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Abstract: Infectious bacterial pathogens are a concern for aquaculture as estimates suggest that
billions of US dollars are lost annually in aquaculture due to disease. One of the most prevalent
salmonid pathogens is the bacterium Flavobacterium psychrophilum that causes bacterial coldwater
disease. We reviewed the published F. psychrophilum literature and conducted a Bayesian analysis
to examine large-scale patterns in rainbow trout (Oncorhynchus mykiss) mortality associated with
laboratory challenge. We incorporated factors that were common across a majority of the laboratory
exposure studies and these included bacterial dose, culture time, exposure method, bacterial isolate,
experimental duration, and fish weight. The comparison showed that injection as the exposure
method produced higher mortality than bath immersion, bacterial isolates differed in their effect
on mortality, and bacterial dose has an interactive effect with fish weight and exposure method.
Our comparison allows for inference on factors affecting rainbow trout mortality due to exposure
to F. psychrophilum and suggests avenues to further optimize research protocols to better reach
study goals.
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1. Introduction

Diseases are a major concern in the production, management, and conservation of
fish and wildlife populations and can contribute to the decline and extinction of wild and
domesticated animal populations [1-7]. Infectious bacterial pathogens are particularly
concerning for aquaculture and affect many economically important cultured fishes such as
salmon, trout, tilapia, and catfish [8,9]. Additionally, billions of US dollars are lost annually
due to bacterial diseases in aquaculture [10]. Bacterial disease outbreaks can also lead to
temporary or full suspension of stocking into wild fisheries [11], potentially impacting both
populations of conservation concern and recreational fisheries.

One of the most problematic salmonid pathogens in the world is the bacterium
Flavobacterium psychrophilum that causes bacterial coldwater disease (BCWD) also known
as rainbow trout fry syndrome (RTFS) in many European countries. Bacterial coldwater
disease is characterized by a white discoloration around the adipose fin at the early stages
of the disease that transitions into caudal peduncle lesions, revealing underlying muscles
and bones [12,13]. Epizootics of BCWD typically occur at low water temperatures, between
4° and 10 °C [14], accounting for the name bacterial coldwater disease; however, outbreaks

Pathogens 2022, 11, 1318. https:/ /doi.org/10.3390/pathogens11111318

https:/ /www.mdpi.com/journal/pathogens



Pathogens 2022, 11, 1318

20f14

have been reported in water temperatures up to 15 °C [15]. Outbreaks have also been
reported in different species of salmonids since 1948 [14,16]. Flavobacterium psychrophilum
infections typically affect age-0 salmonids but can occur in older individuals [12,17,18].
Mortality associated with infection can be up to 90% in hatchery settings [17,19] depending
on temperature and developmental stage of the host [20,21].

Laboratory exposure studies are typically conducted to evaluate mortality, disease
severity, transmission, and vaccine efficacy. Mortality associated with bacterial exposure
is a commonly reported and relevant endpoint. Other commonly reported experimental
factors associated with BCWD mortality include bacteria culture method, bacteria culture
time, exposure method, bacterial isolate, vaccine type, host immunity, fish species such
as rainbow trout (Oncorhynchus mykiss) strains with genetic resistance to F. psychrophilum,
and fish size [22-30]. However, generalizing from published studies of mortality is difficult
because of variability in experimental factors among studies. For instance, mortality
due to bacterial exposure has been shown to be dose dependent [31,32] but the bacterial
doses differ among challenge experiments [27,32-34]. Similarly, differences in culture
time have been shown to be dependent on the length of time bacteria are cultured [22].
Typical bacterial culture times range between 18 h and 96 h [22,23,31,32,35]. Bacterial
coldwater disease can affect larger individuals, as well as smaller age-0 fish, and creates
high mortality [14,32], suggesting that fish size is also an important factor. The method used
to expose fish to the bacterium may also play a role in mortality differences observed among
studies. The most common exposure methods are intramuscular injection, intraperitoneal
injection, subcutaneous injections, and bath immersion. Comparisons among exposure
methods illustrate that intramuscular injections resulted in higher fish mortality than
intraperitoneal injections [31]. Due to the worldwide distribution of F. psychrophilum, there
are many isolates that vary in pathogenicity and host species [36-39]. However, due to
variation among laboratories, protocols, and experimental goals, it is difficult to make
general inferences regarding the relationship between experimental factors and disease
outcomes.

