference. Udna indicates T. bryosalmonae 
DNA detected in urine (either using ddPCRs or qPCRs). Gross 
lesions indicate suspicion of T. bryosalmonae infection based on 
macroscopic examination of the fish. Different letters above the 
bars indicate a significant difference after Cochran's Q test and 
post hoc pairwise Wilcoxon tests (α = 0.05). (b) T. bryosalmonae 
kDNA infection prevalence recorded at each site
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that T. bryosalmonae DNA concentration measured in urine signifi-
cantly varied among sites with a highest uDNA quantity excreted 
by fish from ARIPam (see Figure 4b and Figure 5). More importantly, 
the relationship between T. bryosalmonae DNA concentration mea-
sured in urine and T. bryosalmonae DNA concentration measured in 
kidney significantly varied among PKD gross lesions scores (Table 2, 
Figure 5). The relationship between T. bryosalmonae DNA concen-
tration measured in urine and in kidney was positive (as expected) 
for all gross lesions scores, except for score “3,” corresponding to 
the most affected fish (in which case the relationship was negative, 
Figure 5). In other words, fish with highly damaged kidneys excreted 
less T. bryosalmonae DNA in their urine than expected despite high 
concentrations of T. bryosalmonae DNA in their kidneys. It is note-
worthy that a significant and positive relationship was observed be-
tween T. bryosalmonae DNA concentration measured in urine and in 
kidney for the site ORIAx in which no fish exhibited any PKD lesion 
(see inset in Figure 5).

4  |  DISCUSSION

The aim of the present study was to develop a non-lethal method 
for monitoring endoparasite infection in wild host populations. 
Detection of endoparasite infection is usually performed through 
tissue sampling, which is often lethal for the host (e.g., Cilia et al., 
2020; Waldner et al., 2020). However, the recent development of 
molecular techniques now permits to detect endoparasites DNA 
in the environment, feces, or other host fluids (Bohmann et al., 
2014). Recently, Berger and Aubin-Horth (2018) developed an 

F I G U R E  3  Qualitative comparison between T. bryosalmonae 
detection in the kidney (kDNA) and in the urine (uDNA) with qPCR 
and ddPCR amplifications, respectively. True negative/positive: 
samples that were found positive and negative both with kDNA and 
uDNA methods. False negative/positive: samples that were found 
either positive or negative with uDNA while they were found at 
the opposite with kDNA (reference method)

F I G U R E  4  (a) Relationship between T. bryosalmonae 
prevalence per site inferred from the parasite DNA contained in 
the urine (uDNA diagnostic test) and prevalence inferred from 
the parasite DNA contained in the kidney (kDNA, reference 
method). (b) Relationship between the mean T. bryosalmonae DNA 
concentration detected in urine (uDNA diagnostic test) per site and 
the mean parasite DNA concentration detected in kidney (kDNA). 
Values are scaled to the mean. Each dot represents the values for 
a single site, and letters above dots are the code of each site (see 
Figure 1 for site location)

TA B L E  2  Output of the best linear model explaining the quantity 
of T. bryosalmonae DNA excreted along with infected brown trout 
(S. trutta) urine. kDNA is the quantity of T. bryosalmonae DNA 
detected in fish kidney, Site is the fish site of origin, and gross 
lesions represents the score of proliferative kidney disease gross 
lesions estimated through macroscopic examination of the fish. 
Adjusted R² = 0.38, p < 0.001

df F value p value

kDNA 1 1.48 0.230

Site 3 8.14 < 0.001

Gross lesions score 3 1.55 0.212

kDNA × Gross lesions score 3 5.65 0.002
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elegant non-lethal method to detect a large endoparasite using 
DNA shed by parasites via swabbing the host abdominal cavity and 
Jousseaume et al. (2021) used DNA from fecal samples to detect 
endoparasite infections in eels. Here, we followed this logic by hy-
pothesizing that the brown trout microparasite T.  bryosalmonae, 
which proliferates in fish kidney, could be non-lethally detected 
from fish urine excretion (Strepparava et al., 2018), therefore en-
lightening individual host infection parameters. In line with our 
initial hypothesis, we successfully inferred parasite prevalence and 
occurrence from urine DNA (“uDNA”) and we were able to deter-
mine individual fish parasite load, although this latter inference was 
strongly context dependent.

