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Abstract

Effective disease surveillance relies on accurate pathogen testing and robust preva-
lence estimates. Diagnostic specificity (DSp), the probability that an uninfected ani-
mal tests negative, is high when false positives are low. Diagnostic sensitivity (DSe)
is the probability an infected animal tests positive; higher DSe means fewer false
negatives. However, sensitivity and false negatives are harder to estimate without a
“gold standard”, an assay that can detect between 90-100% of true positive infec-
tions. Occupancy estimation of infection prevalence offers one solution by allowing
for imperfect detection of the pathogen. Testing potentially infected tissues multi-
ple times allows for the use of a Bayesian multistate occupancy model to estimate
the probability of pathogen infection in tissues (¥) and detection probabilities (p)
for different assays. Using ¥, and p from the posterior distribution, the conditional
probability of detecting the pathogen can be modeled, allowing for the calculation of
DSe. Renibacterium salmoninarum is a bacterial pathogen causing bacterial kidney
disease among salmonid species and was the model pathogen we used to train our
model. The current testing standard for salmonids combines initial screening for anti-
bodies using direct fluorescent antibody test (DFAT) with polymerase chain reaction
(PCR) confirmation to detect R. salmoninarum. However, detection of R. salmon-
inarum still varies between species, tissues, and assays. Here, a multi-state occu-
pancy model was used to estimate detection probability among individual and dual
kidney/liver infections with DFAT and gPCR in fish with an unknown infection status.
Both assays produced false negatives, but gqPCR had fewer than DFAT and a higher
DSe. Infection state was often misclassified, but multiple surveys per individual or
combining tissues for testing improved DSe for both assays.
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Introduction

Emerging, infectious fish pathogens pose a serious threat for wild fisheries [1] aqua-
culture [2], and fish biodiversity [3]. Climate change will likely influence the distribu-
tion and severity of these pathogens [4,5]. Successful intervention and mitigation of
disease outbreaks depend on effective surveillance and early detection of infections
[6-8]. Accurate diagnostic testing and robust statistical estimation of pathogen prev-
alence are critical for effective surveillance and understanding of disease risk [6] in
both aquaculture and wild fish populations.

Molecular diagnostic tools are at the forefront of pathogen detection techniques
given how quickly results can be obtained, the ability to evaluate a broad range of
pathogens, and ability to detect low pathogen levels [8—10]. However, the analytical
specificity, sensitivity, and detection limits are often not assessed or are confused
with one another [11,12]. Precise terminology is critical for meaningful inferences. For
the purposes of our study, we define diagnostic specificity (DSp) as the conditional
probability that an uninfected animal will test negative, with higher DSp indicating
fewer false positives (i.e., identifying an individual as positive when they are not
infected; [11,13,14]). We define diagnostic sensitivity (DSe) as the conditional prob-
ability that an infected animal will test positive, with higher DSe meaning fewer false
negatives (i.e., identifying an individual as negative for a pathogen when in fact they
are infected [11,13,14]). Finally, the detection limit of a particular diagnostic tool or
assay is the minimum detectable pathogen level within a sample. Detection limit is
frequently referred to as sensitivity or analytic sensitivity and is often confused with
the DSe as defined above [11,14]. Correctly defining DSe is important because there
is a tradeoff between DSe and DSp. Tests with high DSp, like polymerase chain
reaction (PCR) based tests, often have lower DSe [10], meaning they avoid false
positives but may result in more false negatives.

Modern molecular assays can identify pathogens with high specificity by targeting
precise genetic regions unique to each pathogen, virtually eliminating false positives
[15]. These assays may also detect extremely low levels of pathogens in a sample
due to their low detection limits [16]. However, accurately assessing sensitivity and
the potential for false negatives is more challenging without an independent “gold
standard” test to confirm results [13,14]. Because the true infection status of fish
or tissue is often unknown, defining DSe and DSp is often not feasible. Numerous
approaches like Bayesian latent class analysis can model DSe and DSp without
requiring known infection status, enabling estimation in wild populations [14]. How-
ever, this approach has limitations when a pathogen infects multiple organs simulta-
neously, and one wants to understand which tissues are infected at a given time. One
possible approach is to model the detectability of an assay by using Bayesian mul-
tistate occupancy models, where detection is classified as either detected (1) or not
detected (0) to estimate an infected and non-infected status of the host [17]. In occu-
pancy models, detection probability refers to the likelihood of detecting a pathogen
from multiple surveys of an infected host, without knowing the true infection status.
By surveying multiple tissues that could be infected individually or simultaneously,
we can estimate the probability that specific tissue(s) are infected within an individual

PLOS One | https://doi.org/10.137 1/journal.pone.0323010 May 8, 2025 2/24




PLO\Sﬁ\\.- One

fish. We can also estimate the detection probability across multiple assays and derive estimates for DSe and DSp. DSe is
analogous to the conditional probability of detection, derived from the estimate of the modeled detection probability [18].

The ultimate consequence of false negatives is an underestimate of pathogen prevalence. To minimize this risk, dis-
ease detection assays should aim for high DSe, even if it increases false positives and overestimates prevalence. Overes-
timation is less harmful than underestimation for management decisions, like stocking fish, which rely on prevalence data.
To overcome the lack of a gold standard test and the possibility of a false negative result, we applied a Bayesian multi-
state occupancy approach to estimate the sensitivity of a diagnostic test among multiple tissues and assays for a bacterial
pathogen of fish because it does not require knowledge of the true infection status [14].

Renibacterium salmoninarum: A case study

Bacterial kidney disease (BKD) is a globally distributed fish disease caused by the bacterium Renibacterium salmon-
inarum. While most research has focused on understanding and controlling BKD in aquaculture facilities in Europe and
North America (Fig 1a), most studies have examined the disease in wild salmonid populations, particularly in the Pacific
Northwest of the United States (Fig 2). Salmonids account for most documented cases of BKD, reflecting their economic
importance, but the pathogen has also been detected in non-salmonid species (Fig 1a). The focus of research on farmed
salmonids may not reflect the overall ecological impact of BKD.

Kidney tissue is the primary tissue that gets tested for R. salmoninarum, but other tissues like spleen, liver, blood, and
ovarian fluid have also been used (Fig 1a). While isolation and culture of R. salmoninarum on selective kidney disease
medium followed by a serological test was previously used as the definitive diagnostic method [19,20], molecular tech-
nigues are now more common for assessment because they are faster and less labor-intensive (Fig 1a) [20—22]. Further-
more, bacterial culture of R. salmoninarum can be less sensitive than molecular techniques, especially when bacterial
loads are low or when the bacteria is unevenly distributed across tissues [15,23].

Due to the need for rapid assessment of infection status during salmonid disease outbreaks, detection methods typ-
ically utilize antibody-based tests like direct fluorescent antibody tests (DFAT), membrane-filtration FAT (mFAT), and
enzyme-linked immunosorbent assays (ELISA) or molecular tests such as polymerase chain reaction assays (PCR; Fig
1a) [12,22,24]. Current guidelines for quick, initial detection of R. salmoninarum involve screening kidney tissues or ovar-
ian fluid using DFAT, mFAT, and ELISA [24,25], but these tests may not be sensitive enough for detections of subclinical
infections. Presumptive positives from these tests are confirmed with a more sensitive PCR assay including quantitative
(9PCR), nested (nPCR), or single-round PCR [12,22,26,27]. Current methods for detecting R. salmoninarum vary in DSe
and DSp depending on fish species [22,28-30]. In fact, most assays have not consistently identified infections across
methods, and presumptive negatives obtained from initial screening tests are generally not confirmed using molecular
assays, leading to false negative results [31]. Therefore, understanding the efficacy and tradeoffs of screening particular
tissues and with different assays to detect R. salmoninarum across susceptible fish species is critical.

Bacterial kidney disease primarily infects kidney tissue, but the bacteria may also spread without obvious symptoms to
other organs, like the liver and spleen, as well as heart, brain, and mucus during different times of infection (Fig 1a; [32]).
For example, one study of Chinook salmon (Oncorhynchus tshawytscha, Salmonidae) found lesions on liver tissue but no
signs of infection in the kidneys [32]. Moreover, the distribution of R. salmoninarum can be uneven, resulting in variable
detections depending on the sample location and bacterial load [33]. Additionally, infections may progress through differ-
ent tissues at different times, also contributing to variable detection results [34,35].

Cutthroat trout (O. clarkii, Salmonidae), a species of significant conservation concern in the western U.S., are partic-
ularly susceptible to R. salmoninarum [27,36—39]. These fish are routinely raised in hatcheries for stocking and rees-
tablishing wild populations. Given their susceptibility to R. salmoninarum infections, regular fish health inspections are
conducted at hatcheries to detect the bacterium before stocking. Recent and continued detections of R. salmoninarum in
Colorado hatcheries further underscore the need for continuous monitoring [27]. Specifically, in one Colorado hatchery,
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Fig 1. Sankey diagram and species distribution of Renibacterium salmoninarum infections in salmonids. a) Each node in the diagram, rect-
angles and text, represents one set of the data we collected from the literature (i.e., location, source, species, tissue, and assay). The connections
represent the relationship between two nodes and are proportional to number of reports for each of the data nodes. b) Pie chart showing the relative
distribution of salmonid species that have had a Renibacterium salmoninarum infection documented in the literature. All citations used to produce the
Sankey diagram and pie chart are included in S1 Appendix.

https://doi.org/10.1371/journal.pone.0323010.9001

cutthroat trout were moved onto the facility after presumptively testing negative for R. salmoninarum. However, during
subsequent routine annual health inspections, these fish were found to be infected with R. salmoninarum [27]. Although
initial testing was negative, the detection of R. salmoninarum at later stages highlighted a need for improvement in
diagnostic methods. Furthermore, during a recent wild fish survey conducted within Colorado waters, 19 cutthroat trout
populations were tested, with 100% of those populations showing evidence of an R. salmoninarum infection in at least
one fish [38].

The growing number of R. salmoninarum detections in both hatchery and wild populations prompted a reassessment
of testing protocols to ensure the most effective methods were being used to detect R. salmoninarum in cutthroat trout.
In response to this, we collaborated with a hatchery experiencing an outbreak of R. salmoninarum among a population of
adult cutthroat trout. This provided a unique opportunity to conduct comprehensive testing, during which we were able to
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Fig 2. Geographic distribution of Renibacterium salmoninarum detections in inland United States. Detections of Renibacterium salmoninarum
with PCR in the inland U.S. states. Darker colors represent higher detections of the bacteria among individual fish. Data collected from the U.S. Fish and
Wildlife Service, wild fish survey in February 2019.

https://doi.org/10.1371/journal.pone.0323010.9002

euthanize and test all fish to ensure thorough analysis of infection status, and assess the efficacy of assays for detecting
the bacterium across a wide range of infection states and tissue types.

