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Abstract:

Renibacterium salmoninarum is a pathogenic gram-positive bacterum and the causative agent of
bacterial kidney disease (BKD), a malady that mainly impacts salmonid species. Experimental
challenges were conducted to assess the virulence and challenge route for select R.
salmoninarum strains (CK-90 and ATCC 33739) in rainbow trout (Oncorhynchus mykiss). The
CK-90 strain was previously isolated in steelhead trout (O. mykiss) from Dworshak National Fish
Hatchery (NFH) in 1990. It was mtracoelomically injected (100 uL) ata high dose containing
4.80 x 10° CFU g fish! (ODs25=1.779) and a low dose containing 6.86 x10° CFU g fish'!
(ODs25=1.077), or fish were immersed in a solution containing 2.21 x 10° CFU g fish'!
(ODs25=0.886) of R. salmoninarum. The ATCC 33739 strain, originating from brook trout
(Salvelinus fontinalis), was also included and intracoelomically-injected at 3.58 x 10° CFU/g
(ODs25=1.431)to discern differences in virulence between the strains. Clinical signs of BKD
manifested approximately ten days post-challenge, and mortalities began 19 days post-challenge.
To confirm infection and quantify R. salmonirarum antigen load, an enzyme-linked
mmunosorbent assay (ELISA) was conducted using kidney tissue collected post-challenge.
Injection-challenged ranbow trout with CK-90 (both high and low groups) exhibited

significantly higher mortality (£<0.001) than fish injected with ATCC 33739 or those exposed to
CK-90 via immersion challenge. The R. salmoninarum antigen, p57-kDa, was confirmed via
ELISA. Antigen load for fish injected with the CK-90 strain (high dose: OD405=0.71, low dose:
OD405=0.66) was significantly higher than for fish injected with the ATCC 33739 strain
(OD405=0.34). It was found that the CK-90 strain (both high and low doses) was more virulent
than ATCC 337309 strain, which exhibited no mortalities over 28 days. Although there were no

mortalities during the 28-day trial, the ELISA confirmed that the R. salmoninarum antigen



mfiltrated kidney tissue in ATCC 33739 fish. Further, the immersion challenge methodology for
these R. salmoninarum strains was mneffective in inducing mortalities at the abovementioned

doses.



Introduction

The bacterium Renibacterium salmoninarum has been diagnosed in many countries, and
mfection with this pathogen can result in disease outbreaks and high mortality (Rozas-Serri et al.,
2020). R. salmoninarum has often been reported as a chronic infection in farmed salmonid
species and causes bacterial kidney disease (BKD), resulting in mortality and economic losses
(Chambers et al., 2008; Mitchell and Goodwin, 2004). The pathogen is a Gram-positive
diplobacilli that is very slow growing under cool incubation conditions. R. salmoninarum may
induce an enlarged and swollen kidney within fish; the kidney may contain white granulomatous
nodules from bacterial infection (Kaattari and Piganelli, 1996). Further, clinical signs include
lesions on the spleen and liver, swollen and fluid-filled abdominal region, and skin petechiation
(Sanders and Fryer 1980). Within wild salmonid populations, the pathogen can be transferred
horizontally in marine and freshwater environments but only if the infected fish is in close
proximity to other fish (Pascho et al, 2002; Murray et al., 2012). R. salmoninarum is passed
from the infected fish to others by shedding mucus and feces and the bacterium then enters the
host through the gastrointestinal tract via ingestion or in an open wound on the surface of the fish

(Balfey et al., 1996; Elliott etal, 2015).

Infection with R. salmoninarum has historically caused high mortalities for salmonids in the
United States. Still, the severity and occurrence of BKD have decreased following various
management strategies, including disinfection of eggs with iodophor at 100 parts per million
(ppm) for 20 minutes (Yoshimizu 1996), erythromycin feed treatments (100 mg kg body weight
1), erythromycin injection of brood fish, and ELISA-based culling and segregation (Munson et
al, 2010). Bruno and Munro (1986) located viable R. salmoninarum cells entering the

developing oogonia. R. salmoninarum was then cultured from both the surface of the egg and



egg contents (Bruno and Munro, 1986). Confirmation of bacterial presence in the ovarian fluid
and mtra-ovum established vertical transmission as a significant route of transmission for R.

salmoninarum (Munson et al., 2010).