Based on individual infection status measured with a conven-
tional (but lethal) approach as a reference (see Bruneaux et al., 
2017; Hedrick et al., 1993), our uDNA diagnostic test correctly 
identified host infection status for 87% and 90% individuals with 
qPCR and ddPCR amplifications, respectively, proving its effi-
ciency for detecting T.  bryosalmonae infection. Accordingly, test 
specificity was high and test sensitivity was slightly higher for 
ddPCR amplifications. Specifically, when an individual was not 
infected, the uDNA test was negative in 95% of the cases (spec-
ificity), and when an individual was infected, the uDNA test was 
positive in 83% and 87% cases (sensitivity) considering qPCR and 
ddPCR amplifications, respectively. One limitation in the valida-
tion of the uDNA method is that our sampled populations showed 
extreme infection prevalence (either 0–5 or 100% of infected indi-
viduals), so that we could not validate the method for intermediate 
values of prevalence.

The overall patterns of individual infection and population preva-
lence were very similar when using the qPCR and ddPCR approaches. 
Moreover, parasite DNA concentrations found in urine with both 
amplification methods were strongly correlated (as in Koepfli et al., 
2016; Mulero et al., 2020), suggesting that both qPCR and ddPCR 
can be reliably used to infer key epidemiological parameters from 
hosts’ urine. Nevertheless, in agreement with recent studies (Koepfli 
et al., 2016; Wood et al., 2019), we found a higher sensitivity for 
ddPCR due to a lower percentage of false negative (i.e., fish found 
uninfected using uDNA while actually infected), but the difference 
between both methods was not significant (8% vs. 11% for qPCR). It 
is noteworthy that false negatives found with ddPCR were individu-
als with relatively low parasite load in their kidney (ranging between 
1.27 10−6 and 1.45 10−3 copies of T.  bryosalmonae 18S rDNA/one 
copy of S. trutta 12S rDNA), so that some of these false negatives 
could be attributed to a limit of detection, or to false positives of 
qPCR detection in the kidney. However, the uDNA diagnostic test 
was efficient even for very low parasite load in kidney (as low as 3.65 
10−6 T. bryosalmonae DNA copy/S. trutta DNA copy), showing its high 
sensitivity, and when infected hosts showed no sign of PKD (i.e., as-
ymptomatic infected fish). Identifying these asymptomatic infected 
individuals is particularly relevant as they can act as an invisible res-
ervoir for potential future disease outbreaks. This is for instance the 
case when asymptomatic infected individuals move (or are moved by 
humans) into new locations with susceptible bryozoans. Besides, as 
the disease development depends—among other environmental fac-
tors—on water temperature, the presence of asymptomatic infected 
individuals can point out populations that have to be closely moni-
tored if environmental conditions are changing as they would be in 
the frontline for developing PKD outbreaks (Okamura & Feist, 2011).

Overall, we found a positive relationship between the quantity 
of parasite DNA detected in urine and that detected in kidney, but 
this relationship was weak and strongly dependent upon fish gross 
PKD lesions score. The relationship between uDNA and kDNA was 
positive for fish showing none or moderate gross lesions and partic-
ularly strong in ORIAx, a site in which all fish were infected but not 
diseased (no PKD gross lesion detected). One potential explanation 
could be that parasite development and/or fish hosts immune re-
sponses (responsible for kidney hyperplasia in diseased fish) were 
likely less triggered in ORIAx compared to the other sites due to 
a lower water temperature or other local environmental factors 
(Okamura et al., 2011). By contrast, uDNA and kDNA were poorly 
correlated for fish with severe gross lesions, suggesting that high 
level of kidney damage may impair urine excretion and hence the 
quantification of parasite load in this fluid. Furthermore, we found 
that uDNA quantity varied among sampled sites. Specifically, mean 
uDNA quantity was significantly higher in fish from ARIPam com-
pared to all other sites, while parasite load inferred from kDNA was 
similar among all sites. This illustrates that among-site variation in 
parasite load inferred from uDNA is yet complex to explain and must 
be carefully interpreted. Furthermore, another potential bias in our 
uDNA quantification approach is that we do not know the actual 
quantity of urine excreted by fish in the bags. Indeed, salmonid fish 

F I G U R E  5  Relationship between the quantity of T. bryosalmonae 
DNA (parasite load) detected in urine (uDNA) and that detected 
in kidney (kDNA) for 63 infected individuals. Values are scaled to 
the mean for the different intensities of the proliferative kidney 
disease gross lesions scores. The different symbols represent 
different sites, and the different colors are for different gross 
lesions scores. Mean values for each site are shown, along with 
their 95% confidence intervals (error bars). The inset shows the 
linear regression between uDNA and kDNA parasite load for the 
site ORIAx at the individual level
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urine flow rate can be influenced by factors such as nutrition, health 
status, water quality and temperature, handling, and hypoxic stress 
(Hunn, 1982). In the future, we propose using an “excretion control” 
such as urea concentration in the bag, to correct for the quantity 
of urine excreted. Future studies examining urine excretion may be 
necessary to refine this promising uDNA method for quantifying 
parasite load.