Our study aligns with the current standards for fish health testing, which follow the American Fisheries Society (AFS)
guidelines [24]. These guidelines recommend the use of DFAT for screening fish and PCR analysis for confirming infec-
tions. Our literature review further justifies our approach by indicating PCR and DFAT as the predominant rapid detec-
tion methods for testing tissues for R. salmoninarum. By compiling relevant studies (Fig 1; S1 Appendix), we were able
to select appropriate tissues and assays for our own testing. We sampled adult spawning cutthroat trout from Colorado
Parks and Wildlife’'s (CPW) Poudre Rearing Unit. At the time, the overall population was known to be positive for R.
salmoninarum, although the infection status of individual fish was unknown. Our two main objectives were to: 1) compare
the probability of R. salmoninarum infection across tissues to determine which provides the highest detection probability, if
present, and 2) assess the diagnostic sensitivity of DFAT and qPCR to determine the best assay for diagnosing R. sal-
moninarum infections in hatchery fish populations. Further, we developed a Bayesian multi-state occupancy model to help
explain the complexities associated with detection of R. salmoninarum. Our approach allowed us to estimate detection
probabilities for both liver and kidney tissues and DFAT and gPCR assays, as well as calculate conditional probabilities to
inform estimates of DSe.
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Materials and methods
Literature review data collection

The detection of R. salmoninarum in fish populations has been a challenging endeavor for researchers worldwide due

to the pathogen’s complex biological characteristics and elusive nature within fish tissues. Past studies of this bacterium
have utilized a diverse array of assays and sampling methods across various geographic regions and fish species. How-
ever, this wide variation in techniques has led to inconsistent and often conflicting results regarding the true prevalence,
distribution, and detection of R. salmoninarum. To address this critical knowledge gap and bring clarity, we compiled
detection data from available studies conducted globally into a detailed Sankey flow diagram and pie chart.

We identified studies published in peer reviewed journals from Web of Science and Google Scholar using combinations
of search terms associated with bacterial kidney disease, Dee disease (common name for BKD between 1930-1969),
Corynebacterium spp. (scientific name between 1930-1980), and R. salmoninarum research from 1900-2021. We also
identified studies by searching the literature cited sections of papers obtained during the initial search. The literature
search occurred in August 2021. Due to the goals of our study, not all published studies were included within our dataset.
We only included studies that described detection of R. salmoninarum from an aquatic species that was collected from the
field, hatchery, or aquaculture facility, or experimentally injected in the laboratory (Fig 1). We excluded any publication that
described the cellular capabilities of individual R. salmoninarum isolates and if the bacteria were never used in a fish inoc-
ulation experiment. We extracted data manually from the text, tables, figures, and supplementary information including
geographic location of the infected fish, source of the infected fish (hatchery, field, or laboratory), year of detection, tissue
tested, and assay used for a detection. We only included a report of one positive detection from each location in the event
that detection of R. salmoninarum in more than one fish of the same species was indicated from the same water body or
the same hatchery.

Our graphical approach using a Sankey flow diagram (Fig 1a) highlights the complex web of relationships between the
geographic regions, fish species, infection type (i.e., laboratory, field, and hatchery), the detection assays implemented,
and the specific tissues assayed. For example, the diagram reveals that fluorescent antibody tests (FAT), culture, PCR,
and ELISA are most commonly performed using kidney tissues, but are used less often with other tissues. Furthermore,
the accompanying pie chart (Fig 1b) offers a succinct summary of R. salmoninarum detections in salmonid species across
the literature given the assortment of assays used. Together these two figures provide an insightful visualization of the
challenges and variability inherent in R. salmoninarum surveillance. Our synthesis of these data allowed us to justify our
own methodology by selecting appropriate tissues and assays based on the compiled studies. The literature supporting
the Sankey diagram can be found in S1 Appendix.

Distribution of R. salmoninarum in the U.S.

The Sankey Diagram shows that most R. salmoninarum detections occurred in North America, mostly in the U.S., but
the literature review data only report those detections that are published. To understand the distribution of detec-
tions across the U.S., we gathered data from the U.S. Fish and Wildlife Service that regularly analyzes pathogen
detections from a National Wild Fish Survey. This survey includes both hatchery and wild populations tested during
fish health inspections, and provides a more comprehensive list of detections than what is currently published in
the literature. Thus, data on salmonid fish infected with R. salmoninarum in each U.S. state were compiled from the
U.S. Fish and Wildlife Service National Wild Fish Survey database from 1960-2015 [40]. Only polymerase chain
reaction (PCR) assay detections were included, as this was the most common assay used in the surveys (Fig 2).
Once data were collected from the publically accessible website [40], we used RStudio to create a base map of the
inland United States. The base map was loaded from the library ggmap using the function map_data(). The U.S.
Fish and Wildlife Service National Wild Fish Survey publically accessible data were uploaded to RStudio to create a
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gradient-filled depiction of PCR prevalence across the inland US using the libraries ggplot2 and ggthemes and the
function geom_map().

Tissue collection

This animal study protocol was approved by the Institutional Animal Care and Use Committee Review Board of Colorado
State University through written consent (protocol number 721).

We sampled 781 adult cutthroat trout at the CPW Poudre Rearing Unit during the 2019 spawning season to test for
the presence of R. salmoninarum. The Sankey analysis showed that spleen, liver, and kidney were most often sampled
(Fig 1a) so we collected the spleen, liver, and kidney from the cutthroat trout. All samples were collected from individual
three-year-old female (n=389) and two-year-old male (n=392) brood fish. All fish were weighed (g), measured (mm),
and euthanized using tricaine methanesulfonate (MS-222; Syndel, Ferndale, WA, USA). We removed whole spleen, liver,
and kidney tissues through an abdominal incision and placed each tissue into individual sterile whirl-pak-bags. All tissue
samples were labelled so they could be associated with individual fish. Samples were placed on dry ice until arrival at the
laboratory (6 hours after collection) and held at -20°C until processed.

Laboratory analysis

All samples were analyzed for the presence of R. salmoninarum using two different assays, DFAT and gPCR. Samples
were prepared for DFAT by making two tissue imprints per tissue with sterile cotton swabs on individual wells located on
a 12-well slide (6 individual fish tissue per slide). A separate control slide with a smear of known R. salmoninarum ATCC
33209 culture [24] was also prepared with each set of slides to ensure that the reagents were working properly. We used
a Fluorescein isothiocyanate-conjugate (FITC), affinity purified polyclonal antibody to R. salmoninarum derived from goat
(KPL; Milford, MA, USA) to stain the slides, followed by an eriochrome black T counterstain (Sigma-Aldrich®; [25]). We
examined all slides under 500x magnification using a FITC fluorescent lamp with a wavelength of 400 nm. Samples exhib-
iting visible fluorescent cells were further examined at 1000x magnification and were confirmed as R. salmoninarum by
cell morphology and cell size. Any cells that fluoresced in a sample smear where diplobacilli bacterial cells were present
and measured approximately 1.0 X 0.5 ym, were considered positive [24]. Renibacterium salmoninarum was detected in
individual tissue samples by noting the presence (1) or absence (0) of cell fluorescence.

Replicate individual tissues were used to screen for R. salmoninarum with qPCR. For DNA extraction, all samples
were thawed and homogenized. Individual spleen, liver, and kidney samples were homogenized manually with a sterile
rolling pin while remaining in the whirl-pak-bags. Two replicates of approximately 0.25g of tissue were prepared for DNA
extractions. DNA extractions were completed using a Qiagen DNeasy Blood and Tissue Kit (Qiagen, Germantown, MD,
USA). We increased the AE buffer in all DNA extraction protocols to 400 pL to properly rinse filters of all DNA [22].

We used an ABI StepOnePlus System (Applied Biosystems, Foster City, CA, USA) for all gPCR assays to detect
the 69-base pair DNA segment of the msa gene of R. salmoninarum [12]. Each sample resulted in a final volume
of 5 pL of extracted DNA template with TagMan Gene Expression Master Mix (ThermoFisher, Waltham, MA, USA)
using predetermined primer sets RS 1238 Forward, 5-GTGACCAACACCCAGATATCCA-3’, RS 1307 Reverse,
5-TCGCCAGACCACCATTTACC-3’, and MGB probe 1262, 5’-CACCAGATGGAGCAAC-3’ for each PCR reaction [12].
DNase free water was used as a no template control for each plate.

Known positive controls, obtained from adult rainbow trout (O. mykiss, Salmonidae) at the CPW Bellvue Fish Research
Hatchery, were used with each gPCR run and known negative controls obtained from rainbow trout were used with every
10" gPCR run. The isolate for the positive controls was identified through 16S rRNA gene sequencing (Genewiz, Azenta
Life Sciences) and was confirmed as R. salmoninarum by blasting the product. The bacteria were stored as a stock
culture in phosphate buffered solution (PBS) at —80°C until use. Positive controls were used to produce a standard curve
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for the absolute quantification of R. salmoninarum in each sample. We rehydrated the stock culture to inoculate kidney
disease medium broth (KDM) and inoculated the bacteria five times in new media over a total of 45 days to ensure the
culture was pure. Stocks with 1 mL of the cultured bacteria were prepared with an optical density value of 0.181 at a wave-
length of 420 nm. Eight, ten-fold serial dilutions were prepared from the stock to quantify the number of bacteria in each
dilution. Bacterial cells were centrifuged at 5000 x g for 20 min at 4°C. The pellet was re-suspended in 1X PBS-peptone.
We followed the protocols for membrane-filtration fluorescent antibody test (MFAT) to quantify the number of cells present
in each dilution [41,42]. Syringes containing serial dilutions were fit with Whatman® pop-top filter holders, 13 mm-0.2 ym
polycarbonate filters, and 13 mm-5.0 pm nylon membrane filters, and samples were forced through the filters. Filters were
rinsed with PBS plus Triton-X and incubated with 100 uL of Fluorescein-labeled, affinity purified polyclonal antibody to R.
salmoninarum for one hour; rinsed again and counterstained with eriochrome black T; and rinsed a final time with 1X PBS.
Following rinsing, the polycarbonate filter was placed onto a glass microscope slide to air dry, and a glass coverslip was
mounted with DABCO-glycerol medium. Filters on the slides were examined at 1000x magnification to quantify the num-
ber of bacterial cells present in each dilution, when there was an observable amount to count. We were able to quantify
cells from the MFAT standards from the 10 dilution. Ten replicate 10 dilutions were used to calculate the mean number
of bacterial cells (bacterial cells mL") within the dilution. The final five-point curve was generated by plotting five-log,,
bacterial concentrations from 58 ten-fold serial dilutions against the quantification cycle (Cq) output values from gPCR to
determine slope, Cq cut-off value, and amplification efficiency. Detections of R. salmoninarum in individual tissue samples
were recorded by noting whether DNA was detected (1) or not (0).

