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ABSTRACT: Detections of Renibacterium salmoninarum in Colorado USA fish hatcheries have
become more frequent in recent years, including one disease outbreak that originated with a wild
broodstock. Our objectives were to document the prevalence and distribution of R. salmoninarum
in Colorado’s wild trout fisheries, investigate variables that influence that distribution, and evaluate the effectiveness of common testing methods on non-anadromous trout. We sampled wild
trout across Colorado and tested kidney tissue with enzyme-linked immunosorbent assay (ELISA),
quantitative polymerase chain reaction (qPCR), nested polymerase chain reaction (nPCR), and
direct fluorescent antibody test (DFAT). Screening with ELISA showed high prevalence of
R. salmoninarum among fish populations, but antigen levels were low. No clinical disease was
observed in any of the fish sampled despite the antigen of R. salmoninarum being common. Antigen levels measured by ELISA increased in smaller streams with lower historic fish stocking rates.
Brook trout Salvelinus fontinalis had the highest prevalence of the bacterium among fish species
and highest ELISA antigen levels. The distribution of brook trout in the smallest streams may help
explain the patterns of R. salmoninarum across the landscape. The most effective assays for
screening wild trout were qPCR and ELISA; DFAT was inconsistent for bacterial levels encountered in wild trout and generally uninformative. Additionally, qPCR and ELISA can provide
quantitative information about bacteria levels. The bacterium R. salmoninarum is ubiquitous in
Colorado trout fisheries but is generally found at low levels. Active infections are rare and overt
bacterial kidney disease appears more common in Colorado hatcheries than in wild fish.
KEY WORDS: Renibacterium salmoninarum · Bacterial kidney disease · Wild trout · Colorado

1. INTRODUCTION
Native and sport fish populations across Colorado
are impacted by many factors including habitat alteration, depleted stream flow, changes in temperature
regime, water quality changes, and a host of less
*Corresponding author: dan.kowalski@state.co.us

obvious biological threats from diseases and parasites. While the prevalence of many fish diseases has
declined in Colorado in recent years, cases of bacterial kidney disease (BKD) seem to be increasing in fish
hatcheries. Bacterial kidney disease is caused by
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cellular bacterium. The disease is characterized by
the presence of gray-white, necrotic abscesses in the
kidney and causes mortality in both wild and cultured salmonids. The bacterium can be transmitted
horizontally among fish and vertically from adult to
egg due to its intracellular nature (Austin & Austin
2016).
Overt BKD is most frequently observed in cultured
salmonid fishes, where it continues to be a serious
concern worldwide in hatchery and aquaculture
facilities (Fryer & Lannan 1993). The disease is less
common in wild fish populations but has been
reported (Mitchum et al. 1979, Mitchum & Sherman
1981, Fryer & Lannan 1993, Austin & Austin 2016).
Most of the documented disease outbreaks in wild
fish are in anadromous Pacific salmonids. Resident
trout are common carriers of the bacterium but are
more resistant to disease than anadromous salmonids (Meyers et al. 1993b, Suzuki & Sakai 2007, Guðmundsdóttir et al. 2017). Wild trout commonly carry
R. salmoninarum without showing any clinical signs
of disease and without testing positive for the bacterium using methods such as the fluorescent antibody tests frequently used in Pacific salmonids (Meyers et al. 1993b).
Several different assays are commonly used to
test for R. salmoninarum and using multiple tests is
necessary to properly screen for the bacterium
(Elliott et al. 2013, Austin & Austin 2016). Molecular,
immunological, and culture methods have all been
developed and evaluated but there is no consensus
on a ‘gold standard’ method (Bruno et al. 2007,
Elliott et al. 2013, Austin & Austin 2016). For detecting subclinical infections, the American Fisheries
Society Fish Health Section Blue Book recommends
using an enzyme-linked immunosorbent assay
(ELISA) or a direct fluorescent antibody test (DFAT)
for screening and a PCR method for confirmation of
R. salmoninarum in kidney tissues (Elliott 2012,
AFS-FHS 2014). The Blue Book recommendation for
fish health inspections is to use DFAT for screening
and culture or PCR for confirmation (Elliott 2012,
AFS-FHS 2014). Much of the evaluation of various
testing procedures has been conducted in anadromous Pacific salmonid hatcheries where bacteria
levels are generally higher and disease is more
common than in wild resident trout. Some standard
methods may not be ideal for resident trout populations, which commonly have subclinical infections
with low levels of bacterial DNA or antigen (Meyers
et al. 1993b, Guðmundsdóttir et al. 2017). Results of
DFAT in particular have been found to have low
agreement with other assays in resident trout, while