Finally, our results show that highly infected individuals do not 
release spores proportionally to their parasite load in the kidney, 
which suggests that kDNA may not necessarily be a good proxy for 
the infectious potential of fish. In other words, our results strongly 
suggest that fish with high concentration of T. bryosalmonae in the 
kidney do not substantially contribute to the excretion of spores 
in the open water, likely because of impaired kidney function and 
decreased excretion. These highly infected fish may therefore not 
be advantageous for the parasite life cycle and fitness. Our uDNA 
method actually provides the possibility to quantify what is excreted 
by fish in the open water, which can be used as a proxy of the num-
ber of released parasite spores. These two measures are thus com-
plementary: kDNA informs on host–parasite load, and uDNA could 
be used as a proxy of fish infectious potential, informing on the par-
asitic cycle dynamics. For example, in this study, the high uDNA ex-
cretion in fish from ARIPam (compared to other populations) seems 
to indicate a higher fitness of the parasite in this site. It could be 
explained by favorable environmental conditions for the parasite 
development, including the fish host's characteristics. The hetero-
geneity of uDNA release and thus of parasite spore shedding in this 
site could indeed highlight the presence of super-spreaders, that is, 
infected fish hosts that highly contribute to the parasite cycle (Stein, 
2011; Stephenson et al., 2017). This is particularly relevant as the 
current detection of T. bryosalmonae in streams through eDNA can-
not discriminate between parasite DNA stemming from fish spores 
and that from spores excreted from the primary host (bryozoans) 
(Fontes et al., 2017), so that uDNA gives access to new information 
on this infectious disease dynamics.

To conclude, we demonstrated the efficiency of a non-lethal 
method for endoparasite detection in the context of an emerging 
infectious disease in salmonid fish. The uDNA diagnostic test proved 
to be efficient in determining individual infection status and preva-
lence at population levels and provided encouraging results to es-
timate individual and population parasite loads. The ease and fast 
implementation of this new method opens fascinating perspectives 
for dissecting the eco-evolutionary dynamics of this host–parasite 
interaction considering large spatial and temporal scales. For in-
stance, individual surveys along the infection course can be per-
formed in the wild through capture–recapture to determine the 
ecological and evolutionary impacts of this emerging parasite on 
host populations. We thus encourage the future development of 
such non-invasive approaches based on host fluids for endoparasite 
detection to provide a better knowledge about wild animal popula-
tion infection status and infectious potential, improve the surveil-
lance of wildlife emerging diseases, and take appropriate decisions 
for management actions.

ACKNOWLEDG MENTS
We warmly thank the employees and volunteers from the Fédération 
Départementale de pêche de l’Ariège for the sampling, Frédéric 
Martins and Emeline Lhuillier from the Genotoul laboratory for 
their help with ddPCR at the Genotoul laboratory. We thank Hanna 
Hartikainen and an anonymous reviewer for their very relevant 
and detailed comments on the first version of this manuscript. This 
work was funded by the French Office for Biodiversity (OFB) and 
the French Water Agency (Agence de l’Eau Adour-Garonne AEAG). 
This work was carried out within the framework of the “Laboratoire 
d'Excellence” (LABEX) TULIP (ANR-10-LABX-41).

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS
SB, GL, and LJ designed the method and coordinated the study. LG 
and AY conducted fish sampling. ED, SB, GL, LJ, EQ, CV, and JC han-
dled the fish and the experiment. AL performed fish dissections and 
lesions diagnostic of proliferative kidney disease. GL, CV, NP, and 
ED performed laboratory work at EDB. ED ran the statistical analy-
ses. ED, SB, EQ, and GL interpreted the data. ED, SB, EQ, GL, and 
LJ wrote the first draft of the manuscript. CV, NP, AL, LG, AY, and 
JC read, commented, and corrected the initial draft, and all authors 
gave final approval for publication.

E THIC S APPROVAL
Authorization to collect brown trout were provided to the Fédération 
de l’Ariège de pêche et de protection du milieu aquatique by the 
« Arrêté préfectoral 2018–7».

DATA AVAIAL ABILIT Y S TATEMENT
Raw data from the main analyses are available on Figshare 
at the following link: https://figsh​are.com/artic​les/datas​et/
raw_data_uDNA_paper_txt/14605770.

ORCID
Eloïse Duval   https://orcid.org/0000-0002-8762-1090 
Simon Blanchet   https://orcid.org/0000-0002-3843-589X 
Erwan Quéméré   https://orcid.org/0000-0002-3880-1933 
Lisa Jacquin   https://orcid.org/0000-0002-0521-6113 
Jessica Côte   https://orcid.org/0000-0003-4965-1915 

R E FE R E N C E S
Abd Elfattah, A., Kumar, G., Soliman, H., & El Matbouli, M. (2014). 