Here, we review the F. psychrophilum literature to investigate factors affecting variation
in mortality in susceptible rainbow trout during experimental exposures to F. psychrophilum.
In particular, we examined how bacterial dose, culture time, exposure method, bacterial
isolate, number of challenge days, bath exposure time, exposure media, and mass of the
fish impacted mortality of rainbow trout. In addition, we used Bayesian analytical methods
to compare how different protocols affect mortality due to F. psychrophilum exposure. Un-
derstanding how differences in exposure protocols affect exposure outcomes, like mortality
may support advances in knowledge and management of BCWD and the health of cultured
salmonids around the world.

2. Results
2.1. Data Collection

Using our search criteria, 604 manuscripts met one criterion or more and 23 met
all search criteria. All 23 studies from which we took data were published since 1999
(Table 1). The 23 manuscripts accounted for 142 data points that were used in the analysis.
Of the 142 total data points, 43 data points were mock exposure/no treatment controls
(injection or immersion exposure with no bacteria; dose and culture time equal to zero)
and 99 were bacterial exposures. Rainbow trout weights reported are mean weights
and ranged between 0.3 g and 300 g. Ten different bacterial isolates were identified
(Table 1). Bacterial doses ranged from 7.00 x 10? colony forming units per mL (CFU/mL) to
8.90 x 108 CFU/mL. Four methods of exposures (mock exposures and bacterial exposures)
were documented, including subcutaneous injection (1 = 42 data points), intraperitoneal
injection (1 = 60), intramuscular injection (1 = 22) and bath immersion exposure (1 = 18).
When bath immersion was used, time of exposure ranged between 1 h and 48 h. The
number of challenge days ranged between 6 days and 32 days. The duration the bacterium
was cultured ranged between 18 and 72 h (Table 1).
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Table 1. Data used within the analysis showing how many data points were included, F. psychrophilum
dose range (CFU/mL), exposure type (subcutaneous injection (Sub), intramuscular injection (IM),
intraperitoneal injection (IP), and bath immersion), experiment duration (days), bacterial isolate used,
weight range (g), number of culture hours used, and length of bath immersion (hours) from each

author.
Data Exposure Experiment Weight Culture . .
Points Dose Range Type Duration Isolate © Hours Bath Time  Manuscript Author
950106-1/1,
99/1A
_ 7 , _
31 700-4.0 x 10 P 28 99/10A, 1.0-28 48 NA 1 [32]
900406-1/3
11 42 % 10%-4.2 x 107 IP, IM 29 JIP 02-97 45 36 NA 2 [31]
6 1.0 x 106 P 6 Dubois 1-300 72 NA 3 [20]
4_
12 1.25 x 11%6 1.25 x Sub 28 CSF259-93 14 72 NA 4 [27]
6
3 625 x 11%7 625 % Sub 28 CSF259-93 7.5 72 NA 5 [40]
10 2.0 x 105-3.4 x 108 Bath 14 NCIMB1947  1.1-6.4 18-66 1 6 [22]
6_,
6 6:25 x 11%7 625 x Sub 28 CSF259-93 46,15 48 NA 7 331
8 3.0 x 10°-7.0 x 106 Sub 28 CSF259-93 5 72 NA 8 [41]
2 1.0 x 10°-1.0 x 107 Bath 30 950106-1/1 0.77 24-48 24,48 9 [42]
3 2.0 x 108-5.0 x 10® Sub 28 CSF259-93 2.3 72 NA 10 [43]
7 _
6 PO x 102120 % Sub 28 CSF259-93 5,10 9% NA 1 [35]
4 7.9 x 108-8.9 x 108 Bath 28 CSF259-93 03,15 48 1 12 [34]
6 3.6 x 105-6.3 x 107 P 21 CSF259-93 6.8-9.5 72 NA 13 [44]
2 1.03 x 107 Sub 28 CSF259-93 4 72 NA 14 [45)
2 1.2 x 107 P 28 CSF259-93 0.5 72 NA 15 [46]
4 3.03 x 107 P 21 FPG-101 75 72 NA 16 [47]
2.29 x 107-3.0 x 3.08, )
4 107 P 28 CSF259-93 107 72 NA 17 [48]
2 1.0 x 108 Bath 28 AVU-1T/07 ﬁ‘;g 24 5 18 [49]
2 1.4 x 107 P 28 950106-1/1 35 48 NA 19 [24]
1 47 x 107 M 28 CSF259-93 35 72 NA 20 [50]
NCIMB1947,
3_ 7 ’
12 1 x 103-1 x 10 M 21 050106.1/1 5 48 NA 21 [51]
2 1.0 x 106 Sub 28 CSF259-93 35 72 NA 22 [52]
3 1.34 x 10° M 21 CSF259-93 11i4; 18-72 NA 23 [23]