agreement is better at the higher bacterial loads
found in anadromous salmonids (Meyers et al.
1993b). Different assays may be better suited for
certain objectives like screening fish of unknown
status or investigating disease in symptomatic fish
(Elliott 2012, Elliott et al. 2013). Different testing
assays are also used to indicate various stages of
infection; using a molecular test with an antigen test
can reveal if infections are recent, ongoing, or
resolving (Faisal & Eissa 2009, Nance et al. 2010,
Elliott et al. 2013).
In Colorado, R. salmoninarum is a regulated pathogen and hatcheries that test positive are restricted
from stocking fish into most state waters that provide
wild trout habitat. The bacterium and associated disease outbreaks were a large problem in Colorado’s
hatchery system in the 1950s and 1960s and it was
detected at least 16 times between 1970 and 1997 at
state or federal fish hatcheries (Kingswood 1996,
Fetherman et al. 2020). Annual fish health inspections did not detect the bacterium in Colorado hatcheries between 1997 and 2015, but since 2016, 6
hatcheries and a wild broodstock lake have tested
positive for R. salmoninarum (Fetherman et al. 2020).
Clinical BKD outbreaks have been documented at
least twice in Colorado hatcheries since 2016. One
outbreak cost over US$2.1 million in depopulation
and disinfection efforts, and affected fish management statewide with the loss of over 675 000 sport
fish. That outbreak may have originated from bacteria in fertilized eggs brought into a hatchery from a
wild spawn take. The bacterium can also be spread
from hatcheries to wild fish. In Wyoming, a chronic
BKD epizootic in wild trout was thought to have originated in hatchery plants from a facility with a history
of BKD (Mitchum et al. 1979, Mitchum & Sherman
1981). Ongoing concern about the transfer of the
bacterium between hatcheries and wild fish emphasizes the need for more information on the prevalence and distribution of the bacteria in wild trout
populations.
The objectives of this study were to document the
distribution and prevalence of R. salmoninarum in
Colorado’s wild trout fisheries, investigate the influence of environmental variables and historic fish
stocking practices on that distribution, and evaluate
common methods of testing for R. salmoninarum
under conditions found in wild trout populations. We
hypothesized that the bacterium would be detected
frequently in wild trout fisheries and that bacteria
levels would be higher in large, lower elevation
rivers, where more fish from potentially positive
hatcheries had been stocked historically.

Kowalski et al.: Renibacterium salmoninarum in wild trout

2. MATERIALS AND METHODS
To investigate the prevalence of Renibacterium
salmoninarum in wild trout streams, we used the
Colorado Parks and Wildlife aquatic data management system to randomly select third to fifth order
streams in management categories 302 (wild salmonid recreation streams) and 303 (wild salmonid
recreation special regulations streams) from each
major river basin. Wild salmonid special regulations
streams are subject to restrictive angling regulations
to protect wild trout; generally angling is restricted to
artificial flies and lures and no harvest is allowed
(catch and release only). Colorado Parks and Wildlife
fish biologists vetted the list of selected streams.
Streams were removed for reasons such as intermittent stream flow and replaced by the next randomly
selected stream.
Fish were collected using a Smith-Root LR-20B
backpack electrofisher and examined for signs of
clinical disease. Tissue was collected from each fish
from the anterior, middle, and posterior regions of
the kidney. Samples were stored in centrifuge tubes
containing 70% EtOH. The remaining kidney tissue
was placed in a Whirl-Pak-Bag for ELISA and DFAT
testing, stored on ice, and frozen as soon as practical.
Individual fish tissue samples were combined into
composite samples of 5 fish of single species either in
the field or in the lab. Composite samples were made
of only 1 age class (adult or sub-adult) of 1 species
of fish from a single water. We summarized data by
3 metrics: samples, lots, and waters. A sample was a
single 5 fish composite group, a lot was all the samples of 1 species from 1 water, and waters were all
the lots from a single stream. For example, if 30
brook trout and 30 rainbow trout were collected from
a stream, there would be 12 species-specific samples
taken (6 rainbow and 6 brook trout) as well as 1 lot of
brook trout and 1 lot of rainbow trout samples from
this river to compare with other lots. Because the
focus of this study was screening wild trout populations in the context of fish health inspections, we
focused on comparing testing results among waters
and lots rather than individual fish samples and used
the sampling and testing protocols commonly used
by state and federal fish health inspections.

2.1. Diagnostic assays
Samples were tested with ELISA at the Colorado
Parks and Wildlife Aquatic Animal Health Laboratory. Quantitative polymerase chain reaction (qPCR),
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nested polymerase chain reaction (nPCR), and DFAT
screening occurred at the U.S. Fish and Wildlife
Service Bozeman Fish Health Center. All assays followed standard operating procedures in the American Fisheries Society Fish Health Section blue book
(Elliott 2012, AFS-FHS 2014, Elliott et al. 2014). All
samples were screened using ELISA, DFAT, and
qPCR, but only positive results from qPCR tests were
tested with nPCR. We compared fish lots (single species from a single water) to evaluate the various
assays and considered an individual water positive
by a specific assay if any lots from that water were
positive.