Persistence of Tetracapsuloides bryosalmonae (Myxozoa) in chron-
ically infected brown trout Salmo trutta. Diseases of Aquatic 
Organisms, 111(1), 41–49. https://doi.org/10.3354/dao02768

Akobeng, A. K. (2007). Understanding diagnostic tests 1: Sensitivity, 
specificity and predictive values. Acta Paediatrica, 96(3), 338–341. 
https://doi.org/10.1111/j.1651-2227.2006.00180.x

Bailey, C., Holland, J. W., Secombes, C. J., & Tafalla, C. (2020). A por-
trait of the immune response to proliferative kidney disease (PKD) 
in rainbow trout. Parasite Immunology, 42(8), e12730. https://doi.
org/10.1111/pim.12730

https://figshare.com/articles/dataset/raw_data_uDNA_paper_txt/14605770
https://figshare.com/articles/dataset/raw_data_uDNA_paper_txt/14605770
https://orcid.org/0000-0002-8762-1090
https://orcid.org/0000-0002-8762-1090
https://orcid.org/0000-0002-3843-589X
https://orcid.org/0000-0002-3843-589X
https://orcid.org/0000-0002-3880-1933
https://orcid.org/0000-0002-3880-1933
https://orcid.org/0000-0002-0521-6113
https://orcid.org/0000-0002-0521-6113
https://orcid.org/0000-0003-4965-1915
https://orcid.org/0000-0003-4965-1915
https://doi.org/10.3354/dao02768
https://doi.org/10.1111/j.1651-2227.2006.00180.x
https://doi.org/10.1111/pim.12730
https://doi.org/10.1111/pim.12730


10  |    DUVAL et al.

Barton, K. (2019). MuMIn: Multi-Model Inference. R Package Version, 
1(43), 15.

Bass, D., Stentiford, G. D., Littlewood, D. T. J., & Hartikainen, H. (2015). 
Diverse applications of environmental DNA methods in par-
asitology. Trends in Parasitology, 31(10), 499–513. https://doi.
org/10.1016/j.pt.2015.06.013

Berger, C. S., & Aubin-Horth, N. (2018). An eDNA-qPCR assay to de-
tect the presence of the parasite Schistocephalus solidus inside its 
threespine stickleback host. The Journal of Experimental Biology, 
221(9), https://doi.org/10.1242/jeb.178137

Bettge, K., Segner, H., Burki, R., Schmidt-Posthaus, H., & Wahli, T. (2009). 
Proliferative kidney disease (PKD) of rainbow trout: Temperature- 
and time-related changes of tetracapsuloides bryosalmonae DNA 
in the kidney. Parasitology, 136(6):615–625.

Bohmann, K., Evans, A., Gilbert, M. T. P., Carvalho, G. R., Creer, S., Knapp, 
M., Yu, D. W., & de Bruyn, M. (2014). Environmental DNA for wildlife 
biology and biodiversity monitoring. Trends in Ecology & Evolution, 
29(6), 358–367. https://doi.org/10.1016/j.tree.2014.04.003

Breed, A. C., Plowright, R. C., Hayman, D. T. S., Knobel, D. L., Molenaar, 
F. M., Garder-Roberts, D., Cleaveland, S., Haydon, D. T., Kock, R. 
A., Cunningham, A. A., Sainsbury, A. W., & Delahay, R. J. (2009). 
Disease Management in Endangered Mammals. In R. J. Delahay, G. 
S. Smith, & M. R. Hutchings (Eds.). In Management of Disease in Wild 
Mammals. Springer Tokyo Berlin Heidelberg New York.

Bruneaux, M., Visse, M., Gross, R., Pukk, L., Saks, L., & Vasemägi, A. 
(2017). Parasite infection and decreased thermal tolerance: Impact 
of proliferative kidney disease on a wild salmonid fish in the context 
of climate change. Functional Ecology, 31(1), 216–226. https://doi.
org/10.1111/1365-2435.12701

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multi-
model inference: A practical information-theoretic approach. 2nd ed. 
Springer.

Cilia, G., Bertelloni, F., Mignone, W., Spina, S., Berio, E., Razzuoli, E., 
Vencia, W., Franco, V., Cecchi, F., Bogi, S., Turchi, B., Cerri, D., & 
Fratini, F. (2020). Molecular detection of Leptospira spp. In wild boar 
(Sus scrofa) hunted in liguria region (Italy). Comparative Immunology, 
Microbiology and Infectious Diseases, 68, 101410. https://doi.
org/10.1016/j.cimid.2019.101410

Curtis, B. J., & Wood, C. M. (1991). The function of the urinary blad-
der in vivo in the freshwater rainbow trout. Journal of Experimental 
Biology, 155, 567–583.