Statistical analysis

To determine if more detections occur in the two most infected tissues, kidney and liver, due to a higher number of bac-
teria in one tissue over the other, differences between the number of bacteria present in the tissues were determined by
performing a Welch’s two sample t-test in program R (version 4.1.0) with a significance («) set at 0.05.

Occupancy model

Multistate occupancy modeling was used to estimate the probability of R. salmoninarum infection in tissues and detection
probabilities among assays. We used this approach because of imperfect detection of R. salmoninarum with DFAT and
gPCR and wanted to account for the possibility of false negatives (i.e., not detecting the pathogen when it is actually pres-
ent). We focused on kidney and liver tissue for the modeling because kidney is the standard tissue recommended by AFS-
Fish Health Blue Book for R. salmoninarum evaluation, and the raw data indicated that R. salmoninarum was detected
more often in the liver than the kidney tissue. The sampling unit was an individual fish, and the kidney and liver tissues
were considered “locations” within each fish [43]. The replicate testing on each individual tissue represented two surveys
for each assay (DFAT or gPCR). We assumed that there were no false positives with either assay based on the previously
determined high diagnostic specificity (DSp) of both assays (DFAT: 0.85; gPCR: 1.0; [22]).

The data consisted of detection histories from both assays. The detection histories were produced using the results of
the two surveys (j) for each tissue type, kidney (Ki—1; Kj—>) or liver (Lj—;;Lj—»), resulting in 16 possible detection histories
(d; Table 1). For instance, the following detection history indicates that an individual fish tested negative on both surveys
in each tissue (with two observations each for kidney and liver)

The sixteen possible detection histories resulted in four possible states of infection for each assay; state 1: {K—L—}

, state 2: {K+ L-}, state 3: {K— L+}, and state 4: {K+ L+} where + = detection in the tissue on either survey (Table
1). The states of detection are defined as follows. When testing the kidney and liver tissues, R. salmoninarum may be
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Table 1. Detection history and probability of Renibacterium salmoninarum infections across tissues and infection states. Possible detection
history for each state of Renibacterium salmoninarum infection consisting of detection (1) or lack thereof (0) from two surveys (S1 and S2) conducted on
each tissue (kidney and liver). Probability of infection (V) for each assay (DFAT and gPCR") is listed for each possible state of infection.

Tissue

Kidney Liver

S1 S2 S1 S2 Infection State Y Y
(DFAT) (qPCR)

0 0 0 0 State 1 {K-L-} 0.83 0.21

0 1 0 0 State 2 {K+L-} <0.01 0.10

1 0 0 0 State 2 {K+L-}

1 1 0 0 State 2 {K+L-}

0 0 1 0 State 3 {K-L+} 0.10 0.43

0 0 0 1 State 3 {K-L+}

0 0 1 1 State 3 {K-L+}

1 0 1 0 State 4 {K+L+} 0.06 0.26

1 0 0 1 State 4 {K+L+}

0 1 0 1 State 4 {K+L+}

0 1 1 0 State 4 {K+L+}

1 1 1 1 State 4 {K+L+}

1 1 1 0 State 4 {K+L+}

1 1 0 1 State 4 {K+L+}

1 0 1 1 State 4 {K+L+}

0 1 1 1 State 4 {K+L+}

“DFAT, direct fluorescent antibody test; qPCR, quantitative polymerase chain reaction.

https://doi.org/10.1371/journal.pone.0323010.t001

present in the tissue (true positive =1), not present (true negative=0), or present but not detected (false negative =0). Due
to the possibility of false negative results, there may be multiple possible true states of infection for any detection history
with a zero, ultimately affecting the classification of the observed infection state. In our detection history example above,
the individual would be classified in observed state 1{K— L—}, which could correctly represent a true state of infection of
{K—L-} if both tissues were truly negative. However, that individual could also be positive in one or both kidney surveys
(a false negative for kidney) and/or in one or both liver surveys (a false negative for liver) and the true infection state could
be {K+ L-},{K—L+}, or{K+ L+}. The model is static with no transition states of infection because fish were eutha-
nized, making multiple measurements over time impossible. Therefore, we model the probability that the observed state
represents the true state of infection.

Prior to running the multistate occupancy models, we used a multinomial logistic regression to evaluate the significance
of fish length, weight, and sex on R. salmoninarum infection in kidney and liver tissues to determine if any of these covari-
ates affected the state or observation process [44]. Only models incorporating individual effects were included because
length, weight, and sex are known to be correlated because female fish are larger than male fish. No covariates were
determined to be statistically significantly associated with infection status (S1 Table); therefore, these covariates were not
used in the occupancy modeling.

The static multistate occupancy model was fit in a Bayesian hierarchical framework (S1 Equation) and was used to
calculate the probability of infection (¥) for each state of infection (k) for each fish (i), and detection probability in kidney
(p2) and liver tissues (ps) for each assay (DFAT and qPCR; modeled independently) between two surveys (j):
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The observed dataset (y;;) was derived from 16 possible combinations of detections with 781 fish (i) with two surveys
per fish (j) and consisted of the four infection states described above (Table 1). Two surveys per fish were reasonable
for this model because MacKenzie and Royle [17] indicate if the diagnostic specificities of the assay(s) is over 0.8
then two surveys is sufficient. In our case the optimized DFAT and gPCR assays have diagnostic specificities of 0.85
and 1.0, respectively [22]. The model was split into two process models: the state process model and the observation
process model [45] which both affect the outcome of determining infection status in individual fish. The state process
model describes that the tissues representing the states of infection (k = 1,2, 3, or4) are either infected with R. sal-
moninarum (with probability ¥, ) or not infected (with probability 1 — ¥y) in each fish and z; represents the true unknown
latent state of infection for each fish derived from each ¥y (Fig 3). The observation process model describes the pres-
ence or absence of R. salmoninarum among each state of infection (p;;). These process models are described in detail
below.

Probability of
Detection with
qPCR or DFAT

Detection Data

&

True Number of Fish in
Each State of Infection

Liver Kidney Liver Kidney

Probability of
Bacteria Infection

Fig 3. Conceptual hierarchical occupancy model for Renibacterium salmoninarum detections. Conceptual diagram of hierarchical occupancy
model where ¥; is the probability of infection for each state of infection, zjis the true occupancy within each state of infection, p; is the probability of

detecting Renibacterium salmoninarum from either DFAT or gPCR (modeled independently) for the state of infection j during survey j, and y; is the

detection data (1, 2, 3 or 4) for each state of infection j during survey j.

https://doi.org/10.1371/journal.pone.0323010.9003
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State process model

The state process model describes the probability of infection (¥y) in a fish for each state (k) and the true latent state of
an infected fish(z;). The latent state is calculated because of the possibility of false negative results. z; can only be equal
to 1, 2, 3, or 4 indicating each true state of infection and is modeled as a categorical random variable from &:

z; ~ categorical (®) (3)

q):[\Ifl\IJQ\Ifg\IM} (4)

Probabilities of infection are calculated for each of the four states: ¥, is the probability of infection for state 1, ¥5 is
the probability of infection for state 2, 3 is the probability of infection for state 3, and ¥, is the probability of infection
for state 4. We assigned a Dirichlet prior [40] for the probabilities of infection and constrained the four probabilities by
sampling the hyperparameters (5y x) from a non-informative gamma distribution (gamma(1, 1)). This Dirichlet prior is
the most commonly used prior distribution for categorical variables and allows us to describe the probabilities of out-
comes [44,46]. Specifically, the distribution represents the marginal probabilities such that the values of the ¥, sum to
one. For instance, the probability of infection for kidney tissues is equivalent to Pr (\I/K"d”ey) =V, + Uy, the probability
of infection for liver tissues is equivalent to Pr(¥ve") = W3 4 ¥, and the probability of infection within either tissue is

Liver

PruXey L g = Wy 4 Wy + Uy

Observation process model

The observation process model describes the presence or absence of R. salmoninarum within each state of infection. In
the observation process model, the observation process (P;)) is linked to the observed data for each assay based on the
repeated surveys (j) with each tissue.

vij = Categorical(P;j, z;) (5)

We define two detection probabilities (p2, p3) with each assay model. Specifically, we were most interested in under-
standing the detection probability for each assay on kidney (p,) and liver tissues (p3). Thus, we formulated an observation
matrix for the parameters p, and ps, and arranged them where each row indicates the true state of infection, and each
column indicates the observed state of infection and is as follows:

1 2 3 4
1 1 0 0 0

2
Pi=3 1-p, P2 0 0
4 1—-p3 0 Jof 0

(I1=p2) *x(1=p3) p2x(1=p3) (1=p2)*ps  P2*ps

If the true infection state is state 1 {K— L-} (first row of P;), it is impossible to observe infection states 2, 3, or
4 because the fish is not infected. Therefore, the probability must be 1. When the true state of infection is state 2
{K+ L-} (second row of P;), the fish could be observed in either state 1 or state 2. As such, the probability of detecting
the fish in state 1 given the true state of 2, a false negative from the kidney tissue, is Pr(1 —p2) and in state 2 given
the true state of 2, a true positive, is Pr(ps). Similarly, when the true state of infection is state 3 (third row of P;), the
fish could be observed in either state 1 or state 3. Therefore, the probability we detect the fish in state 1 given the true
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state of 3 is Pr(1—p3) and in state 3 is Pr(ps) and state 2 or 4 cannot be observed. Finally, if the true state of infection
is state 4 (row four in P;) it is possible to detect fish in all four states and the probabilities are defined in P; matrix. The
parameters p, and ps are defined as the probability of detection for kidney (state 2 {K+ L-}) or liver (state 3 {K—L+}),
respectively, and can be derived from P;. Non-informative priors were used for p, and p; drawn from a uniform distri-
bution between 0 and 1.

Model implementation

Posterior probability distributions of the model parameters (p2, ps, Swv.1, Bw 2, fu.3, Bw.4) were estimated with separate
models for each assay (DFAT, gPCR) using a Monte Carlo-Markov chain (MCMC) algorithm in program JAGS (version
4.3.0) within program R with the library rjags. Both assay models were fit for each state of infection using 10,000 MCMC
iterations for three chains with a thinning interval of two, and a burn in value of 1000 for each chain. Model convergence
was determined based on the Gelman-Rubin statistic (Rhat) comparing within-chain variance to between-chain variance
and was considered acceptable when the Rhat value was less than 1.1 [47]. The models were validated by fitting the model
with simulated data to known parameters and recovering the parameters from the model. Additionally, initial analysis of the
occupancy model was focused on maximizing the area under the curve (AUC) to ensure appropriate model significance.
We computed the AUC with the multiclass.roc function in the pROC package version 1.18.0 in R Studio version 4.2.1.