2.1.1. ELISA
Because of the unknown status of waters in this
study for R. salmoninarum, we used a liberal testing
threshold to reduce the chance of false positive
results. We adopted a negative-positive threshold for
optical density values (OD) of 0.100 following Munson et al. (2010) and the considerations outlined in
Meyers et al. (1993a) and Elliott et al. (2013). We
used a tiered classification system to characterize
antigen levels (Elliott et al. 2013). Optical density values between the negative-positive threshold (0.100)
and 0.199 were considered low antigen levels, those
between 0.200 and 0.999 moderate antigen levels,
and values greater than 1.000 high antigen levels.
A double-sandwich ELISA was used to detect soluble antigens of R. salmoninarum (Jansson et al. 1996,
Elliott et al. 2014). Kidney tissues were prepared to a
1:4 (w/v) dilution in PBS-T20 (phosphate-buffered
saline pH 7.4, 0.05% (v/v) Tween®-20, and 0.01%
(w/v) thimerosal), homogenized, heated at 100°C for
15 min, then stored at −20°C until we screened the
sample. Affinity purified R. salmoninarum goat antibodies (Kirkegaard and Perry Laboratories) were
used as the coating antibody and horseradish-peroxidase labeled R. salmoninarum goat antibodies were
used as the antibody conjugate as previously described (Pascho et al. 1991). A control microplate was
use for each reaction containing replicates of cell culture water, HRP-conjugate controls, substrate-chromogen controls, and brook trout tissue serving as
negative controls. Four concentrations of R. salmoninarum positive controls (KPL; 1:100, 1:1000, 1:2000,
1:5000) were also processed in replicates for each
reaction. Colorimetric development in each sample
was measured at 405 nm and positive samples were
determined by OD values above the average negative control value plus 2 SD. Sensitivity limits of this
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ELISA method are approximately between 2 and
20 ng of R. salmoninarum (Pascho & Mulcahy 1987).

2.1.2. DFAT
Each frozen pooled kidney tissue sample was
homogenized, imprinted onto 1 well of a 12 well
Shandon™ glass slide, and fixed with methanol to
reduce inhibitory lipid concentrations. Fluorescein
isothiocyanate-conjugated (FITC) R. salmoninarum
goat antibody (Kirkegaard and Perry Laboratories)
was prepared at a working dilution of 1:40 (v/v) with
the addition of Rhodamine B (Sigma-Aldrich®) as a
counter stain and clarified with a 0.45 μm filter. One
drop (approximately 50 μl) of the FITC-antibody
stain was added to each prepared well containing tissue and to a known positive brook trout kidney tissue
control slide and a negative tissue control slide. After
staining, slides were immersed in 1× PBS pH 7.1 +
thimerosal and air dried before microscopic examination. A FA mounting fluid from Veterinary Medical
Research and Development was used to hold coverslips in place while reading stained slides with a
Zeiss Axio Lab.A1 LED Epi-Fluorescence microscope
at 1000× magnification, and 50 fields of vision were
examined for the presence of R. salmoninarum.

ter mix used was Quanta Bioscience PerfeCTa Multiplex 5× qPCR ToughMix with ROX. Each PCR mixture
was then optimized to contain 5 μl of 1× PerfeCTa
Multiplex 5× qPCR ToughMix, 500 nM each R.
salmoninarum-specific primer, 250 nM R. salmoninarum-specific probe, 2.5 μl of 1× TaqMan™ exogenous internal positive control (IPC), 0.5 μl of 1× TaqMan exogenous IPC DNA, and 5 μl DNA. The IPC was
used to indicate if PCR inhibition was occurring during
the PCR reaction. Each qPCR run included negative
template controls (PCR grade water), a positive extraction control (known R. salmoninarum positive brook
trout kidney tissue), and a negative extraction control
(known negative kidney tissue). Standard amplification incubations were carried out for each set of samples as follows: 95°C for 15 min for denaturing and
60°C for 60 s for annealing/extending. Cycle threshold
values (Ct) less than 35 were considered positive by
qPCR based on detection sensitivity described in
Chase et al. (2006) and Elliott et al. (2013). The detection limits of this assay with a Ct of 35 are approximately 5 R. salmoninarum genome copies (Chase et al.
2006). There was no attempt to quantify the amount of
R. salmoninarum present because pooled samples
were used and serial dilutions of R. salmoninarum
standards were not used to develop standard curves;
results were only reported as positive or negative.
Only positive samples were tested by nPCR to confirm
the presence of R. salmoninarum DNA.