Although the use of iodophor and antibiotics has decreased infection of R. salmoninarum, the
risk has not been eliminated via these methods (Gudmundsdottir et al, 2000). The United States
has mplemented a management strategy that can be used to prevent R. salmoninarum
transmission in salmon hatcheries. In 1993, Idaho Fish and Game established an ELISA-based
culling and segregation rearing method to decrease the risk of both horizontal and vertical
transmission of the pathogen (Munson et al. 2010). An ELISA was developed for the detection
and identification of R. salmoninarum and is a tool widely used to identify R. salmoninarum in
fish diagnostic laboratories (Dixon, 1987). Brood females have a higher chance of spreading the
pathogen horizontally or vertically, whereas male spawners have a limited risk of spreading R.
salmoninarum (Munson et al. 2010; Fetherman et al. 2020). To determine if a brood female is
more likely to transmit R. salmoninarum to the eggs, kidney tissue is collected and ran through
an ELISA to obtain optical density (OD) levels. OD levels are categorized by negative-lows of
OD= <0.25, moderate-highs of OD= 0.25-0.40, and highs of OD>0.40. The eggs are culled if the

OD is higher than 0.25 (Munson et al, 2010).

Assessing in vivo virulence of R. salmoninarum strains in rainbow trout and establishing
consistent mortality rates across experiments may aid in further assessing or developing
prevention or control methods for BKD for resource-based hatchery programs producing fish for
the sport or commercial harvest. Additionally, strains collected across regions may exhibit
genetic differences, so more mortality information in a broader array of R. salmoninarum

collections is beneficial to fish health researchers. It is essential to understand the risks of



mtroducing fish pathogens through hatchery releases nto environments where vulnerable or
naive wild fish populations exist (Fenichel etal., 2009). Due to concerns over R. salmoninarum
in aquaculture and natural environments, this study aimed to assess the virulence of two different
bacterial strains and provide preliminary data for the development of a challenge procedure for
R. salmoninarum in rambow trout. Specific objectives for the trial were to 1) determine
virulence differences of R. salmoninarum, strams ATCC 33739 and CK-90 via mjection
challenge, and 2) assess the ability of the CK-90 strain to cause mortality via immersion

challenge.

Materials and Methods

Rainbow trout used in the study

Healthy juvenile rainbow trout (20.4 + 0.6 g) were reared in a recirculating aquaculture system at
the University of Idaho’s Coldwater Laboratory in Moscow, ID. Initially, diploid, mixed-sex
eyed eggs were received from Riverence LLC, Rochester, WA, and raised at a 12-14°C. Before

study initiation, fish were fed a commercial diet (Skretting classic trout floating pellet, Tooele,

UT) at 1-2 % body weight per day.

Fish were transferred from the University of Idaho’s Coldwater Laboratory to the University of
Idaho’s CNR Aquatic Animal Laboratory (AAL) for the BKD challenge. Upon arrival at the
AAL (Moscow, ID), fish were split between 14, 190 L experimental tanks with 15 fish in each
tank. Fish were allowed to acclimate in tanks for 2 weeks before challenge with R.
salmoninarum. Tanks were supplied with chilled flow-through, dechlorinated municipal water,
and aeration was provided via air stones. No mortalities or clinical signs of illness were found

throughout this acclimation period.



Pathogen preparation

R. salmoninarum growth conditions and protocols were based on previous methods, with slight
modification (Polinski et al. 2010). CK-90 and ATCC 33739 R. salmoninarum lyophilized stocks
(stored at -80 °C at the University of Idaho; both gifted from Dr. Christine Moffit’s collection)
were rehydrated in 1.5 mL of KDM-2 broth (10 g L'! peptone, 0.5 g L-! yeast extract, 0.5 g !
cysteine-HCL, pH 6.5) and cultured in 25 mL of broth for approximately 14 days at 15°C, with
shaking at 180 RPM. R. salmoninarum cultures were then scaled up to 100 mL for an additional
14 days before being scaled to 250 mL and kept at 15°C with shaking at 180 RPM as the final
challenge mnoculum. The bacterial suspension was also cultured on charcoal agar at each scale-up

for 15 days to verify colony morphology (Daly et al. 1985).