Debes, P. V., Gross, R., & Vasemägi, A. (2017). Quantitative genetic vari-
ation in, and environmental effects on, pathogen resistance and 
temperature-dependent disease severity in a Wild Trout. The American 
Naturalist, 190(2), 244–265. https://doi.org/10.1086/692536

Doi, H., Takahara, T., Minamoto, T., Matsuhashi, S., Uchii, K., & Yamanaka, 
H. (2015). Droplet digital polymerase chain reaction (PCR) outper-
forms real-time PCR in the detection of environmental DNA from 
an invasive fish species. Environmental Science & Technology, 49(9), 
5601–5608. https://doi.org/10.1021/acs.est.5b00253

Etienne, L., Locatelli, S., Ayouba, A., Esteban, A., Butel, C., Liegeois, 
F., Aghokeng, A., Delaporte, E., Mpoudi Ngole, E., & Peeters, M. 
(2012). Noninvasive follow-up of simian immunodeficiency virus 
infection in wild-living nonhabituated Western Lowland Gorillas 
in Cameroon. Journal of Virology, 86(18), 9760–9772. https://doi.
org/10.1128/JVI.01186​-12

Fontes, I., Hartikainen, H., Holland, J., Secombes, C., & Okamura, B. 
(2017). Tetracapsuloides bryosalmonae abundance in river water. 
Diseases of Aquatic Organisms, 124(2), 145–157. https://doi.
org/10.3354/dao03116

Gallana, M., Ryser-Degiorgis, M. P., Wahli, T., & Segner, H. (2013). Climate 
change and infectious diseases of wildlife: Altered interactions be-
tween pathogens, vectors and hosts. Current Zoology, 59(3), 427–
437. https://doi.org/10.1093/czool​o/59.3.427

Garmendia, L., & Lautraite, A. (2017). Fédération de l’Ariège de pêche et 
de protection du milieu aquatique. In A. Oriège, & Lauze (Eds.). Cas 

d’une tétracapsuloïdose sur l’axe Ariège, Rapport d’étude de la tétra-
capsuloïdose (« PKD »).Infectant les truites fario dans le réseau hydro-
graphique de la région d’Ax-Les-Thermes.

Gorgoglione, B., Wang, T., Secombes, C. J., & Holland, J. W. (2013). 
Immune gene expression profiling of Proliferative Kidney Disease 
in rainbow trout Oncorhynchus mykiss reveals a dominance of anti-
inflammatory, antibody and T helper cell-like activities. Veterinary 
Research, 44(1), 55. https://doi.org/10.1186/1297-9716-44-55

Hedrick, R. P., Baxa, D. V., De Kinkelin, P., & Okamura, B. (2004). 
Malacosporean-like spores in urine of rainbow trout react with 
antibody and DNA probes to Tetracapsuloides bryosalmonae. 
Parasitology Research, 92(1), 81–88. https://doi.org/10.1007/s0043​
6-003-0986-3

Hedrick, R. P., MacConnell, E., & de Kinkelin, P. (1993). Proliferative kid-
ney disease of salmonid fish. Annual Review of Fish Diseases, 3, 277–
290. https://doi.org/10.1016/0959-8030(93)90039​-E

Hervé, M. (2020). RVAideMemoire: Testing and plotting procedures for bio-
statistics. R package version. (pp. 9–75).

Honma, H., Suyama, Y., & Nakai, Y. (2011). Detection of parasitizing coc-
cidia and determination of host crane species, sex and genotype 
by faecal DNA analysis. Molecular Ecology Resources, 11(6), 1033–
1044. https://doi.org/10.1111/j.1755-0998.2011.03048.x

Hunn, J. B. (1982). Urine flow rate in freshwater salmonids: A re-
view. The Progressive Fish-Culturist, 44(3), 119–125. https://doi.
org/10.1577/1548-8659(1982)44[119:UFRIFS]2.0.CO;2

Hutchins, P. R., Sepulveda, A. J., Martin, R. M., & Hopper, L. R. (2018). A 
probe-based quantitative PCR assay for detecting tetracapsuloides 
bryosalmonae in fish tissue and environmental DNA water sam-
ples. Conservation Genetics Resources, 10(3), 317–319. https://doi.
org/10.1007/s1268​6-017-0812-3

Huver, J. R., Koprivnikar, J., Johnson, P. T. J., & Whyard, S. (2015). 
Development and application of an eDNA method to detect and 
quantify a pathogenic parasite in aquatic ecosystems. Ecological 
Applications, 25(4), 991–1002. https://doi.org/10.1890/14-1530.1