2.1.3. qPCR
Extractions of R. salmoninarum DNA from fish kidney tissue were performed with the DNeasy Blood
and Tissue Kit (Qiagen) following protocols from
American Fisheries Society Fish Health Section blue
book, with the addition of a 4× lysozyme lysis buffer
to enhance breakdown of the Gram-positive cell wall
(Elliott 2012, AFS-FHS 2014). Final DNA concentration and purity was determined with a NanoDrop
spectrophotometer (ThermoFisher). When necessary,
DNA concentration was diluted with Buffer AE for a
final range of 100−300 ng μl−1. All DNA was stored at
−20°C until use.
Extracted DNA from each sample was used for the
qPCR assay as described in Chase et al. (2006) with
primers RS 1238F (5’-GTG ACC AAC ACC CAG ATA
TCC A-3’) and RS 1307R (5’-TCG CCA GAC CAC
CAT TTA CC-3’) and the probe RS 1262 MGB (6FAMCAC CAG ATG GAG CAA C-NFQ/MGB) to target a
69 bp region of the major soluble antigen (msa) gene.
The msa gene codes for a heat stable 57 kDa surface
protein (also called the p57 protein) that occurs in all R.
salmoninarum isolates (Getchell et al. 1985). The mas-

2.1.4. nPCR
For confirmation, samples positive by qPCR were
analyzed for the presence of R. salmoninarum DNA
by nPCR as described in Chase & Pascho (1998). The
nested PCR and qPCR target different sequences of
the same gene to increase the certainty of identifying
the DNA of the target bacterium. Primers for the p57
gene of R. salmoninarum used were forward P3
(5’-AGC TTC GCA AGG TGA AGG G-3’) and M21
(5’-GCA ACA GGT TTA TTT GCC GGG-3’) for the
first round and forward P4 (5’-ATT CTT CCA CTT
CAA CAG TAC AAG G-3’) and reverse M38 (5’-CAT
TAT CGT TAC ACC CGA AAC C-3’) for the second
round (Pascho et al. 1998). A no-template negative
extraction control (PCR grade water), a known R. salmoninarum positive brook trout kidney tissue extraction control, a known negative kidney tissue negative
extraction control, and an R. salmoninarum known
positive control template were included in each set of
samples. Amplification rounds were slightly modified
with a BioRad thermal cycler optimized at 30 cycles of
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denaturing at 94°C for 30 s, annealing at 60°C for
30 s, and extension at 72°C for 1 min for the first
round. Thermo cycler programming was used for second round amplification for only 20 cycles. PCR products were analyzed on 2% (w/v) agarose gel with
1.0× TAE Sybr® Safe DNA Gel Stain Buffer (ThermoFisher Scientific Invitrogen™) and Redi Load™ Loading Buffer (Invitrogen™) for PCR product tracking. A
100 bp DNA ladder (ThermoFisher Scientific Invitrogen™ Trakit™) was used for sizing DNA. A UVP
BioSpectrum® AC Imaging system was used for fluorescence imaging of agarose gels. Samples were considered positive when 320 bp region bands were
present in a sample lane corresponding to the 100 bp
ladder. To compare test results between nPCR and
other assays, we considered a sample positive by
nPCR if it tested positive by both qPCR and nPCR
following the standard operating procedures of the
USFWS Bozeman Fish Health Lab.

2.2. Statistical analysis
Fish lots (all samples from single species from a single water) were compared across waters and a lot or
water was considered positive if any individual samples were deemed positive by any of the assays. To
report difference in ELISA OD values among species
and between stocked and unstocked waters, we followed the recommendations of Burnham & Anderson
(2002) and Wasserstein et al. (2019) and reported
effect sizes (difference between means), standardized effect sizes (difference between means divided
by SD), and 95% CI on the differences between
means. We used multiple linear regression and model selection to investigate how environmental variables and past stocking practices affected bacteria
levels (Burnham & Anderson 2002). Through literature review and professional judgment, we identified
5 primary variables which may influence bacteria levels in inland trout: elevation, stream order, drainage
area, stream temperature, and the number of hatchery fish historically stocked in each stream. The variables represented specific hypotheses about how
bacteria levels in fish may be influenced by environmental characteristics of a stream and past fish management practices.
Elevation, stream order, and drainage area for each
sampling location was obtained from the U.S. Geological Survey NHDPlus hydrologic dataset (U.S.
Geological Survey 2017). We estimated stream temperatures at our site with modelled temperatures
from NorWeST, a western USA stream temperature
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model (Isaak et al. 2017). This model uses extensive
thermograph data (> 220 000 000 temperature recordings from > 22 700 sites) to create a spatial statistical
stream network model. It has a 1 km resolution and
has been shown to give accurate and unbiased
stream temperature predictions (R2 ~ 0.90, RMSE <
1.0°C). From the NorWeST model, we used the output variable S1 (mean August stream temperature
1993−2011) as an index of relative summer stream
temperature for all the sites. Historical stocking records were obtained from Colorado Parks and Wildlife databases and the total number of fish stocked
into each water from 1987 to 2008 was compiled for
each water. We used records from this period because most waters are not currently stocked and
have been managed solely for wild trout since the
early 1990s or earlier.
The relationship between the 5 explanatory variables and ELISA OD values was evaluated with Pearson’s product moment correlation coefficient (R) and
then analyzed with multiple linear regression. The
information-theoretic approach was used to identify
the best predictive models and most influential explanatory variables (Burnham & Anderson 2002).
Linear regression modelling was performed with the
lm function in R, version 3.5.2 (R Core Team 2018).
Model assumptions of homogeneity of variance and
normality were evaluated by examining residuals of
the global model (additive combination of all individual variables). The response variable, average OD
values from the ELISA assay, was transformed with
the Box Cox procedure due to patterns observed in
the residuals (Box & Cox 1964). The lambda value
had a 95% CI that included −1 so an inverse transformation was used on the response variable. Ten linear
regression models were built with additive combinations of uncorrelated variables and interaction models were tested when they made biological sense.
Model selection was completed with the small sample size version of Akaike’s information criterion
(AICc ) following Burnham & Anderson (2002). The
lm function in R and statistical packages MASS and
AICcmodavg were used for data analysis, model fitting, and model selection (R Core Team 2018).