At the time of challenge, a 0.5 mL subsample of CK-90 and ATCC 33739 was removed from
culture media and placed on a glass slide to confirm the purity of the R. salmoninarum
suspension. The slide was fixed, Gram-stained, and observed under a light microscope (1000x).
This resultant sample was confirmed as gram-positive and contained short, clustered rods
characteristic of R. salmoninarum. Challenge mnoculums were then diluted, and bacterial

suspensions were enumerated via hemocytometer counts, according to Polinski et al. (2010).
R. salmoniarium challenge

The virulence of CK-90 was assessed via immersion and injection challenge, whereas fish
receiving ATCC 33739 were challenged via intracoelomic mjection. An immersion group was
not included for the ATCC 33739 treatment as there was limited tank space available in the
challenge facility. Each treatment had three replicate tanks (180 L) with 15 fish per tank, with

two additional mock-challenged tanks: one tank for immersion treatment and one tank for



mjection treatment (unexposed to R. salmoninarum; receiving injection or immersion with an
equal volume of PBS) for each treatment (14 tanks total). Forty-five fish per treatment group
were injected with 100 pL of high (ODs25=1.779; 9.8x108 CFU mL™") or low (ODs25=1.077; 1.4
x108 CFU mL"") doses of R. salmoninarum CK-90 based on optical density ranges reported in
Polinski et al. (2010). Rainbow trout were anesthetized using 80 mg L' of buffered MS-222
(Syndel Inc, Ferndale, WA) prior to injection. An additional 45 fish were immersed into a 10L
volume (approximately 1:10 (w/v) within 19 L bucket of water with aeration; 90 kg m?)
containing R. salmoninarum CK-90 for 1 hour at a dose of 4.5 x 107 CFUml™' (OD=0.886) to
determine virulence via immersion delivery. The bath dose was approximated based on a
previous immersion challenge reported by Jansson and Ljungberg (1998). ATCC 33739 also had
three replicate tanks that were injection-challenged with an noculum of ODs2s=1.431 (7.3x107

CFUmL).

The temperature during the challenge was 18.1 £ 0.1°C due to seasonal chilling capacity issues,
although the 14°C-15°Cis deemed the most suitable temperature for R. salmoninarum (Jones et
al. 2007). Fish were fed daily (to a maximum of approximately 1% of their body weight per day),
and any mortalities were collected, and weights recorded. To assess if fish were affected by the
bacteria and exhibited clinical signs of disease, all mortalities were necropsied to observe

external and internal pathology consistent with symptoms of BKD.
Sampling

Fish were checked daily, and all mortalities were collected for a necropsy and tissue collection to
confirm the cause of death via antigen presence (ELISA). Culture via bacterial reisolation was

not performed due to the long growth period for R. salmoniarum. All clinical signs were



recorded, and the anterior kidney was aseptically collected and placed mnto sterile, 1.5 mL

microcentrifuge tubes, weighed, and stored at -20°C until completion of the trial

On the completion of the trial (day 28), kidney samples from all surviving fish were collected n
1.5 mL tubes (as described above) for testing using an Enzyme-Linked Immunosorbent Assay
(ELISA) test to confirm the presence of R. salmoninarum and measure R. salmoninarum p57
antigen levels (Mitchell and Goodwin 2004). The protocol used for R. salmoninarum detection
was from the United States Geological Survey (USGS), and all reagents were manufactured

through Kirkegaard and Perry Laboratories Inc. (KPL).

Kidneys were homogenized using a Seward Stomacher 80 (Seward Laboratory Systems,
Bohemia, NY). Homogenized kidney tissue was weighed to 0.05g, diluted 1:4 in PBS-T20 for
homogenization. The microtiter plates were covered with adhesive seals and incubated for 3
hours at 25°C. The microplates were then coated with the coating buffer and antibody, sealed
with an adhesive plate sealer, and placed in an incubator at4°C for 16+ hours. The plates were
then washed with a wash buffer solution five times. After washing, the negative control wells
were filled with PBS-T20, and the positive control wells were filled with a 1:10, 1:100, and
1:1000 ratio of PBS-T20 of the positive antigen control. Homogenates from the surviving R.

salmoninarum-challenged rainbow trout. were further diluted 1225 in PBS-T20.