Jerde, C. L., Mahon, A. R., Chadderton, W. L., & Lodge, D. M. (2011). 
“Sight-unseen” detection of rare aquatic species using environ-
mental DNA. Conservation Letters, 4(2), 150–157. https://doi.
org/10.1111/j.1755-263X.2010.00158.x

Jousseaume, T., Roussel, J. M., Beaulaton, L., Bardonnet, A., Faliex, E., 
Amilhat, E., Acou, A., Feunteun, E., & Launey, S. (2021). Molecular 
detection of the swim bladder parasite Anguillicola crassus 
(Nematoda) in fecal samples of the endangered European eel 
Anguilla anguilla. Parasitology Research, 120(5), 1897–1902. https://
doi.org/10.1007/s0043​6-021-07100​-3

Koepfli, C., Nguitragool, W., Hofmann, N. E., Robinson, L. J., Ome-Kaius, 
M., Sattabongkot, J., Felger, I., & Mueller, I. (2016). Sensitive and 
accurate quantification of human malaria parasites using droplet 
digital PCR (ddPCR). Scientific Reports, 6(1), 39183. https://doi.
org/10.1038/srep3​9183

Kumar, S., Kumara, H. N., Santhosh, K., & Sundararaj, P. (2019). Prevalence 
of gastrointestinal parasites in lion-tailed macaque Macaca silenus 
in central Western Ghats. India. Primates, 60(6), 537–546. https://
doi.org/10.1007/s1032​9-019-00751​-y

Lafferty, K. D. (2009). The ecology of climate change and infectious dis-
eases. Ecology, 90(4), 888–900. https://doi.org/10.1890/08-0079.1

McAllister, C. T., Bursey, C. R., & Connior, M. B. (2016). New host and 
distributional records for helminth parasites (Trematoda, Cestoda, 
Nematoda) from amphibians (Caudata, Anura) and reptiles 
(Testudines: Ophidia) of Oklahoma. Proceedings of the Oklahoma 
Academy of Science, 96, 76–82.

Miotke, L., Lau, B. T., Rumma, R. T., & Ji, H. P. (2014). High sensitivity 
detection and quantitation of DNA copy number and single nu-
cleotide variants with single color droplet digital PCR. Analytical 
Chemistry, 86(5), 2618–2624. https://doi.org/10.1021/ac403​843j

Morris, D. J., & Adams, A. (2006). Transmission of Tetracapsuloides 
bryosalmonae (Myxozoa: Malacosporea), the causative organism 

https://doi.org/10.1016/j.pt.2015.06.013
https://doi.org/10.1016/j.pt.2015.06.013
https://doi.org/10.1242/jeb.178137
https://doi.org/10.1016/j.tree.2014.04.003
https://doi.org/10.1111/1365-2435.12701
https://doi.org/10.1111/1365-2435.12701
https://doi.org/10.1016/j.cimid.2019.101410
https://doi.org/10.1016/j.cimid.2019.101410
https://doi.org/10.1086/692536
https://doi.org/10.1021/acs.est.5b00253
https://doi.org/10.1128/JVI.01186-12
https://doi.org/10.1128/JVI.01186-12
https://doi.org/10.3354/dao03116
https://doi.org/10.3354/dao03116
https://doi.org/10.1093/czoolo/59.3.427
https://doi.org/10.1186/1297-9716-44-55
https://doi.org/10.1007/s00436-003-0986-3
https://doi.org/10.1007/s00436-003-0986-3
https://doi.org/10.1016/0959-8030(93)90039-E
https://doi.org/10.1111/j.1755-0998.2011.03048.x
https://doi.org/10.1577/1548-8659
https://doi.org/10.1577/1548-8659
https://doi.org/10.1007/s12686-017-0812-3
https://doi.org/10.1007/s12686-017-0812-3
https://doi.org/10.1890/14-1530.1
https://doi.org/10.1111/j.1755-263X.2010.00158.x
https://doi.org/10.1111/j.1755-263X.2010.00158.x
https://doi.org/10.1007/s00436-021-07100-3
https://doi.org/10.1007/s00436-021-07100-3
https://doi.org/10.1038/srep39183
https://doi.org/10.1038/srep39183
https://doi.org/10.1007/s10329-019-00751-y
https://doi.org/10.1007/s10329-019-00751-y
https://doi.org/10.1890/08-0079.1
https://doi.org/10.1021/ac403843j


    |  11DUVAL et al.

of salmonid proliferative kidney disease, to the freshwater bryo-
zoan Fredericella sultana. Parasitology, 133(06), 701. https://doi.
org/10.1017/S0031​18200​600093X