3. RESULTS
Sixty-eight streams were sampled in all major river
basins in Colorado from an elevation of 1393 m to
3078 m. A total of 3809 individual fish were sampled
between June and October in 2016 and 2017. All
waters had some fish that tested positive for Renibac-
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terium salmoninarum by ELISA and 48.7% of all
individual samples were positive using the 0.100
negative-positive threshold. Almost 6% of all waters
had tissue samples test positive by DFAT, whereas
23.5% tested positive by qPCR and 11.8% were confirmed positive by nPCR (Fig. 1).

3.1. ELISA
While prevalence of R. salmoninarum was high
among wild trout waters, most of the samples had
relatively low antigen levels. Of the 104 lots tested,
12.6% were negative, 49.5% had low antigen levels
(OD < 0.199), 30.1% had moderate antigen levels
(OD = 0.200−0.999), and 8.7% had high antigen levels (OD > 1.000). Within an individual water, prevalence was moderate; less than half of the samples

from each water (48.7%) had OD values greater than
0.100. The negative-positive threshold of 0.100 in the
ELISA assay accomplished the objective of being liberal and reducing the risk of false positive results.
Forty-two ELISA runs were completed to test all samples. If the negative-positive threshold was computed as twice the SD of the negative controls in each
run (the more conservative method), the threshold
would have averaged 0.072 ± 0.011 (mean ± SD).

3.2. DFAT
Only 5 lots of fish from 4 waters tested positive by
DFAT, which is the screening assay generally used
by Colorado Parks and Wildlife (see Table S1 in
the Supplement at www.int-res.com/articles/suppl/
d149p109.pdf). Four of the lots were from high eleva-

Fig. 1. Wild trout sampling sites in Colorado (2016−2017) that tested positive for R. salmoninarum with DFAT, ELISA, and
qPCR confirmed with nPCR
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tion brook trout populations and 1 was from rainbow
trout that were sympatric with brook trout. One of
the 5 lots testing positive by DFAT, brook trout in the
Fraser River, also tested positive by qPCR and was
confirmed by nPCR. Concordance between positive
results by lot between DFAT and ELISA was low
(15.4%) with a negative-positive threshold of 0.100:
in only 16 of the 104 lots tested did the positive/negative result agree between the 2 assays. However,
using the tiered classification system of Elliott et al.
(2013) produced good agreement (88.5%) in prevalence between lots testing positive by DFAT and the
ELISA high category (OD values > 1.000). While the
overall agreement was good between DFAT and the
ELISA high category, due to all the negative lots,
DFAT did a poor job of identifying cases that showed
high DNA or antigen levels in other assays. Of the 5
lots that tested positive by DFAT, all of them were in
the ELISA low category (average ELISA OD: 0.120,
range: 0.074−0.186) and 4 of the 5 lots positive by
DFAT were negative by qPCR.

3.3. PCR
Sixteen waters (23.5%) tested positive by qPCR
and 8 of those were confirmed by nPCR. Of the 104
lots (single species, single water) tested, 15.4% were
positive by qPCR with a Ct threshold of 35. Concordance between qPCR and ELISA results among lots
was low (27.9%) with the negative-positive threshold
of 0.100, but there was good agreement (82.7%)
in prevalence in lots between qPCR and the ELISA
high category (OD values > 1.000). Likewise, overall
concordance between nPCR and ELISA was low
(20.2%), but there was good agreement (89.4%) in
the prevalence of lots between nPCR and the ELISA
high category. There was an 81.7% agreement in
prevalence of positive lots between qPCR and DFAT
and an 89.4% agreement between nPCR and DFAT.