The microplates were then washed five times to prepare for the HRP-conjugated antibody with
milk diluent and sealed for 2 hours at 25 °C. After 2 hours, the microplates were rewashed to
prepare for the substrate-chromogen and stop solution. Once the substrate-chromogen had been
added to the wells, a timer was set for 20 minutes, and the plates were stored in a humid area at
37 °C. At 20 minutes, the stopping solution was added to the wells, and results were read with a

microplate reader (405 nm) to determine antigen levels from the tissue.



Data analysis

Statistical analysis was conducted using Program R v3.5.1 (R Core Development Team, Vienna,
Austria). Trial mortality data were analyzed using a linear regression model and 95% confidence
mtervals to discern treatment differences, along with secondary verification using contrasts with
the Tukey procedure in package “emmeans”. ELISA values for antigen load in the kidney were

analyzed using a Kruskal-Wallis test followed by pairwise comparisons, implementing a

Bonferroni correction. o priori was set at 0.05 for all analyses.

Results and Discussion

During necropsies, trout displayed distended coeloms, exophthalmia, dermatitis, blood blisters,
and dismtegrating skin tissue on the exterior. Internally, the fish had ascites fluid, an enlarged
spleen, hemorrhaging on other internal organs, and a swollen kidney with white-grey
granulomatous nodules (Dixon 1987). These were all considered typical gross findings of R.
salmoninarum and were documented accordingly, dependent on the dosage given. Mortalities
began approximately 19 days following mjection in the CK-90 high dose group (Figure 1). This
delayed mortality is due to the slow-growing nature of this bacterium and the selective
temperature range. For instance, Rozas-Serri discerned a delay in the mortality curve at 11 °C
compared to 15 °C, and in our trial, we used 18 °C, a small interval higher than the optimal
temperature (Rozas-Serri et al. 2020). Jones et al. (2007) also noted differences in mortality
when juvenile bull trout (Salvelinus confluentus) were challenged with a CK-88 isolate of R.

salmoninarum at 9 °C, and a 10-fold difference in LDso was discerned, compared to 15°C.

Cumulative percent mortality (CPM) for the CK-90 high dose [84.4 £ 4.4 %; 95% CI=0.744-

0.945] was significantly higher than the CK-90 low dose [44.4 + 8.0 %; 95% CI=0.344-0.545]



(P<0.001). Tissue samples collected from mortalities and survivors were tested by ELISA and
confirmed positive for both CK-90 (high and low) and ATCC 33739 strains. Treatment group
differences were apparent (model adjusted R>=0.9542; P<0.001), with the CK-90 strain
exhibiting high virulence (CPM of 84.4 + 4.4 %), whereas the ATCC 33739 strain did not cause
mortality under the challenge conditions (Figure 1), although antigen was present in kidney
tissue (Figure 2). The R. salmoninarum antigen (p57 protein) load for CK-90 strains and the
ATCC 33739 strain was determined by ELISA. Findings confirmed R. salmoninarum antigen
was present in the fish challenge with CK-90 (high and low groups) with OD4o5=0.71 for the
CK-90 high dose group and OD405=0.66 for the CK-90 low dose group, while the ATCC 33739
was OD405=0.34. These equated to titer concentrations of 3.51 + 0.00 (-log; exceeding the
detection limit for the assay) for both CK-90 groups and 2.18+0.07 (-log) for ATCC 33739. This
was significantly greater than antigen loads of mock-mjected fish at ODa4os=+ 0.06 (P=0.020) or
ATCC 33739-challenged fish (P=0.033). The titer concentrations ofthe ATCC 33739 strain
were 2.18 £ 0.07 (-log) with an OD405=+ 0.34, showing that the ATCC 33739 strain was
detected in kidney tissues and the antigen p57 was present (Figure 2). This is interesting,
considering the lack of mortality, and suggests that R. salmoninarum could establish a carrier
state even i fish exposed to non-virulent or virulent strains at low doses (Faisal et al. 2010).
This would require further confirmation via cell culture to confirm in future studies, as p57
presence does not constitute bacterial viability. Additionally, the manipulation of dose (increase)
or passage of the ATCC 33739 isolate through fish prior to infection, as in Fernandez et al.