Mulero, S., Boissier, J., Allienne, J., Quilichini, Y., Foata, J., Pointier, J., & 
Rey, O. (2020). Environmental DNA for detecting Bulinus truncatus: 
A new environmental surveillance tool for schistosomiasis emer-
gence risk assessment. Environmental DNA, 2(2), 161–174. https://
doi.org/10.1002/edn3.53

Okamura, B., & Feist, S. W. (2011). Emerging diseases in freshwa-
ter systems. Freshwater Biology, 56(4), 627–637. https://doi.
org/10.1111/j.1365-2427.2011.02578.x

Okamura, B., Hartikainen, H., Schmidt-Posthaus, H., & Wahli, T. (2011). 
Life cycle complexity, environmental change and the emerging 
status of salmonid proliferative kidney disease. Freshwater Biology, 
56(4), 735–753. https://doi.org/10.1111/j.1365-2427.2010.02465.x

Pawlowski, J., Apothéloz-Perret-Gentil, L., & Altermatt, F. (2020). 
Environmental DNA: What’s behind the term? Clarifying the ter-
minology and recommendations for its future use in biomonitoring. 
Molecular Ecology, 29(22), 4258–4264. https://doi.org/10.1111/
mec.15643

R Core Team (2019). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-proje​
ct.org/

Råberg, L., Sim, D., & Read, A. F. (2007). Disentangling genetic vari-
ation for resistance and tolerance to infectious diseases in ani-
mals. Science, 318(5851), 812–814. https://doi.org/10.1126/scien​
ce.1148526

Raffard, A., Cucherousset, J., Prunier, J. G., Loot, G., Santoul, F., & 
Blanchet, S. (2019). Variability of functional traits and their syn-
dromes in a freshwater fish species (Phoxinus phoxinus): The role 
of adaptive and nonadaptive processes. Ecology and Evolution, 9(5), 
2833–2846. https://doi.org/10.1002/ece3.4961

Riepe, T., Calhoun, D., & Johnson, P. (2019). Comparison of direct and 
indirect techniques for evaluating endoparasite infections in wild-
caught newts (Taricha torosa and T. granulosa). Diseases of Aquatic 
Organisms, 134(2), 137–146. https://doi.org/10.3354/dao03365

Rusch, J. C., Hansen, H., Strand, D. A., Markussen, T., Hytterød, S., & 
Vrålstad, T. (2018). Catching the fish with the worm: A case study 
on eDNA detection of the monogenean parasite Gyrodactylus sal-
aris and two of its hosts, Atlantic salmon (Salmo salar) and rainbow 
trout (Oncorhynchus mykiss). Parasites & Vectors, 11(1), 333. https://
doi.org/10.1186/s1307​1-018-2916-3

Ryser-Degiorgis, M.-P. (2013). Wildlife health investigations: Needs, 
challenges and recommendations. BMC Veterinary Research, 9(1), 
223. https://doi.org/10.1186/1746-6148-9-223

Schrag, S. J., & Wiener, P. (1995). Emerging infectious disease: What 
are the relative roles of ecology and evolution? Trends in Ecology 
& Evolution, 10(8), 319–324. https://doi.org/10.1016/S0169​
-5347(00)89118​-1

Sengupta, M. E., Hellström, M., Kariuki, H. C., Olsen, A., Thomsen, P. F., 
Mejer, H., Willerslev, E., Mwanje, M. T., Madsen, H., Kristensen, 
T. K., Stensgaard, A. S., & Vennervald, B. J. (2019). Environmental 
DNA for improved detection and environmental surveillance of 
schistosomiasis. Proceedings of the National Academy of Sciences, 
116(18), 8931–8940. https://doi.org/10.1073/pnas.18150​46116

Shokralla, S., Spall, J. L., Gibson, J. F., & Hajibabaei, M. (2012). Next-
generation sequencing technologies for environmental DNA 
research. Molecular Ecology, 21(8), 1794–1805. https://doi.
org/10.1111/j.1365-294X.2012.05538.x

Sjöberg, N. B., Petersson, E., Wickström, H., & Hansson, S. (2009). 
Effects of the swimbladder parasite Anguillicola crassus on the 
migration of European silver eels Anguilla anguilla in the Baltic 
Sea. Journal of Fish Biology, 74(9), 2158–2170. https://doi.
org/10.1111/j.1095-8649.2009.02296.x

Smith, K. F., Sax, D. F., & Lafferty, K. D. (2006). Evidence for the 
role of infectious disease in species extinction and endan-
germent. Conservation Biology, 20(5), 1349–1357. https://doi.
org/10.1111/j.1523-1739.2006.00524.x