3.4. Historical fish stocking
Thirty-seven of the wild trout waters (54.4%) were
stocked at some point historically, but the prevalence
and average OD values for those waters were similar
to wild trout waters with no stocking records. The
difference between average ELISA OD values of
historically stocked waters (0.134) and unstocked
waters (0.130) was only 0.004 (95% CI: −0.029−
0.021), p = 0.743. The correlation between fish stocking and inverse transformed OD values was rela-
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tively weak (R = 0.27) and stocking was negatively
correlated with OD values: antigen levels were
higher in waters with lower levels of fish stocking.

3.5. Correlation, linear regression modeling,
and model selection
The correlation analysis indicated the variables
explaining the most variability in transformed OD
values were drainage area (R = 0.35, p = 0.004), total
trout stocked (R = 0.27, p = 0.027), and stream order
(R = 0.26, p = 0.030) (Fig. 2). August stream temperature had a low correlation with transformed ELISA
OD levels (R = 0.078, p = 0.526). All explanatory variables were negatively correlated with untransformed
ELISA OD values and, contrary to our hypotheses,
average OD values decreased with higher trout
stocking rates. In Colorado, the antigen of R. salmoninarum was highest in trout from smaller (low
order) streams with a small drainage area that were
less likely to have been stocked historically. Average
OD values decreased with higher August temperature, further suggesting that the bacterium is a cold
water pathogen (Delghandi et al. 2020). Among the
explanatory variables, total stocked trout and
drainage area were highly correlated with each
other (R = 0.79), as were August stream temperature
and elevation (R = −0.82). The collinear pairs of variables were not included in the same model to avoid
problems with parameter estimation due to multicollinearity (Dormann et al. 2013).
AICc model selection results indicated that a single
variable model including only drainage area was the
top model, with a model weight of 0.45 (Table 1). An
additive combination of drainage area and August
temperature was 1.65 AICc units behind the top
model and explained 12% of the variation in OD values. Overall, the stocking and environmental variables explored in this study explained relatively little
variation in OD values (0−13%) so more work is
needed to investigate factors related to R. salmoninarum antigen levels in trout in Colorado.

3.6. Species trends
During this study, we encountered (in decreasing
frequency) brown trout Salmo trutta, brook trout
Salvelinus fontinalis, rainbow trout Oncorhynchus
mykiss, mountain whitefish Prosopium williamsoni,
and cutthroat trout Oncorhynchus clarkii. Brook
trout occupied the smallest, highest elevation
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Fig. 2. Pearson correlation matrix of explanatory variables and untransformed (OD) or inverse transformed (InvOD) ELISA
optical density values from wild trout populations in Colorado 2016−2017. TotalTrout is the number of stocked fish in each
stream 1987−2008. DrainArea, Elev, and Order are the drainage area in km2, elevation in m, and Strahler stream order for
each sampling location from the U.S. Geological Survey NHDPlus hydrologic dataset. AugT is the mean August stream temperature (°C) from the NorWeST temperature model

Table 1. Model selection results of linear regression models of environmental
and fish stocking variables. Included are the number of model parameters (K ),
Akaike’s information criterion corrected for small sample size (AICc), the difference in AICc values between models (ΔAICc), AICc model weight (wi), and
multiple R2
Model

K

AICc

ΔAICc

wi

R2

Drainage area
Drainage area + August temp
Drainage area + August temp + order
Drainage area * August temp
Total stocked
Order
Total stocked + August temp + order
Total stocked * order
August temp
Elevation

3
4
5
5
3
3
5
5
3
3

321.8
323.4
325.3
325.4
325.4
325.6
327.8
328.2
330.1
330.4

0
1.6
3.5
3.6
3.6
3.8
6.0
6.4
8.3
8.6

0.45
0.20
0.08
0.08
0.07
0.07
0.02
0.02
0.01
0.01

0.12
0.13
0.13
0.13
0.07
0.07
0.10
0.10
0.01
0.00

streams, with the coldest mean August
temperature (Table 2). Streams where
brook trout were the dominant species
also had the lowest historical stocking
rates. Brook trout lots had the highest
average ELISA OD values, followed
by brown trout and rainbow trout
(Fig. 3). Brook trout had ELISA OD
values 0.032 ± 0.4 (mean ± SD) higher
than rainbow trout (95% CI = 0.000−
0.065; p = 0.051), and 0.016 ± 0.2
higher than brown trout (95% CI =
−0.019−0.051; p = 0.354). Brown trout
had ELISA OD values 0.016 ± 0.3
higher than rainbow trout (95% CI =
−0.003−0.036; p = 0.101). Insufficient
waters contained cutthroat trout and

Kowalski et al.: Renibacterium salmoninarum in wild trout

117

Table 2. Averages of environmental and stocking variables of waters sampled in Colorado 2016−2017 summarized by the
dominant species present at each site
Dominant species