The model calculates the probability of detection from what is observed given truth. However, for most situations we
felt it would be more useful to evaluate the probability of an observed state being true or not (Fig 4). For instance, if we
observe a fish in state 1, the true state could be any of the four states due to false negative results with kidney or liver tis-
sues (states 2—4) or because the true state is state 1. We used the probability of detections from P;; for each of the DFAT
and gPCR models (S1 Fig) and transformed the values to determine the probability of the true state of infection given
what was observed. The new probabilities are derived by taking each value in a row of the matrix P; (true value) and divid-
ing them by the sum of their column values (observed state) from P;. For instance, if we observe state 2 and want to know
the probability that the true state of infection is state 2, then, from P;, we can divide the row value, p,, by the sum of the
second column, ps + (p2 * (1 —p3) ). To determine the probability that the possible true state of infection is state 4 when
we observe state 2, from P;, we divide the row value of p, * (1—p3) by the sum of the second column, p, + (p, * (1 —ps)).
These probabilities are what we use to discuss the results below.

NS =i
= \\ \‘\
\\\\\\ \s\“
N ~
\\ s
N \\
N \\\
N
N
N
\\
« > =y
| Infection State | | Observed State | | True State |

Fig 4. Observed versus true infection states for Renibacterium salmoninarum detection. Conceptual diagram of observed and true infection
states and possible combinations of how a true infection state may be observed with DFAT or gPCR (indicated by colored lines; K: Kidney, L: Liver,-:
negative detection, +: positive detection). Solid lines indicate the probability the observed fish is in the true state and dashed lines indicate the probability
of the observed fish is in a different state.

https://doi.org/10.1371/journal.pone.0323010.9004
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Conditional probability

Using the probability of infection for kidney ¥, and liver tissues (¥3; Table 1) from the posterior distribution, we computed
the conditional probability of detecting R. salmoninarum in K number of surveys with a specific tissue and assay type
given the tissue is infected. Conditional probability of detection (referred to hereafter as DSe) was modeled as a function
of the number of surveys for DFAT or gPCR assays on each tissue. We modified Equation 1 from Chaudhary et al. [18]
where the numerator is the product of the estimated probability of R. salmoninarum detection for a survey in a tissue(s),
given that the tissue(s) is infected. The denominator is the estimated probability neither kidney nor liver tissue is infected
with R. salmoninarum (state 1). For example, when estimating the DSe from liver tissue (pJ‘K), we can compute pt% where

the sum of Fstate 3 and & * is the marginal probability of occupancy for liver as:

\ijstate 3+-state 4 [1 _ (1 _ [)L )K]

1 — state 1 (6)

pJ_K _

Results
Tissue collection summary

We evaluated R. salmoninarum infection status among 781 cutthroat trout (392 2-year-old males and 389 3-year-

old females) during the 2019 spawning season at the CPW Poudre Rearing Unit. Average weights of male fish were
242.7+22.5g (range 124 - 3584), and average weights of female fish were 515.82+135.86g (range 157 -1,089g). The
multinomial regression indicated no significant differences in R. salmoninarum infections between male and female fish,
or fish size, for any tissue or assay. Therefore, we did not include sex, length, or weight in the analysis (S1 Table). In total,
we collected 781 spleen samples, 776 liver samples, and 778 kidney samples from the 781 fish evaluated. Some samples
were not included in the evaluation due to mishandling of the tissues and the potential for tissue contamination.

qPCR standard curve

The original stock of bacterial cells for the development of the standard curve was equivalent to the 4.4 x 107 cells mL"".
The total PCR product from the serial dilutions ranged from 2.2 x 10° to 2.2 x 10" bacterial cells mL". Since 5 pL of each
standard per gPCR reaction was used, the final five-point standard curve generated a linear dynamic range from 1.1 x 10°
to 1.1 x 10 bacterial cells mL™". The standard curve was linear (R? = 0.94) indicating that the number of cells was correlated
with the Cq value (Fig 5). The slope of the standard curve was -3.38, which corresponds to a gqPCR amplification efficiency
of 97.6% (MIQE standards; [48]). We estimated the maximum Cq value from the intercept and used that estimate as the
positive detection cutoff value of 37.75, corresponding to an analytical sensitivity of 1.1 bacterial cells mL-'. The Cq value of
37.75 is an acceptable maximum Cq value to consider tissues positive for R. salmoninarum using gPCR [49].

Tissue and assay data

We detected R. salmoninarum in 591 (75.6%) fish by any assay or tissue. The number of R. salmoninarum detections with
DFAT were lower than detections with gPCR overall. Using DFAT, R. salmoninarum was detected in 108 fish (13.8% of all
fish tested: 52 males; 56 females) from any tissue sample, whereas R. salmoninarum was detected in 566 fish (72.5%:
288 males; 278 females) with gPCR. Among the fish with detections by DFAT, bacteria were detected in only 25 kidney
tissues (4.2% of all fish with detections), 58 liver tissues (9.8%), and 45 spleen tissues (7.6%) (Fig 6), whereas we had
more detections in tissues with gqPCR. Specifically, bacteria were detected in 256 kidney tissues (43.3% of all fish with
detections), 447 liver tissues (75.6%), and 120 spleen tissues (20.3%) with gqPCR (Fig 6). The occurrence of detections in
multiple tissues from the same fish with the same assay was low. Among the 256 kidney tissue detections and 447 liver
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Fig 5. Standard curve for quantification of Renibacterium salmoninarum using qPCR. Standard curve generated from 58, five-log,, serial dilutions
of R. salmoninarum with associated confidence intervals. Cq values are plotted as a function of five-log,, of the known number of bacterial cells that
were quantified by membrane-filtration fluorescent antibody test from pure culture of R. salmoninarum collected from rainbow trout at the Colorado Parks
and Wildlife Bellvue Fish Research Hatchery. The green shaded area around the linear fit represents the standard error.

https://doi.org/10.1371/journal.pone.0323010.9005

tissue detections by qPCR, we only detected R. salmoninarum in both tissues from 151 fish. Similarly, we only detected R.
salmoninarum by DFAT in 8 kidney and liver tissues within the same fish.

Multi-state occupancy model

Both assays were modeled independently to estimate the probability of infection for each of the four states. The AUC was
greater than 0.80 for each model (DFAT: 0.90, gPCR: 0.80) indicating that the model had good discriminatory ability.

Probability of detection

The probability of detection varied between assay type and within each state of infection (Fig 7). In state 4, both kidney
and liver were positive and we assumed the true state was the observed state because our assays were not expected
to produce false positive results. Thus, detection probability with both assays for state 4 {K+ L+} was 1.0 (Fig 7d).
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Fig 6. Comparison of tissue-specific detection of Renibacterium salmoninarum using DFAT and qPCR. Number of positive Renibacterium sal-
moninarum detections from three tissues (spleen, kidney, liver) using gPCR (black bars) and DFAT (white bars). Total number of samples for each tissue
are as follows: 781 spleen samples, 778 kidney samples, and 776 liver samples.

https://doi.org/10.1371/journal.pone.0323010.9006

The probability of detection was low for DFAT analyses in both kidney (p, = 0.61; C/: 0.39—0.65) and liver tissues

(ps = 0.68; Cl: 0.58—0.81) and overlapping credible intervals suggested no differences in detection probability between
the tissues. Detection probabilities indicated a high potential for false negative results when using DFAT. For instance,
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Fig 7. Detection probabilities of true infection states for Renibacterium salmoninarum. Each panel represents the probability that the observed
state of infection was the true state of infection or not (i.e., the detection probability of the true state of infection) when using either DFAT or gPCR. Solid

lines represent the probability of observing a fish in the true state of infection. Dashed lines indicate the probability of observing a state of infection

different from the true infection state due to false negative results with DFAT and/or gPCR. (a: State 1 {K—L-}, b: State 2 {K + L}, c: State 3 {K—L+}, d:

State 4 {K + L+}).

https://doi.org/10.1371/journal.pone.0323010.9007
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when the observed state of infection 1 {K— L—} was the true state, the probability of correctly detecting this state was
0.42 (Cl: 0.34-0.53), and the probability of obtaining a false negative result with DFAT was 0.58 (Cl: 0.47-0.66, Fig 7a).
Additionally, when the observed state was state 2 {K + L}, the probability of detection was 0.61 (Cl: 0.58-0.65), with a
probability of a false negative for liver tissues, where the true infection was not detected and should have been state 4
{K+ L+}, of 0.39 (Cl: 0.35-0.42, Fig 7b). The results were similar when the observed state was state 3 {K—L+}, with a
slightly higher probability (0.68) of the observed state being the true state (Cl: 0.34-0.81, Fig 7c), indicating a false nega-
tive probability of 0.32 (Cl: 0.19-0.66) among kidney tissues.

Overall, the detection probability when using gPCR was higher than DFAT (Fig 7). The gPCR detection probability was
0.72 for kidney tissue (p2 ; Cl: 0.70—-0.74) and 0.79 for liver tissue (ps; C/: 0.77—0.81) and non-overlapping credible
intervals suggested that liver tissue had a higher detection probability than kidney tissue. Similar to DFAT, gPCR also
exhibited a high probability of false negative results. For instance, the probability of detecting state 1 {K—L—-} was 0.56
(Cl: 0.52-0.60), indicating a probability of a false negative result with qPCR of 0.44 (CI: 0.40-0.48; Fig 7a). The proba-
bility of detecting the true state of state 2 {K+ L-} was 0.72 (Cl: 0.70-0.74), indicating the probability of a false negative
with liver tissues was 0.28 (Cl: 0.26-0.30; Fig 7b). The results were similar when the observed state was state 3 {K—L+},
with a slightly higher probability of the observed state being the true state (0.79; Cl: 0.76 - 0.82) and a probability of a false
negative with kidney tissues of 0.21 (Cl: 0.18-0.24; Fig 7c).

Probability of infection

The estimates derived from our state process model represent the probability the fish are in a specific state of infection
(Table 1). The DFAT model predicted that 653 fish (0.83; Cl: 0.78-0.98) were negative for R. salmoninarum in both
tissues (state 1 {K—L-}), and the probability of infection was highest in liver tissue (0.10; Cl: 0.06 -0.16) and lowest in
kidney tissue (0.009; Cl:<0.001-0.003). Marginal credible intervals for the probability of infection for kidney and liver
tissues do not overlap, suggesting that the probability of infection was higher in liver tissues. The Dirichlet prior allowed us
to constrain the probability of infection (¥,) within each state such that we could calculate the marginal probability of infec-
tion for both tissues. Thus, the marginal probability of infection for liver tissue (state 3 {K—L+} and state 4 {K+ L+}) was
the highest, with an estimated 112 infected fish (0.16; Cl: 0.11-0.24). The marginal probability of infection was lower for
kidney tissue (state 2 {K + L} and state 4 {K+ L+}), with an estimated 38 infected fish (0.07; Cl: 0.004-0.10). Overall, a
combined (state 2, 3, and 4) 118 total fish (0.17; Cl: 0.09-0.27) were estimated to be infected using DFAT alone.