Soliman, H., Kumar, G., & El-Matbouli, M. (2018). Tetracapsuloides bryo-
salmonae persists in brown trout Salmo trutta for five years post 
exposure. Diseases of Aquatic Organisms, 127(2), 151–156. https://
doi.org/10.3354/dao03200

Stein, R. A. (2011). Super-spreaders in infectious diseases. International 
Journal of Infectious Diseases, 15(8), e510–e513. https://doi.
org/10.1016/j.ijid.2010.06.020

Stephenson, J. F., Young, K. A., Fox, J., Jokela, J., Cable, J., & Perkins, S. 
E. (2017). Host heterogeneity affects both parasite transmission to 
and fitness on subsequent hosts. Philosophical Transactions of the 
Royal Society B: Biological Sciences, 372(1719), 20160093. https://
doi.org/10.1098/rstb.2016.0093

Strepparava, N., Segner, H., Ros, A., Hartikainen, H., Schmidt-Posthaus, 
H., & Wahli, T. (2018). Temperature-related parasite infection dy-
namics: The case of proliferative kidney disease of brown trout. 
Parasitology, 145(3), 281–291. https://doi.org/10.1017/S0031​
18201​7001482.

Villéger, S., Grenouillet, G., Suc, V., & Brosse, S. (2012). Intra-and in-
terspecific differences in nutrient recycling by European fresh-
water fish. Freshwater Biology, 57(11), 2330–2341. https://doi.
org/10.1111/fwb.12009

Waldner, K., Bechter, T., Auer, S., Borgwardt, F., El-Matbouli, M., & Unfer, 
G. (2020). A brown trout (Salmo trutta) population faces devastat-
ing consequences due to proliferative kidney disease and tempera-
ture increase: A case study from Austria. Ecology of Freshwater Fish, 
29(3), 465–476. https://doi.org/10.1111/eff.12528

Wood, S. A., Pochon, X., Laroche, O., Ammon, U., Adamson, J., & Zaiko, A. 
(2019). A comparison of droplet digital polymerase chain reaction 
(PCR), quantitative PCR and metabarcoding for species-specific de-
tection in environmental DNA. Molecular Ecology Resources, 19(6), 
1407–1419. https://doi.org/10.1111/1755-0998.13055

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Duval, E., Blanchet, S., Quéméré, E., 
Jacquin, L., Veyssière, C., Lautraite, A., Garmendia, L., 
Yotte, A., Parthuisot, N., Côte, J., & Loot, G. (2021). Urine 
DNA (uDNA) as a non-lethal method for endoparasite 
biomonitoring: Development and validation. Environmental 
DNA, 00, 1–11. https://doi.org/10.1002/edn3.228

https://doi.org/10.1017/S003118200600093X
https://doi.org/10.1017/S003118200600093X
https://doi.org/10.1002/edn3.53
https://doi.org/10.1002/edn3.53
https://doi.org/10.1111/j.1365-2427.2011.02578.x
https://doi.org/10.1111/j.1365-2427.2011.02578.x
https://doi.org/10.1111/j.1365-2427.2010.02465.x
https://doi.org/10.1111/mec.15643
https://doi.org/10.1111/mec.15643
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1126/science.1148526
https://doi.org/10.1126/science.1148526
https://doi.org/10.1002/ece3.4961
https://doi.org/10.3354/dao03365
https://doi.org/10.1186/s13071-018-2916-3
https://doi.org/10.1186/s13071-018-2916-3
https://doi.org/10.1186/1746-6148-9-223
https://doi.org/10.1016/S0169-5347(00)89118-1
https://doi.org/10.1016/S0169-5347(00)89118-1
https://doi.org/10.1073/pnas.1815046116
https://doi.org/10.1111/j.1365-294X.2012.05538.x
https://doi.org/10.1111/j.1365-294X.2012.05538.x
https://doi.org/10.1111/j.1095-8649.2009.02296.x
https://doi.org/10.1111/j.1095-8649.2009.02296.x
https://doi.org/10.1111/j.1523-1739.2006.00524.x
https://doi.org/10.1111/j.1523-1739.2006.00524.x
https://doi.org/10.3354/dao03200
https://doi.org/10.3354/dao03200
https://doi.org/10.1016/j.ijid.2010.06.020
https://doi.org/10.1016/j.ijid.2010.06.020
https://doi.org/10.1098/rstb.2016.0093
https://doi.org/10.1098/rstb.2016.0093
https://doi.org/10.1017/S0031182017001482
https://doi.org/10.1017/S0031182017001482
https://doi.org/10.1111/fwb.12009
https://doi.org/10.1111/fwb.12009
https://doi.org/10.1111/eff.12528
https://doi.org/10.1111/1755-0998.13055
https://doi.org/10.1002/edn3.228