Brook trout
Brown trout
Rainbow trout
Mountain whitefish

Elevation
(m)

Drainage area
(km2)

Mean August temp
(°C)

Stream order

Total fish stocked
(1987−2008)

2758
2509
2236
1980

60
384
299
1656

11.2
13.3
15.3
14.1

3.1
3.6
3.4
5.0

4130
103850
5149
20266

that effort, over 12 800 individual fish
from 194 waters statewide were sampled
and only 2 clinical cases of BKD were observed, both in brook trout from small
high altitude streams sampled during the
fall spawning season.
Our results support the hypotheses that
R. salmoninarum is common in inland
trout populations but generally occurs at
low levels, and that resident trout are
somewhat resistant to the bacterium and
are generally refractory to clinical BKD
(Meyers et al. 1993b, Kingswood 1996).
Fig. 3. Average ELISA optical density (OD) values and 95% confidence
High prevalence of R. salmoninarum in
intervals of fish lots sampled from wild trout populations in Colorado
wild, non-anadromous trout and char has
2016−2017. Numbers indicate sample size of lots (single species from a
been reported in Iceland (Jónsdóttir et al.
single stream) for each species
1998, Guðmundsdóttir et al. 2017),
Alaska (Meyers et al. 1993b), Michigan
mountain whitefish to calculate confidence intervals
(Eissa et al. 2007), and Wyoming (Mitchum et al.
for ELISA OD values in lots of these species or com1979). The bacterium was also common in wild trout
pare statistically to lots of other species. Brook trout
in Rocky Mountain National Park in Colorado
also had the highest prevalence of R. salmoninarum
(Kingswood 1996). All streams sampled in the park
by qPCR: 26.5% of brook trout lots were positive,
had fish that tested positive for the antigen of R. salcompared to 12.0% of rainbow trout lots, 9.5% of
moninarum by ELISA. However, although 82% of
brown trout lots, and no lots of mountain whitefish or
individual fish samples tested positive by ELISA, all
cutthroat trout.
streams contained robust, self-sustaining fish populations with no clinical signs of disease (Kingswood
1996).
4. DISCUSSION
Environmental and fish stocking variables that we
hypothesized would influence R. salmoninarum antiThe causative agent of BKD, Renibacterium salmogen levels in wild trout did not explain much varininarum, is widespread in Colorado’s wild trout fishability (0−13%) in ELISA OD values. While the effect
eries. While common, bacteria levels are generally
sizes were not large, there were influential correlalow, and clinical disease is rare. After sampling 3809
tions between antigen levels and stream order (p =
individual fish from 68 waters in all major river
0.030), drainage area (p = 0.004), and historical
basins (all of which showed evidence of the presence
stocking rates (p = 0.027). Antigen levels were highof the soluble antigen of the bacterium), no cases of
est in small streams (low stream order and small
clinical BKD were observed. A larger surveillance
drainage area) that had low historical stocking rates.
effort of statewide waters not randomly selected or
Differences in species distribution and the infection
restricted to wild trout streams came to the same conintensity of the trout species could explain these patclusion: clinical BKD was rare in all feral trout poputerns. Brook trout are more likely to occupy smaller
lations in Colorado (D. A. Kowalski unpubl. data). In
high elevation streams in Colorado due to colder
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temperature preferences than brown or rainbow
trout (Behnke 2002) (Table 2). Brook trout had the
highest average ELISA OD levels as well as the highest R. salmoninarum prevalence by DFAT and qPCR
of the fish species we tested. Therefore, the trend of
higher OD values in smaller streams could be an artifact of those streams being dominated by brook trout.
Brook trout are known to have higher prevalence of
R. salmoninarum and have higher antigen levels
than other resident trout species (Snieszko & Griffin
1955, Bullock et al. 1971, Mitchum et al. 1979, Faisal
& Eissa 2009). The smaller, brook trout dominated
streams in our study were also less likely to be
stocked, so the negative correlation between ELISA
OD values and fish stocking could be a result of species distribution on the landscape and unrelated to
fish stocking. More work is necessary to explore species-related differences in bacterial levels as well as
environmental factors that may influence antigen
and DNA levels of R. salmoninarum in trout fisheries
in Colorado.
We expected the low sensitivity and lack of concordance between DFAT results and results from
other assays because the assays detect different
macromolecules (antigens vs. DNA) and have different sensitivities. The fluorescent antibody test
can detect the antigens of morphologically intact
live or dead bacteria, ELISA detects soluble antigens, and PCR detects the DNA of live or dead
organisms. The fluorescent antibody test is inconsistent at detecting low bacterial numbers and,
under those conditions, results from this test do not
correlate well with other assays, especially in nonanadromous salmonids (Pascho et al. 1987, 1991,
Meyers et al. 1993b, Elliott et al. 2013). In one of the
larger studies of R. salmoninarum in resident trout,
the DFAT assay did not detect bacteria in samples
with ELISA OD values less than 0.17 and inconsistently detected the bacteria at OD values less than
0.98 (Meyers et al. 1993b). Eighty-seven percent of
our samples had ELISA OD values less than 0.17
and 99.6% had values less than 0.98. The vast
majority of fish samples in our study were unlikely
to test positive by DFAT but actually had low levels
of R. salmoninarum antigen. Using DFAT as a liberal screening method to identify potentially severe
cases does not appear to be an effective strategy;
this assay did a poor job of discerning high antigen
or DNA cases identified by ELISA or qPCR. The
results of DFAT testing were somewhat stochastic in
terms of which samples tested positive in comparison to other assays. Our results, as well as previous
work, suggest that DFAT is not the optimal screen-