Higher probabilities of infection were predicted from the gqPCR model compared to the DFAT model and only 159 fish
(0.21; CI: 0.17-0.25) were estimated to have no infection in either kidney or liver tissue. The probability of infection was
highest in the liver tissue (0.43; Cl: 0.38-0.43) and lowest in the kidney tissues (0.10; Cl: 0.08-0.13). Marginal credible
intervals from gPCR suggest that the probability of infection in liver tissue was greater than when testing kidney tissue, with
no overlap. The marginal probability of infection for liver tissue (state 3 {K + L+} and 4 {K + L+}) estimated a total of 528
infected fish (0.68; Cl: 0.60-0.78). The marginal probability of infection for kidney tissue estimated a total of 289 infected
fish (0.37; Cl: 0.30-0.43) predicted to be in states 2 {K + L—} and state 4 {K + L+}. Thus, the total probability of infection in
both tissues, i.e., state 2, 3, and 4, was 615 total infected fish (0.79; CI: 0.68-0.92). Overall, the probability of infection was
greatest when analyzing liver tissues with either DFAT or gPCR, and there were large discrepancies between assays.

Diagnostic sensitivity

The calculated DSe (conditional probability) for R. salmoninarum given a tissue was infected was low when testing kidney
tissues with DFAT (0.25; Eqn 6; Fig 8) compared to testing kidney tissues with qPCR (0.33; Eqgn 6; Fig 8). The estimates
of DSe were higher when testing liver tissue with both DFAT (0.64) and gPCR (0.69). Additionally, the DSe of both assays
increased as the number of surveys (K in Egn. 6; x-axis in Fig 8) conducted on the liver, kidney, or both tissues increased,
reaching a plateau after 3—4 surveys. However, even when multiple surveys were conducted, the DSe for kidney tissues
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Fig 8. Conditional probability of detecting Renibacterium salmoninarum in different tissues. Conditional probability of detecting Renibacterium
salmoninarum (DSe) in liver (blue circles), kidney (grey squares), or both tissues combined (black triangles) is shown as the function of the number of
surveys conducted using either DFAT or gPCR. DSe values are indicated next to the dotted lines for cases where only one survey was conducted with
kidney or liver tissue for each assay, as well as when DSe exceeds 90% (after three surveys with DFAT or two surveys with gPCR).

https://doi.org/10.1371/journal.pone.0323010.9008

was never greater than 0.50 when using either DFAT or gPCR. Thus, our results indicate that to achieve a detection prob-
ability of greater than 90%, three surveys with DFAT or two surveys with gPCR (Eqgn 6; Fig 8) need to be completed on
individual liver tissues or a combination of liver and kidney tissues when testing cutthroat trout for R. salmoninarum.

Discussion

The goals for diagnosing an infection in fish health are to use sampling and testing methods that can detect low levels of
pathogens in fish tissues. The current standard for testing salmonids for R. salmoninarum in hatcheries and the wild is
to use DFAT for initial screening and PCR (nested or quantitative) for confirmation. Together, they can be used to screen
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for and confirm R. salmoninarum presence in tissues. However, estimated detection probabilities for these two tests still
vary between species and tissues, despite decades of research [22,28]. Here, we used a multistate model to estimate
the probability that the observed infection state from dual kidney and liver testing with DFAT and gPCR matched the true
infection state for each fish. Overall, our model estimates suggest both assays produced many false negatives (failure to
detect bacteria when it was present). But g°PCR had fewer false negatives than DFAT. The true infection state was often
misjudged by both assays. Yet multiple surveys increased the conditional detection probability, boosting DSe in R. sal-
moninarum results with either assay.

Occupancy modeling has become increasingly popular in disease ecology to estimate pathogen prevalence while
accounting for uncertainties in laboratory assays [49—52]. These models have successfully determined malaria detection
probabilities using gPCR on Eurasian blue tit blood samples (Cyanistes caeruleus; [51]), avian influenza virus detection
in waterfowl populations [49], and even bacterial kidney disease in Atlantic salmon (Laurin et al. 2018 [53]. We adapted
a similar approach using multiple tissues, conceptually analogous to a single-season multistate occupancy model, which
to our knowledge has not been completed before. This allowed us to estimate R. salmoninarum detection probabilities
between DFAT and gPCR across multiple tissues in cutthroat trout.

Salmonids are the principal reservoirs of infection, and mortalities among Pacific salmon (Oncorhynchus spp.) and
Atlantic salmon (Salmo salar) can reach 80% and 40%, respectively [54,55]. The AFS Fish Health Blue Book recommends
sampling kidney tissue to test for R. salmoninarum, as kidney is often the primary site of infection of bacterial pathogens
[55,56]. Despite high R. salmoninarum prevalence among Colorado cutthroat trout populations, we rarely observe signs of
clinical disease in kidney tissues or at a population level [38], thus is it difficult to assess disease prevalence in aquacul-
ture facilities or wild populations. We focused on testing other tissues (liver and spleen) for R. salmoninarum presence in
cutthroat trout because the pathogen can establish in multiple organs, which may provide higher detection capabilities to
assess if the population is infected with the bacteria.

Our study revealed detection of R. salmoninarum in liver tissue occurs more than kidney and spleen tissues (Fig 6). The
kidney is pivotal for clearing bacteria from the blood through passive uptake and phagocytosis by reticuloendothelial cells
[57,58]. However, the liver may play a vital role in the innate immune response in teleost fish. The kidney acts as the first
line of defense through phagocytosis, and the liver removes foreign materials from the blood circulation by activation of
the innate immune response [59]. Recent studies from our laboratory [60,61], have also shown that the liver may become
infected before the kidney tissues after intraperitoneal injection. The liver tissue remained infected throughout the disease’s
progression in the fish, suggesting that testing liver tissues may provide a higher chance of detection since the liver is one
of the first tissues infected and remains infected. However, infections patterns observed across different assays and tissues
may reflect various stages of infections [20] and the use of multiple assay types and tissues can lead to discrepancies in
determining whether a fish are positive or negative for R. salmoninarum infection [26,62]. Variability in the detection of R.
salmoninarum between DFAT and qPCR was observed across all three tissues (Fig 6), and our DSe model results (Fig 8)
further emphasize this. Future studies are needed to investigate the progression and pathogenesis of R. salmoninarum
infections to understand which tissues should be tested at various time points during the disease course.

One challenge with testing fish for pathogens is the limited knowledge about the number of times a single tissue
sample must be tested to ensure a high DSe [18]. To estimate the probability that a tissue sample will test positive for a
pathogen given the tissue is infected, we modeled the conditional probability of detection (a.k.a. DSe; Fig 8) using the
probability of pathogen detection and probability of infection from our occupancy model (Fig 7). Compared to kidney tis-
sue, testing liver tissue repeatedly with either gPCR or DFAT assays results in much higher DSe. Specifically, testing liver
tissue with two surveys with gPCR or three surveys with DFAT led to DSe increasing to 90%. Despite up to ten surveys,
testing individual kidney tissue with either assay never produced a DSe above 50% (Eqgn 6; Fig 8).

Notably, standard fish health inspections use one survey with the presumptive DFAT test. Our results indicate DFAT
had a surprisingly low DSe of just 25% for detecting infection in kidney tissues (Eqgn 6; Fig 8). This is much lower than
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expected for a routine diagnostic method and indicates a high rate of false negative results. DSp for DFAT and qPCR
have previously been determined as 0.85 and 1.0, respectively [22], yet are not considered a gold standard for testing due
to the inconsistency among the tests. In a statewide survey to determine the prevalence and distribution of R. salmon-
inarum in Colorado, DFAT and gPCR were used to screen kidney tissues in naturally infected cutthroat trout and rainbow
trout populations. Positive detections with gPCR resulted in an estimated 23.5% of populations that were infected with R.
salmoninarum, whereas only 4.8% were determined infected with DFAT. In addition, the two assays were in agreement on
infection status in only one of the populations tested [38]. In contrast, detection of R. salmoninarum with DFAT and gPCR
in kidney tissues was near 100% in Chinook salmon [63].

The reason for the apparent low level of detection with DFAT in our study is currently unknown. Poor correlation
between assays may be strongly influenced by bacterial load in tissues or by the diagnostic limitations of each assay.
Other studies have shown that the analysis of kidney by two different assays (i.e., ELISA and gPCR) do not generate
redundant results likely because the assays measure different bacterial macromolecules and can therefore report different
states of infections [64]. Additionally, our study and others focusing on R. salmoninarum detection, revealed that inland
trout often have low infection levels compared to many Pacific Northwest salmonids [38,39,65]. DFAT struggles to detect
low level infections due to minimal fluorescence or technician oversight when few bacterial cells are present. Therefore,
the low bacterial loads common in inland trout likely explain the lack of DFAT detection in our study. Given inland trout’s
tendency for low-level infections, homogenizing and testing both kidney and liver tissues as one sample will likely increase
the DSe (Fig 8). Alternatively, if that is not possible, collecting and testing liver rather than kidney tissue with gqPCR, but
testing repeatedly can increase detection of R. salmoninarum. Modeling DSe from detection probabilities for cheaper and
less time-consuming assays such as ELISA can also be considered, especially if gPCR for all samples or multiple DFAT
surveys are cost or time prohibitive.

While our Bayesian multistate occupancy model provided valuable insights into the detection probabilities of R.
salmoninarum, there are several areas where the model’s performance could be improved. One key limitation is the
restricted scope of the dataset, as it focused on cutthroat trout and did not include species with known higher infection
rates, such as rainbow trout or Chinook salmon (Fig 1b), or other internal tissues (Fig 1a). To enhance the model’s
robustness and applicability, it may be trained with a broader dataset that includes species exhibiting a wider range of
infection dynamics across multiple populations or tissues. Additionally, other pathogens could be considered. For exam-
ple, incorporating additional pathogens such as Myxobolus cerebralis (the causative agent of whirling disease) and
alternative locations of infection within the fish could provide a more comprehensive understanding of disease dynamics
when using this model.