2.2. Regression

The two Markov chain Monte Carlo (MCMC) chains mixed and converged to the target
distributions (visual inspection of trace plots and Gelman and Rubin diagnostic values = 1.0
for all model parameters) and the model fit the data well (Bayesian p-value for the expected
value of mortality = 0.64; Bayesian p-value for the standard deviation for the expected
value of mortality = 0.28). The standard deviation of the mortality values among the data
was 0.04. To account for the non-independence of multiple data points from the same
manuscript, we included an intercept term for each manuscript. Intercepts ranged between
—1.25 and —0.11 and all manuscripts had a mean negative intercept with large overlapping
95% credible intervals, indicating that the majority of studies that we included did not have
some large random effect influencing mortality (Supplementary Figure S1). Regression
coefficients ranged between —0.96 and 0.94 (Table 2; Figure 1) and many coefficients had
95% credible intervals that overlapped zero or had only slight positive or negative effects.
Standard deviation of the regression coefficients ranged between 0.18 and 0.91, with the
coefficient associated with dose having the largest variation (Table 2). The probability of
mortality ranged between 0.5% and 97.27% across all data. The multiplicative change in
the odds of mortality based on each covariate ranged between 0.38 and 2.57 (Table 2).
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Table 2. Posterior regression coefficients (S) from standardized data with mean values, standard de-
viation values, the represented multiplicative change and the probability of the regression coefficient
being negative or positive for dose (CFU/mL), weight (g), Dose*Weight, hours, isolate (CSF259-93
through FPG-101), exposure type (none [Control or mock injection]; subcutaneous, intraperitoneal, or
intramuscular injection; bath), and Dose*Exposure type. [Neg., Pos] represents the probability of the
regression coefficient having a negative or positive effect.

Parameter Mean Standard Deviation = Multiplicative Change [Neg., Pos.]
SDose —-0.22 0.91 0.80 [59%, 41%]
SWeight —0.10 0.18 091 [72%, 28%]
SDose*Weight 0.40 0.33 1.50 [8%, 92%]
SHours 0.25 0.41 1.28 [25%, 75%]
SExperiment Duration -0.17 0.39 0.84 [69%, 31%]
SDose*Duration 0.54 0.72 1.72 [23%, 77%)
Scsr259-93 0.53 0.61 1.70 [19%, 81%]
SNcvB1947 —0.50 0.44 0.61 [87%, 13%]
Shubois —0.37 0.30 0.69 [91%, 9%]
S950106-1/1 0.39 0.50 1.48 [22%, 78%]
Syip 02-97 —0.078 0.42 0.93 [57%, 43%]
Savu-1T/07 0.20 0.38 1.22 [29%, 71%]

S99/1A 0.94 0.33 2.57 [0.2%, 99.8%]
S99/10A —0.29 0.39 0.75 [77%, 23%)]
S900406-1/3 0.85 0.31 234 [0.3%, 99.7]
SEPG-101 —-0.27 0.30 0.76 [84%, 16%]
SNone —0.96 0.67 0.38 [93%, 7%]
Ssubcutaneous 0.16 0.69 1.17 [40%, 60%]
SIntraperitoneal 0.18 0.73 1.20 [40%, 60%]
SIntramuscular 0.048 0.56 0.95 [54%, 46%]
SBath —0.49 0.57 0.62 [81%, 19%]

SBath Time —0.076 0.25 0.93 [66%, 34%]
SDose*Subcutaneous 0.039 0.44 1.04 [46%, 54%]

SDose*Intraperitoneal 0.65 0.18 1.92 [0.10/0, 99.90/01
SDose"Intramuscular 0.45 0.28 1.57 [7%, 93%]
SDose*Bath —0.28 0.83 0.76 [65%, 35%]