(1996), may also alter infection dynamics for this strain.

This trial builds upon our understanding of strain variation in R. salmoninarum and further

evaluates dose-response and mode of delivery for the challenge of rainbow trout. Rainbow trout



were infected with R. salmoninarum via intracoelomic injection and immersion to determine
virulence differences. The immersion challenge was essential as it mimics how a fish may
naturally be exposed to the pathogen, although no mortalities were observed over the 28-day
trial. Since R. salmoninarum is a slow-growing pathogen, it is possible that it took longer for the
pathogen to infiltrate the fish in the mmersion trial since it would have to go through the fish’s
natural defense of mucus and skin (Murray etal 1992). In contrast, the injection trial bypassed
the protective layer causing a more rapid onset of infection. Additionally, Jones et al. (2007) and
Jones and Moffitt (2004) demonstrated fish species differences in post-challenge swimming
performance and species susceptibility following exposure to isolate CK-88. Therefore, fish
strain differences may also be investigated in establishing or comparing experimental BKD

challenge models.

Furthermore, since the injection trial bypassed the fish’s primary defense mechanism for disease,
the infection was manifested efficiently, resulting in the commencement of mortalities at 20 days
post-injection and apparent separation between the high and low-dose CK-90 showing at days
22-23 post-challenge initiation. A challenge by Murray et al. (1992) concluded that chinook
salmon (Oncorhynchus tshawytshca) that were immersed in water containing high and low doses
of R. salmoninarum (isolate 384) did not exhibit mortalities until day 180 to day 305, depending
on the dose given (Murray et al. 1992). Based on this information, fish in the CK-90 immersion
challenge may have started showing clinical signs of R. salmoninarum past the 28-day trial
period. There have been various studies investigating R. salmoninarum challenge trial durations,
such as 34 days (Campos-Perez et al. 2000), 60 days (Polinski et al., 2010), and 90 days (Jones et
al. 2007). Therefore, an extended post-challenge monitoring time may be important to implement

mn future BKD immersion challenge studies. It is important to note that this preliminary in vivo



challenge trial work provided a base dose for the evaluation of strain CK-90 for use in immersion
challenges. However, this dose may have still been too low in comparison to the injection
challenge doses for CK-90. Modifications for an ideal, elongated period of exposure is also
necessary for this strain. Piganelli et al. (1999) performed a 22h exposure, while Campos-Perez
(2000), left rambow trout overnight n 100 L of aerated water. This factor of time (and perhaps
an additional mechanism of stress as a factor with static incubations over long durations) also
needs to be further defined for this CK-90 stain. Overall, the R. salmoninarum antigen, p57, was
confirmed via ELISA to have been present in all immersion and injection-challenged trial fish
even if no mortalities were recorded during the trial. Results from this trial provide mortality
data on the virulence and delivery route of R. salmoninarum strains in rainbow trout and
establish a baseline for further development of challenge models in cultured rainbow trout. Such
efforts are important and may aid in future development and assessment of preventative BKD

control methods by incorporating in vivo pathogen challenge models.

Acknowledgments:

We are grateful to the Office of Undergraduate Research at the University of Idaho for providing
funding for this study (Project #724961) and the University of Idaho Animal Care and Use
Committee for project approval (Approval #2019-12). We thank Bradyn Ford, Sinem Gulen,
Isabel Ridder, and Wade Skovgard for assisting in fish husbandry and necropsies. We thank
Scott Williams and Daniel Korbel for providing rambow trout used in this study. We thank Dr.
Christine Moffit and Dworshak NFH (USFWS) for providing Renibacterium salmoninarum

samples.



References

Balfry, S.K., Abbright, L.J. and Evelyn, T.P.T. 1996. Horizontal transfer of Renibacterium
salmoninarum among farmed salmonids via the fecal-oral route. Diseases of Aquatic

Organisms. 25:63—69.

Bruno, D.W., and A.L.S. Munro. 1986. Observations on Renibacterium salmoninarum and the

salmonid egg. Diseases of Aquatic Organisms. 1:83—87.

Campos-Perez, J.J., Ward, M., Grabowski, P.S., Ellis, A.E. and Secombes, C.J., 2000. The gills
are an important site of INOS expression in rainbow trout Oncorhynchus mykiss after

challenge with the Gram-positive pathogen Renibacterium salmoninarum. Immunology.