Despite the limitations, we do not believe that the use of R. salmoninarum infections in cutthroat trout, as opposed to
other commonly studied species like rainbow trout or Chinook salmon, jeopardized the model’s performance. Preliminary
findings from our ongoing laboratory studies [66] suggest that cutthroat trout may be as susceptible to R. salmoninarum
as Chinook salmon. In these studies, one-year-old cutthroat trout exhibited high mortality rates (98%) following injection
with a genetically distinct R. salmoninarum strain isolated from trout in Colorado hatcheries, similar to Chinook salmon
(99%; [66]). These findings support that the model accurately predicted R. salmoninarum infection dynamics in cutthroat
trout, which are highly susceptible to the pathogen. However, training the model with other species, different R. salmon-
inarum isolates and tissues, or testing with a broader range of pathogens would help to better account for variations in
infection dynamics and detection rates across fish species. These additions will enhance the model’s predictive power and
its usefulness for fish health management in both hatchery and wild populations.

Conclusion

Our work demonstrates the ongoing value of occupancy modeling in disease ecology for estimates of DSe when the infec-
tion status is unknown and when multiple tissues may be infected. Our Bayesian multistate occupancy model accounted
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for diagnostic uncertainty across two tests (DFAT and gPCR) to identify the best tissue and assay for detecting R. salmon-
inarum in cutthroat trout. Without a gold standard confirmation test, DSe and false negatives are hard to quantify but are
important for fish health diagnostics. When the DSe of an assay for a specific species and tissue is low, false negatives
increase, potentially allowing infected fish to be stocked unknowingly. Ultimately, false negatives underestimate pathogen
prevalence. Using a Bayesian multistate occupancy modeling approach to estimate diagnostic sensitivity across tissues
and assays, which does not require a known infection status, will overcome the lack of a gold standard and possible false
negative results. By doing this we found that detection of R. salmoninarum with DFAT has relatively low DSe compared to
gPCR for kidney and liver tissues. Continued testing for R. salmoninarum in fish is most effective using liver or a combina-
tion of liver and kidney with gPCR.

Supporting information

S1 Appendix. References supporting Fig 1. This appendix provides a curated list of references used to create Fig 1.
Studies were identified through a comprehensive search in Web of Science and Google Scholar using specific search
terms associated with bacterial kidney disease, historical references to Dee disease, Cornyebacterium spp., and Reni-
bacterium salmoninarum research spanning from 1900 to 2021. Relevant studies were also sourced from citations within
initial search results. Data extraction was conducted manually in August 2021.

(DOCX)

S1 Table. Multinomial logistic regression results. Multinomial logistic regression results (z-test statistic and p-value,
a=0.05) comparing the effects of covariates (sex, length, or weight) on Renibacterium salmoninarum detection using
either DFAT or gPCR and for each state of infection.

(DOCX)

S1 Equation. Bayesian Hierarchical model for static multistate occupancy analysis of Renibacterium sal-
moninarum infection states. Model statement for the static multistate occupancy model in a Bayesian hierarchical
framework.

(DOCX)

S$1 Fig. Model predictions of infection states probability. Values represent the probability of observing an infection
state given the probability of the true state of infection for each of the assay models (DFAT top, qPCR bottom).
(DOCX)

S1 Data. Data supporting the findings of these study. The data supporting the findings of the study are included.
These data include the detections of Renibacterium salmoninarum from direct fluorescent antibody tests and quantitative
polymerase chain reaction used to inform the model.

(DOCX)

Acknowledgments

We extend our gratitude to G. Schisler, M. Nichol, and C. Webb for their helpful discussions and feedback on the project
concept. We would also like to thank B. Avila, L. Bailey, M. Dzul, A. Feuka, C. Webb, and W. Kendall for their assistance
with our modeling approach. This project would not have been completed without the assistance in tissue collection and
laboratory testing and therefore we acknowledge C. Altweis, B. Applegate, B. Avila, C. Baum., J. Brandt, A. Feuka, K. Hall,
R. Kanaziz, C. Lee, G. Moreno, K. Navarre, A. Perkins, N. Salinas, I. Thibedeau, the Poudre Rearing Unit staff (M. Hersh,
J. Ingram, T. Meyer, N. Yates), and the Aquatic Animal Health Lab staff (L. Gerk, A. Kraft, V. Milano, V. Vincent). We also
thank E. Brandell for an outside review prior to submission.

PLOS One | https://doi.org/10.137 1/journal.pone.0323010 May 8, 2025 20/24



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323010.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323010.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323010.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323010.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323010.s005

PLO\Sﬁ\\.- One

Author contributions

Conceptualization: Tawni B. R. Firestone, Eric R. Fetherman, Kathryn P. Huyvaert, Dana L. Winkelman.
Data curation: Tawni B. R. Firestone.

Formal analysis: Tawni B. R. Firestone.

Funding acquisition: Tawni B. R. Firestone, Eric R. Fetherman, Dana L. Winkelman.

Investigation: Tawni B. R. Firestone, Eric R. Fetherman, Kathryn P. Huyvaert, John D. Drennan, Rebecca E. Brock,
Brooke Yeatts, Dana L. Winkelman.

Methodology: Tawni B. R. Firestone, Eric R. Fetherman, John D. Drennan, Dana L. Winkelman.
Project administration: Eric R. Fetherman, Dana L. Winkelman.

Resources: Eric R. Fetherman, Kathryn P. Huyvaert, John D. Drennan, Dana L. Winkelman.
Supervision: Eric R. Fetherman, Kathryn P. Huyvaert, John D. Drennan, Dana L. Winkelman.
Validation: Tawni B. R. Firestone, Eric R. Fetherman, John D. Drennan, Dana L. Winkelman.
Visualization: Tawni B. R. Firestone, Rebecca E. Brock, Brooke Yeatts.

Writing — original draft: Tawni B. R. Firestone.

Writing — review & editing: Tawni B. R. Firestone, Eric R. Fetherman, Kathryn P. Huyvaert, John D. Drennan, Rebecca
E. Brock, Brooke Yeatts, Dana L. Winkelman.

References
1. Brander KM. Global fish production and climate change. Proc Natl Acad Sci USA. 2007;104(50):19709—14. https://doi.org/10.1073/
pnas.0702059104 PMID: 18077405
2. Maulu S, Hasimuna OJ, Haambiya LH, Monde C, Musuka CG, Makorwa TH, et al. Climate Change Effects on Aquaculture Production: Sustainabil-
ity Implications, Mitigation, and Adaptations. Front Sustain Food Syst. 2021;5. https://doi.org/10.3389/fsufs.2021.609097

3. Barbarossa V, Bosmans J, Wanders N, King H, Bierkens MFP, Huijbregts MAJ, et al. Threats of global warming to the world’s freshwater fishes.
Nat Commun. 2021;12(1):1701. https://doi.org/10.1038/s41467-021-21655-w PMID: 33723261

4. Woo PT, Leong JA, Buchmann K. Climate Change and Infectious Fish diseases. CABI; 2020.

5. Combe M, Reverter M, Caruso D, Pepey E, Gozlan RE. Impact of global warming on the severity of viral diseases: A potentially alarming threat to
sustainable aquaculture worldwide. Microorganisms. 2023;11(4):1049. https://doi.org/10.3390/microorganisms1104 1049 PMID: 37110472

6. Grogan LF, Berger L, Rose K, Grillo V, Cashins SD, Skerratt LF. Surveillance for emerging biodiversity diseases of wildlife. PLoS Pathog.
2014;10(5):e1004015. https://doi.org/10.1371/journal.ppat. 1004015 PMID: 24875394

7. Chapman JM, Kelly LA, Teffer AK, Miller KM, Cooke SJ. Disease ecology of wild fish: Opportunities and challenges for linking infection metrics with
behavior, condition, and survival. Can. J Fish Aquat Sci. 2021;78(8):995-1007. https://doi.org/10.1139/cfas-2020-0315

8. MacAulay S, Ellison AR, Kille P, Cable J. Moving towards improved surveillance and earlier diagnosis of aquatic pathogens: From traditional meth-
ods to emerging technologies. Rev Aquac. 2022;14(4):1813-29. https://doi.org/10.1111/ragq.12674 PMID: 36250037

9. Halaihel N, Vendrell D, Ruiz-Zarzuela |, de Blas I, Alonso JL, Gironés O, et al. A new real time PCR-based assay for diagnosing Renibacterium
salmoninarum in rainbow trout (Oncorhynchus mykiss) and comparison with other techniques. J Microbiol Methods. 2009;76(1):75-80. https://doi.
org/10.1016/j.mimet.2008.09.014 PMID: 18938198

10. Naeger DM, Kohi MP, Webb EM, Phelps A, Ordovas KG, Newman TB. Correctly using sensitivity, specificity, and predictive values in clinical prac-
tice: How to avoid three common pitfalls. ADR Am J Roentgenol. 2013;200(6):W566—70. https://doi.org/10.2214/AJR.12.9888 PMID: 23701086

11. Saah AJ, Hoover DR. “Sensitivity” and “specificity” reconsidered: t=The meaning of these terms in analytical and diagnostic settings. Ann Intern
Med. 1997;126(1):91-4. https://doi.org/10.7326/0003-4819-126-1-199701010-00026 PMID: 8992938

12. Chase DM, Elliott DG, Pascho RJ. Detection and quantification of Renibacterium salmoninarum DNA in salmonid tissues by real-time quantitative
polymerase chain reaction analysis. J Vet Diagn Invest. 2006;18(4):375-80. https://doi.org/10.1177/104063870601800409 PMID: 16921877

13. Trevethan R. Sensitivity, specificity, and predictive Values: Foundations, pliabilities, and pitfalls in research and practice. Front Public Health.
2017;5:307. https://doi.org/10.3389/fpubh.2017.00307 PMID: 29209603

14. Jansen MD, Guarracino M, Carson M, Modahl |, Taksdal T, Sindre H, et al. Field evaluation of eiagnostic test sensitivity and specificity for salmonid
alphavirus (SAV) infection and pancreas disease (PD) in farmed Atlantic salmon (Salmo salar L.) in Norway using bayesian latent class analysis.
Front Vet Sci. 2019;6:419. https://doi.org/10.3389/fvets.2019.00419 PMID: 31850380