ing assay for the R. salmoninarum levels commonly
observed in inland wild trout (Meyers et al. 1993b).
There may not be exact agreement between ELISA
and PCR assays because they measure different bacterial macromolecules (antigen vs. DNA). These differences should not be interpreted as conflicting results but as useful information indicating different
states of infection (Nance et al. 2010). Fish with
various stages of infection would be expected to be
present concurrently in wild salmonid populations
(Faisal & Eissa 2009, Nance et al. 2010, Elliott et al.
2013). The antigen of R. salmoninarum can be present
in kidney tissue in fish recovering from infection and
can be detected by ELISA up to 3 mo after viable bacteria have been cleared from the fish (Sami et al. 1992,
Pascho et al. 1997). Many lots and samples in our
study were positive by ELISA but negative by qPCR, a
pattern that reflects naturally resolving infections
(Nance et al. 2010). Because R. salmoninarum is common in Colorado trout fisheries and resident trout are
more resistant to the bacterium, it is likely that many
trout in wild populations would have low level, resolving infections. Our results emphasize the importance of using both a molecular (qPCR) and immunological (ELISA) assay to reveal different stages of
infection, especially in non-anadromous trout (Nance
et al. 2010, Elliott 2012, Elliott et al. 2013).
The strengths of using ELISA to test samples from
wild trout populations were twofold: it had the ability
to detect low levels of antigen present in mild or
resolving infections, and it was able to estimate antigen levels rather than giving binary negative/positive results. This allowed ELISA scores to produce a
continuous response variable for the linear regression exercise and was useful in differentiating lots
with low levels of antigen that other assays did not
detect. One limitation of our study was that we did
not take advantage of the same quantitative feature
of the PCR assay. With the proper methods targeting
specific primers, qPCR can effectively be used to
quantify the number of viable bacteria cells present
(Suzuki & Sakai 2007, Nance et al. 2010, Elliott et al.
2013). A weakness of the qPCR assay is the small volume of the kidney tissue that is tested. The heterogeneous distribution of bacterial DNA in the kidney can
lead to decreased analytical sensitivity and stochastic
results due to sampling variation with a small tissue
sample (Bruno et al. 2007, Elliott et al. 2013). We
think that, properly applied, qPCR is an effective
assay for testing inland trout populations for R. salmoninarum under the conditions that are commonly
encountered. More work is necessary to explore the
quantitative features of qPCR and apply them to test-
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ing trout in Colorado, and to pair this assay with an
immunological assay such as ELISA to give a more
complete picture of bacterial levels in wild trout.
Using DFAT to screen inland trout populations for
R. salmoninarum is not recommended. Due to the
low bacteria levels of wild trout and the unreliable
nature of the DFAT assay at these levels, it is an inappropriate screening assay at worst and uninformative
at best. A quantitative tool that more reliably detects
the DNA or antigen of R. salmoninarum at low levels,
like qPCR or ELISA, would be more useful. Using
these tools to estimate bacteria levels and adopting a
liberal threshold for positive waters such as ELISA
OD values of 1.0 to 2.0 would be a logical strategy if
waters must be classified for management or regulatory reasons. However, mangers should instead focus
on using multiple assays (molecular and immunological) to quantify bacterial levels and interpret results
with nuance. The overly simplistic paradigm of considering populations positive or negative is not an
informative way of thinking about R. salmoninarum
in resident trout.
The bacterium R. salmoninarum is common and
widespread throughout Colorado’s wild trout fisheries but bacterial levels (indicated by antigen and
DNA) are generally low and clinical disease is uncommon. Active infections (indicated by the detection of DNA) are rare but the presence of lower levels
of the bacteria’s antigen is common and widespread,
supporting the paradigm that resident trout are commonly resistant carriers of the bacterium. Clinical
BKD is occasionally observed in spawning brook
trout in small high elevation streams in Colorado but
we have not documented any population level
effects. More work is necessary to investigate disease dynamics in wild trout populations. BKD appears rare in wild trout populations in Colorado
despite being an ongoing and potentially increasing
problem in trout hatcheries.
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