99(1):153-161.

Chambers, E., R. Gardiner, E.J. Peeler. 2008. An investigation into the prevalence of
Renibacterium salmoninarum in farmed rainbow trout, (Oncorhynchus mykiss)
(Walbaum), and wild fish populations in selected river catchments in England and Wales

between 1998 and 2000. Journal of Fish Diseases. 89-96.

Daly, J.G., R. Stevenson. 1985. Charcoal agar, a new growth medium for the fish disease

bacterum Renibacterium salmoninarum. Applied and Environmental Microbiology.

50:4:868—871.

Delghandi, M. R., M. El-Matbouli, and S. Menanteau-Ledouble. 2020. Renibacterium
salmoninarum—The causative agent of bacterial kidney disease in salmonid fish.
Pathogens. 9-10.

Dixon, P.F. 1987. Detection of Renibacterium salmoninarum by the enzyme-linked

mmunosorbent assay (ELISA). Journal of Applied Ichthyology. 3:2:77-82.



United States Geological Survey Western Fisheries Research Center. Double polyclonal enzyme-
lnked mmmunosorbent Assay (ELISA) for the detection of Renibacterium salmoninarum.
Standard operating procedure protocol ID: BACT-2, Ver 02. 2012. 1-18.

Elliott, D.G., McKibben, C.L., Conway, C.M., Purcel, M.K., Chase, D.M. and L.J. Applegate.
2015. Testing of candidate non-lethal sampling methods for detection of Renibacterium
salmoninarum n juvenile Chinook salmon Oncorhynchus tshawytscha. Diseases of
Aquatic Organisms. 114: 21-43.

Evenden, A.J., T.H. Grayson, M.L. Gilpin, C.B. Munn. 1993. Renibacterium salmoninarum and
bacterial kidney disease- the unfinished jigsaw. Annual Revolution of Fish Diseases. 87—

104.

Faisal, M., Eissa, A. E., & Starliper, C. 2010. Recovery of Renibacterium salmoninarum from
naturally infected salmonine stocks in Michigan using a modified culture protocol.

Journal of Advanced Research, /(1), 95-102.

Fenichel E.P., J.I. Tsao, M.L. Jones. 2009. Modeling fish health to inform research and
management: Renibacterium salmoninarum dynamics in Lake Michigan. Ecological

Applications. 19(3):747-760.

Fernandez, A.IL., Perez, M.J., Rodriguez, L.A. and Nieto, T., 1995. Surface phenotypic
characteristics and virulence of Spanish isolates of Aeromonas salmonicida after passage
through fish. Applied and Environmental Microbiology, 61(5):2010-2012.

Fetherman, E. R., B. Neuschwanger, T. Davis, C. L. Wells, and A. Kraft. 2020. Efficacy of
Erymicin 200 injections for reducing Renibacterium salmoninarum and controlling

vertical transmission in an inland rainbow trout brood stock. Pathogens. 9(7).



Gudmundsdéttir Sigridr, S. U. Helgason, Sigurjonsdottir Herdis, Matthiasdottir Sigridur, H.
Jonsdottir, B. Laxdal, and E. Benediktsdottir. 2000. Measures applied to control
Renibacterium salmoninarum infection in Atlantic salmon: a retrospective study of two
sea ranches in Iceland. Aquaculture. 186(3-4):193-203.

Jansson E., O. Ljungberg. 1998. Detection of humoral antibodies to Renibacterium
salmoninarum in rainbow trout Oncorhynchus mykiss and Atlantic salmon Salmo salar
challenged by immersion and in naturally infected populations. Diseases of Aquatic

Organisms. 33:93-99.

Jones, D.T. and Moffitt, C.M., 2004. Swimming endurance of bull trout, lake trout, Arctic char,
and rainbow trout following challenge with Renibacterium salmoninarum. Journal of

Aquatic Animal Health, 16(1):10-22.

Jones D.T., C.M. Moffitt, K. Kenneth Peters. 2007. Temperature- mediated differences in
bacterial kidney disease expression and survival in Renibacterium salmoninarum

challenged bull trout and other salmonids. North American Journal of Fisheries

Management. 27:695-706.