PLOS One | https://doi.org/10.1371/journal.pone.0323010 May 8, 2025 21/24



https://doi.org/10.1073/pnas.0702059104
https://doi.org/10.1073/pnas.0702059104
http://www.ncbi.nlm.nih.gov/pubmed/18077405
https://doi.org/10.3389/fsufs.2021.609097
https://doi.org/10.1038/s41467-021-21655-w
http://www.ncbi.nlm.nih.gov/pubmed/33723261
https://doi.org/10.3390/microorganisms11041049
http://www.ncbi.nlm.nih.gov/pubmed/37110472
https://doi.org/10.1371/journal.ppat.1004015
http://www.ncbi.nlm.nih.gov/pubmed/24875394
https://doi.org/10.1139/cfas-2020-0315
https://doi.org/10.1111/raq.12674
http://www.ncbi.nlm.nih.gov/pubmed/36250037
https://doi.org/10.1016/j.mimet.2008.09.014
https://doi.org/10.1016/j.mimet.2008.09.014
http://www.ncbi.nlm.nih.gov/pubmed/18938198
https://doi.org/10.2214/AJR.12.9888
http://www.ncbi.nlm.nih.gov/pubmed/23701086
https://doi.org/10.7326/0003-4819-126-1-199701010-00026
http://www.ncbi.nlm.nih.gov/pubmed/8992938
https://doi.org/10.1177/104063870601800409
http://www.ncbi.nlm.nih.gov/pubmed/16921877
https://doi.org/10.3389/fpubh.2017.00307
http://www.ncbi.nlm.nih.gov/pubmed/29209603
https://doi.org/10.3389/fvets.2019.00419
http://www.ncbi.nlm.nih.gov/pubmed/31850380

PLO\Sﬁ\\.- One

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

Abdelsalam M, Elgendy MY, Elfadadny MR, Ali SS, Sherif AH, Abolghait SK. A review of molecular diagnoses of bacterial fish diseases. Aquac. Int.
2023; 31(1): 417-34. https://doi.org/10.1007/s10499-022-00983-8

Duman M, Altun S, Saticioglu IB. General assessment of approaches to the identification of aquatic bacterial pathogens: A Methodological Review.
N Am J Aquac. 2022;84(4):405-26. https://doi.org/10.1002/naag.10260

Mackenzie DI, Royle JA. Designing occupancy studies: General advice and allocating survey effort. J Appl Ecol. 2005;42(6):1105—14. https://doi.
org/10.1111/j.1365-2664.2005.01098.x

Chaudhary V, Wisely SM, Hernandez FA, Hines JE, Nichols JD, Oli MK. A multi-state occupancy modelling framework for robust estimation of
disease prevalence in multi-tissue disease systems. J Appl Ecol. 2020;57(12):2463—74. https://doi.org/10.1111/1365-2664.13744

Toranzo AE, Magarinos B, Romalde M, Jesus L. A review of the main bacterial fish disease in mariculture systems. Aquac. 2005;246(1-4):37-61.
https://doi.org/10.1016/j.aquaculture.2005.01.002

Faisal M, Eissa AE. Diagnostic testing patterns of Renibacterium salmoninarum in spawning salmonid stocks in Michigan. J Wildl Dis.
2009;45(2):447-56. https://doi.org/10.7589/0090-3558-45.2.447 PMID: 19395754

Frans |, Lievens B, Heusdens C, Willems KA. Detection and identification of fish pathogens: What is the future? ISR. J Aquacult-Bamid.
2008;60(4):213-29.
Elliott DG, Applegate LJ, Murray AL, Purcell MK, McKibben CL. Bench-top validation testing of selected immunological and molecular Reni-

bacterium salmoninarum diagnostic assays by comparison with quantitative bacteriological culture. J Fish Dis. 2013;36(9):779-809. https://doi.
org/10.1111/jfd.12079 PMID: 23346868

Gudmundsdéttir S, Helgason S, Benediktsdottir E. Comparison of the effectiveness of three different growth media for primary isolation of Reni-
bacterium salmoninarum from Atlantic salmon, Salmo salar L., broodfish. J Fish Dis. 1991;14(1):89-96. https://doi.org/10.1111/j.1365-2761.1991.
tb00579.x

AFS-FHS (American Fisheries Society-Fish Health Section). FHS Blue book: Suggested procedures for the detection and identification of certain
finfish and shellfish pathogens. 2016. (2020th ed.) Available from: https://units.fisheries.org/fhs/fish-health-section-blue-book-2020/ (February
2021).

Pascho R, Elliott D, Streufert J. Brood stock segregation of spring Chinook salmon Oncorhynchus tshawytscha by use of the enzyme-linked immu-
nosorbent assay (ELISA) and the fluorescent antibody technique (FAT) affects the prevalence and levels of Renibacterium salmoninarum infection
in progeny. Dis Aquat Org. 1992;12:25-40. https://doi.org/10.3354/dao012025

Pascho RJ, Chase D, McKibben CL. Comparison of the membrane-filtration fluorescent antibody test, the enzyme-linked immunosorbent assay,
and the polymerase chain reaction to detect Renibacterium salmoninarum in salmonid ovarian fluid. J Vet Diagn Invest. 1998;10(1):60-6. https://
doi.org/10.1177/104063879801000111 PMID: 9526862

Fetherman ER, Neuschwanger B, Davis T, Wells CL, Kraft A. Efficacy of erymicin 200 injections for reducing Renibacterium salmoninarum and
controlling vertical transmission in an inland rainbow trout brood stock. Pathogens. 2020;9(7):547. https://doi.org/10.3390/pathogens9070547
PMID: 32645920

Pascho RJ, Elliott DG, Chase DM. Comparison of traditional and molecular methods for detection of Renibacterium salmoninarum. In Molecular
diagnosis of salmonid diseases. Dordrecht: Springer; 2002. p. 157-209.

Elliott DG, McKibben CL, Conway CM, Purcell MK, Chase DM, Applegate LJ. Testing of candidate non-lethal sampling methods for detection
of Renibacterium salmoninarum in juvenile Chinook salmon Oncorhynchus tshawytscha. Dis Aquat Organ. 2015;114(1):21-43. https://doi.
org/10.3354/dao02846 PMID: 25958804

Jaramillo D, Gardner IA, Stryhn H, Burnley H, Larry Hammell K. Bayesian latent class analysis of diagnostic sensitivity and specificity of tests for
surveillance for bacterial kidney disease in Atlantic salmon Salmo salar. Aquac. 2017;476:86—93. https://doi.org/10.1016/j.aquaculture.2017.03.034

Kent P, Hancock MJ. Interpretation of dichotomous outcomes: Sensitivity, specificity, likelihood ratios, and pre-test and post-test probability. J Phys-
iother. 2016;62(4):231-3. https://doi.org/10.1016/j.jphys.2016.08.008 PMID: 27637768

Kent ML, Benda S, St-Hilaire S, Schreck CB. Sensitivity and specificity of histology for diagnoses of four common pathogens and detection of
nontarget pathogens in adult Chinook salmon (Oncorhynchus tshawytscha) in fresh water. J Vet Diagn Invest. 2013;25(3):341-51. https://doi.
0rg/10.1177/1040638713482124 PMID: 23536613

Miriam A, Griffiths SG, Lovely JE, Lynch WH. PCR and probe-PCR assays to monitor broodstock Atlantic salmon (Sa/mo salar L.) ovarian fluid and
kidney tissue for presence of DNA of the fish pathogen Renibacterium salmoninarum. J Clin Microbiol. 1997;35(6):1322—6. https://doi.org/10.1128/
jcm.35.6.1322-1326.1997 PMID: 9163437

Wood EM, Yasutake WT. Histopathology of kidney disease in fish. Am J Pathol. 1956;32(4):845-57. PMID: 13339956

Bruno DW, Munro ALS. Haematological assessment of rainbow trout, Salmo gairdneri Richardson, and Atlantic salmon, Salmo salar L., infected
with Renibacterium salmoninarum. J Fish Dis. 1986;9(3):195-204. https://doi.org/10.1111/j.1365-2761.1986.tb01004.x

Meyers TR, Korn D, Glass K, Burton T, Short S, Lipson K, et al. Retrospective analysis of antigen prevalences of Renibacterium salmoninarum
(Rs) detected by enzyme-linked immunosorbent assay in Alaskan pacific salmon and trout from 1988 to 2000 and management of Rs in hatchery
Chinook and Coho salmon. J Aquatic Anim Health. 2003;15(2):101-10. https://doi.org/10.1577/h02-022

Jia B, Delphino MKVC, Awosile B, Hewison T, Whittaker P, Morrison D, et al. Review of infectious agent occurrence in wild salmonids in British
Columbia, Canada. J Fish Dis. 2020;43(2):153-75. https://doi.org/10.1111/jfd.13084 PMID: 31742733

PLOS One | https://doi.org/10.1371/journal.pone.0323010 May 8, 2025 22 /24



https://doi.org/10.1007/s10499-022-00983-8
https://doi.org/10.1002/naaq.10260
https://doi.org/10.1111/j.1365-2664.2005.01098.x
https://doi.org/10.1111/j.1365-2664.2005.01098.x
https://doi.org/10.1111/1365-2664.13744
https://doi.org/10.1016/j.aquaculture.2005.01.002
https://doi.org/10.7589/0090-3558-45.2.447
http://www.ncbi.nlm.nih.gov/pubmed/19395754
https://doi.org/10.1111/jfd.12079
https://doi.org/10.1111/jfd.12079
http://www.ncbi.nlm.nih.gov/pubmed/23346868
https://doi.org/10.1111/j.1365-2761.1991.tb00579.x
https://doi.org/10.1111/j.1365-2761.1991.tb00579.x
https://units.fisheries.org/fhs/fish-health-section-blue-book-2020/
https://doi.org/10.3354/dao012025
https://doi.org/10.1177/104063879801000111
https://doi.org/10.1177/104063879801000111
http://www.ncbi.nlm.nih.gov/pubmed/9526862
https://doi.org/10.3390/pathogens9070547
http://www.ncbi.nlm.nih.gov/pubmed/32645920
https://doi.org/10.3354/dao02846
https://doi.org/10.3354/dao02846
http://www.ncbi.nlm.nih.gov/pubmed/25958804
https://doi.org/10.1016/j.aquaculture.2017.03.034
https://doi.org/10.1016/j.jphys.2016.08.008
http://www.ncbi.nlm.nih.gov/pubmed/27637768
https://doi.org/10.1177/1040638713482124
https://doi.org/10.1177/1040638713482124
http://www.ncbi.nlm.nih.gov/pubmed/23536613
https://doi.org/10.1128/jcm.35.6.1322-1326.1997
https://doi.org/10.1128/jcm.35.6.1322-1326.1997
http://www.ncbi.nlm.nih.gov/pubmed/9163437
http://www.ncbi.nlm.nih.gov/pubmed/13339956
https://doi.org/10.1111/j.1365-2761.1986.tb01004.x
https://doi.org/10.1577/h02-022
https://doi.org/10.1111/jfd.13084
http://www.ncbi.nlm.nih.gov/pubmed/31742733

PLO\Sﬁ\\.- One

38.

39.

40.

41.

42.

43.

44,
45.

46.
47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Kowalski DA, Cordes RJ, Riepe TB, Drennan JD, Treble AJ. Prevalence and distribution of Renibacterium salmoninarum, causative agent of bacte-
rial kidney disease, in wild trout fisheries in Colorado. Dis Aquat Organ. 2022;149:109-20. https://doi.org/10.3354/dao03664 PMID: 35678356

Riepe TB, Fetherman ER, Neuschwanger B, Davis T, Perkins A, Winkelman DL. Vertical transmission of Renibacterium salmoninarum in cutthroat
trout (Oncorhynchus clarkii). J Fish Dis. 2023;46(4):309-19. https://doi.org/10.1111/jfd.13745 PMID: 36606373

USFWS. U.S. Fish and Wildlife Service: National Wild Fish Health Survey Data. 2020. Accessed from: https://www.fws.gov/project/
national-wild-fish-health-survey-data

Elliott DG, Barila TY. Membrane filtration — fluorescent antibody staining procedure for detecting and quantifying Renibacterium salmoninarum in
coelomic fluid of Chinook salmon (Oncorhynchus tshawytscha). Can J Fish Aquat Sci. 1987;44(1):206-10. https://doi.org/10.1139/f87-027

Elliott DG, McKibben C. Comparison of two fluorescent antibody techniques (FATs) for detection and quantification of Renibacterium salmoninarum
in coelomic fluid of spawning Chinook salmon Oncorhynchus tshawytscha. Dis Aquat Org. 1997;30:37—43. https://doi.org/10.3354/dac030037

Nichols JD, Bailey LL, O’Connell Jr. AF, Talancy NW, Campbell Grant EH, Gilbert AT, et al. Multi-scale occupancy estimation and modelling using
multiple detection methods. J Appl Ecol. 2008;45(5):1321-9. https://doi.org/10.1111/j.1365-2664.2008.01509.x

Kéry M, Schaub M. Bayesian population analysis using WinBUGS: A hierarchical perspective. Academic Press; 2011.

MacKenzie DI, Nichols JD, Royle JA, Pollock KH, Hines JE, Bailey LL. Occupancy estimation and modeling: Inferring patterns and dynamics of
species occurrence. San Diego, California, USA: Elsevier; 2006.

Huang J. Maximum likelihood estimation of Dirichlet distribution parameters. CMU Technique Report; 2005. p.1-9.
Gelman A, Rubin DB. Inference from iterative simulation using multiple sequences. Statist Sci. 1992;7(4). https://doi.org/10.1214/ss/1177011136

Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, et al. The MIQE guidelines: Minimum information for publication of quantitative
real-time PCR experiments. Clin Chem. 2009;55(4):611-22. https://doi.org/10.1373/clinchem.2008.112797 PMID: 19246619

Sandell TA, Jacobson KC. Comparison and evaluation of Renibacterium salmoninarum quantitative PCR diagnostic assays using field samples of
Chinook and Coho salmon. Dis Aquat Organ. 2011;93(2):129-39. https://doi.org/10.3354/dao02289 PMID: 21381519

McClintock BT, Nichols JD, Bailey LL, MacKenzie DI, Kendall WL, Franklin AB. Seeking a second opinion: Uncertainty in disease ecology. Ecol
Lett. 2010;13(6):659-74. https://doi.org/10.1111/].1461-0248.2010.01472.x PMID: 20426794

Lachish S, Gopalaswamy AM, Knowles SCL, Sheldon BC. Site-occupancy modelling as a novel framework for assessing test sen-
sitivity and estimating wildlife disease prevalence from imperfect diagnostic tests. Methods Ecol Evol. 2011;3(2):339—48. https://doi.
org/10.1111/j.2041-210x.2011.00156.x

Miller DAW, Talley BL, Lips KR, Campbell Grant EH. Estimating patterns and drivers of infection prevalence and intensity when detection is imper-
fect and sampling error occurs. Methods Ecol Evol. 2012;3(5):850-9. https://doi.org/10.1111/j.2041-210x.2012.00216.x

Laurin E, Morrison D, Gardner IA, Siah A, Powell JFF, Kamaitis M. Bayesian latent class analysis of ELISA and RT-rPCR diagnostic accuracy
for subclinical Renibacterium salmoninarum infection in Atlantic salmon (Salmo salar) broodstock. J Fish Dis. 2019;42(2):303—13. https://doi.
org/10.1111/jfd.12933 PMID: 30549278

Evenden AJ, Grayson TH, Gilpin ML, Munn CB. Renibacterium salmoninarum and bacterial kidney disease — The unfinished jigsaw. Annual
Review of Fish Diseases. 1993;3:87—104. https://doi.org/10.1016/0959-8030(93)90030-f

Weins GD. Bacterial kidney disease (Renibacterium salmoninarum). In Fish diseases and disorders: viral, bacterial and fungal infections. 1999; 3.
pp. 269-301.

Ferguson HW, McCarthy DH. Histopathology of furunculosis in brown trout Salmo trutta L. J Fish Dis. 1978;1(2):165-74. https://doi.
org/10.1111/j.1365-2761.1978.tb00017.x

Ferguson HW, Claxton MJ, Moccia RD, Wilkie EJ. The quantitative clearance of bacteria from the bloodstream of rainbow trout (Salmo gairdneri).
Vet Pathol. 1982;19(6):687-99. https://doi.org/10.1177/030098588201900614 PMID: 7147628

dos Santos NM, Taverne-Thiele JJ, Barnes AC, van Muiswinkel WB, Ellis AE, Rombout JH. The gill is a major organ for antibody secreting cell
production following direct immersion of sea bass (Dicentrarchus labrax, L.) in a Photobacterium damselae ssp. piscicida bacterin: An ontogenetic
study. Fish Shellfish Immunol. 2001;11(1):65—74. https://doi.org/10.1006/fsim.2000.0295 PMID: 11271603

Causey DR, Pohl MAN, Stead DA, Martin SAM, Secombes CJ, Macqueen DJ. High-throughput proteomic profiling of the fish liver following bacte-
rial infection. BMC Genomics. 2018;19(1):719. https://doi.org/10.1186/s12864-018-5092-0 PMID: 30285610

Cadmus P, Firestone TBR, Woller D, Dils R. Water pollution studies. Annual report. Colorado Parks and Wildlife, Aquatic Research Section. 2024
https://doi.org/10.13140/RG.2.2.24522.49609

Dils RE, Firestone TBR, Schaffer PA, Winkelman DL, Fetherman ER. Renibacterium salmoninarum infections in Chinook salmon (Oncorhynchus
tshawytscha) following intraperitoneal injection: Description of histological progression and bacterial load dynamics. Dis Aquat Organ. 2025 In
Press. https://doi.org/10.3354/dao03852

Bruno D, Collet B, Turnbull A, Kilburn R, Walker A, Pendrey D, et al. Evaluation and development of diagnostic methods for Renibacterium salmon-
inarum causing bacterial kidney disease (BKD) in the UK. Aquaculture. 2007;269(1—4):114—22. https://doi.org/10.1016/j.aquaculture.2007.04.057

O’Farrell CL, Elliott DG, Landolt ML. Mortality and kidney histopathology of Chinook salmon Oncorhynchus tshawytscha exposed to viru-
lent and attenuated Renibacterium salmoninarum strains. Dis Aquat Organ. 2000;43(3):199-209. https://doi.org/10.3354/dac043199 PMID:
11206735

PLOS One | https://doi.org/10.1371/journal.pone.0323010 May 8, 2025 23/24



https://doi.org/10.3354/dao03664
http://www.ncbi.nlm.nih.gov/pubmed/35678356
https://doi.org/10.1111/jfd.13745
http://www.ncbi.nlm.nih.gov/pubmed/36606373
https://www.fws.gov/project/national-wild-fish-health-survey-data
https://www.fws.gov/project/national-wild-fish-health-survey-data
https://doi.org/10.1139/f87-027
https://doi.org/10.3354/dao030037
https://doi.org/10.1111/j.1365-2664.2008.01509.x
https://doi.org/10.1214/ss/1177011136
https://doi.org/10.1373/clinchem.2008.112797
http://www.ncbi.nlm.nih.gov/pubmed/19246619
https://doi.org/10.3354/dao02289
http://www.ncbi.nlm.nih.gov/pubmed/21381519
https://doi.org/10.1111/j.1461-0248.2010.01472.x
http://www.ncbi.nlm.nih.gov/pubmed/20426794
https://doi.org/10.1111/j.2041-210x.2011.00156.x
https://doi.org/10.1111/j.2041-210x.2011.00156.x
https://doi.org/10.1111/j.2041-210x.2012.00216.x
https://doi.org/10.1111/jfd.12933
https://doi.org/10.1111/jfd.12933
http://www.ncbi.nlm.nih.gov/pubmed/30549278
https://doi.org/10.1016/0959-8030(93)90030-f
https://doi.org/10.1111/j.1365-2761.1978.tb00017.x
https://doi.org/10.1111/j.1365-2761.1978.tb00017.x
https://doi.org/10.1177/030098588201900614
http://www.ncbi.nlm.nih.gov/pubmed/7147628
https://doi.org/10.1006/fsim.2000.0295
http://www.ncbi.nlm.nih.gov/pubmed/11271603
https://doi.org/10.1186/s12864-018-5092-0
http://www.ncbi.nlm.nih.gov/pubmed/30285610
https://doi.org/10.13140/RG.2.2.24522.49609
https://doi.org/10.3354/dao03852
https://doi.org/10.1016/j.aquaculture.2007.04.057
https://doi.org/10.3354/dao043199
http://www.ncbi.nlm.nih.gov/pubmed/11206735

PLO\S\%- One

64. Nance SL, Riederer M, Zubkowski T, Trudel M, Rhodes LD. Interpreting dual ELISA and gPCR data for bacterial kidney disease of salmonids. Dis
Aguat Organ. 2010;91(2):113-9. https://doi.org/10.3354/dao02252 PMID: 21387990

65. Delghandi MR, Menanteau-Ledouble S, Waldner K, EI-Matbouli M. Renibacterium salmoninarum and Mycobacterium spp.: Two bacterial
pathogens present at low levels in wild brown trout (Salmo trutta fario) populations in Austrian rivers. BMC Vet Res. 2020;16(1):40. https://doi.
org/10.1186/s12917-020-2260-7 PMID: 32013968

66. Fetherman E, Neuschwanger B, McDevitt R. Sport fish research studies. Annual report. Colorado Parks and Wildlife, Aquatic Research Section.
2024 https://doi.org/10.13140/RG.2.2.34381.14561

PLOS One | https://doi.org/10.1371/journal.pone.0323010 May 8, 2025 24 /24



https://doi.org/10.3354/dao02252
http://www.ncbi.nlm.nih.gov/pubmed/21387990
https://doi.org/10.1186/s12917-020-2260-7
https://doi.org/10.1186/s12917-020-2260-7
http://www.ncbi.nlm.nih.gov/pubmed/32013968
https://doi.org/10.13140/RG.2.2.34381.14561