Kaattari, S.L., & Piganelli, J. D. 1996. The specific immune system: humoral defense. In Iwama

G., & Nakanishi T. (Eds), Fish Physiology. 15207-254.

McKibbon, C.L., R.J. Pascho. 1999. Shedding of Renibacterium salmoninarum by infected

Chmook salmon Oncorhynchus tschawytscha. Diseases of Aquatic Organisms. 38:75-79.

Mitchell, A., A. Goodwin. 2004. Bacterial Kidney Disease (BKD). In 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 edition.



Munson, A. D., Elliott, D. G., & Johnson, K.2010. Management of bacterial kidney disease in
chinook salmon hatcheries based on broodstock testing by enzyme-linked immunosorbent
assay: A multiyear study. North American Journal of Fisheries Management, 30(4), 940—

955. https//doi.org/10.1577/m09-044.1

Murray, C.B., T.P. Evelyn, T.D. Beacham, L.W. Barner, J.E. Ketcheson, L. Prosperi-Porta
(1992) Experimental induction of bacterial kidney disease in chinook salmon by

mmersion and cohabitation challenges. Diseases of Aquatic Organisms. 12:91-96.

Murray, A.G., Munro, L.A., Wallace, 1., Allan, C.E.T., Peeler, E.J. 2012. Epidemiology of
Renibacterium salmoninarum i Scotland and the potential for compartmentalised

management of salmon and trout farming areas. Aquaculture. 324-325, 1-13.

Pascho, R.J., Elliott, D.G. and Chase, D.M. 2002. Comparison of traditional and molecular
methods for detection of Renibacterium salmoninarum. In: Cunningham, C.O. (ed.)

Molecular Diagnosis of Salmonid Diseases. Kluwer, Dordrecht, The Netherlands. 157—

209.

Piganelli, J.D., Wiens, G.D., Zhang, J.A., Christensen, J.M. and Kaattari, S.L. 1999. Evaluation
of'a whole cell, pS7-vaccine against Renibacterium salmoninarum. Diseases of Aquatic

Organisms. 36(1):37-44.

Polinski, M.P., T.R. Fehringer, K.A. Johnson, K.R. Snekvik, S.E. LaPatra, B.R. LaFrentz, S.C.
Ireland, K.D. Cam. 2010. Characterization of susceptibility and carrier status of burbot,
Lota lota (L.), to IHNV, IPNV, Flavobacterium psychrophilum, Aeromonas salmonicida

and Renibacterium salmoninarum. Journal of Fish Diseases. 559-570.



Powell, M., K. Overturf, C. Hogge, and K. Johnson. 2005. Detection of Renibacterium
salmoninarum mn chinook salmon, Oncorhynchus tshawytscha (Walbaum), using
quantitative PCR. Journal of Fish Diseases. 28(10):615-622.

Rozas-Serri, M., C. Lobos, R. Correa, R. Ildefonso, J. Vasquez, A. Munoz, L. Maldonado, V.
Jaramillo, D. Conuecar, C. Oyarzun, R. Walker, C. Navarrete, J. Gayosa, P. Mancilla, A.
Pena, C. Senn, and F. Schwerter. 2020. Atlantic salmon pre-smolt survivors of
Renibacterium salmoninarum infection show mhibited cell-mediated adaptive immune
response and a higher risk of death during the late stage of infection at lower water
temperatures. Comparative Immunology.

Sanders, J.E., J.L. Fryer .1980. Renibacterium salmoninarum, the causative agent of bacterial
kidney disease in salmonid fishes. International Journal of Systematic Bacteriology.

30(2)496-502.

Yoshimizu, M. 1996. Disease problems of salmonid fish in Japan caused by international trade.

Review of Science Technology International Epidemiology. 15:22:533-549.



Figure Legends

Figure 1: Cumulative percent mortality of rambow trout challenged with various strains and doses
of R. salmoninarum. Presented values are the mean = SEM (15 fish per tank; n=3). Different letters
denote significant differences among R. salmoninarum strains used in challenge.

Figure 2: Antigen load (as determined by ELISA) of R. salmoninarum mn the kidney tissues of
challenged rambow trout at 28 days post-challenge (P<0.001). Different letters denote significant
differences in antigen load among bacterial strains.
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