The probability of mortality increased with bacterial dose through interactions with weight
(Dose*Weight), experimental duration (Dose*Duration) and exposure method, (specifically
Dose*Intraperitoneal injection and Dose*Intramuscular injection but not Dose*Subcutaneous injec-
tion models). The interaction between dose and intraperitoneal injection (Dose*Intraperitoneal)
was the only exposure type effect with 95% credible intervals that did not overlap zero
and has a 99.9% probability of having higher mortality indicating an increase in mortality
when intraperitoneal injection was used as the exposure method. Dose*Intraperitoneal
injection also had the least variability of the effects that involved exposure type, with the
smallest 95% credible intervals (Figure 1). The Dose*Weight interaction also showed a
probability of being in the positive direction greater than 92% (Figure 1; Table 2) despite the
95% credible interval overlapping zero. The coefficients for intraperitoneal injection and
Dose*Subcutaneous injection showed a slight positive effect on mortality, with probabilities
ranging between 54% and 60% for the positive direction (Figure 1; Table 2). Bath exposures
produced lower mortality than other exposure types (Figure 1). Of the four exposure
types, bath immersion exposures also showed the lowest multiplicative change in the odds
(Table 2). The controls (denoted as None; Figure 1) had the largest mean negative effect
within the analysis, indicating that this group had the lowest reported mortality of the
exposure types.
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Beta Value (95% Credible Interval)

Figure 1. Calculated regression coefficients (x-axis) for each covariate (y-axis), including dose
(CFU/mL), weight (g), Dose*Weight, hours, isolate (CSF259-93 through FPG-101), exposure type
(none [Control or mock injection]; subcutaneous, intraperitoneal, or intramuscular injection; bath),
and Dose*Exposure type. Black dots represent the mean and the horizontal lines represent the
95% credible intervals. Vertical dotted black line denotes zero. Black horizontal lines indicate the
probability of the regression coefficient being negative or positive for their respective direction (thick
black lines indicate over 90% probability, dashed black lines indicate between 61-89% probability,
thin black lines indicate between 40-60% probability).

Comparison of the ten F. psychrophilum isolates included within the analysis showed
that five isolates had reduced mortality (negative effects) and five isolates had increased
mortality (positive effects) (Figure 1). Eight isolates had 95% credible intervals that over-
lapped zero, and all ten isolates had some amount of 95% credible intervals that overlapped
each other. Isolates 900406-1/3 and 99/1A clearly increased the probability of mortality
relative to the other isolates shown by large mean positive effects and over 99% probabil-
ity of having a positive effect (Figure 1; Table 2). Isolates AVU-1T/07, 950106-1/1, and
CSF259-93 also increased the probability of mortality (71-81%), indicating a minimum of
71% of the time there was a positive effect on mortality for those isolates even though their
95% credible intervals overlapped zero (Figure 1; Table 2). The five isolates that had a
negative effect on mortality had a relatively small mean negative effect but probabilities
of having a negative effect were 57% or greater (Table 2). Despite some overlap of the
95% credible intervals (e.g., 900406-1/3 versus 99/1A or NCIMB1947 versus JIP 02-97), we
found some evidence that several bacterial isolates produce higher mortality than others
(FPG-101 versus 900406-1/3, FPG-101 versus 99/1A, 900406-1/3 versus 99/10A,99/1A
versus 99/10A, 900406-1/3 versus JIP 02-97, 99/1A versus JIP 02-97, 900406-1/3 versus
NCIMB1947, and 99/1A versus NCIMB1947; Figure 1). The largest overlap among these
comparisons is 19.50% (900406-1/3 versus JIP 02-97), indicating that 80.5% of the time there
is a difference between these two isolates.

3. Discussion

Our quantitative comparison of published studies describing factors associated with
mortality due to F. psychrophilum exposure is the first to comprehensively evaluate dif-
ferences among studies. Variability in mortality among published studies was high but
overlapped considerably and did not appear to be affected by our selection criteria for
inclusion in our analysis. Our comparison analysis also indicated that differences in mor-
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tality among studies can be attributed to the Dose*Weight interaction, Dose*Intraperitoneal
injection interaction, exposure method, and bacterial isolate.

Variability in mortality associated with F. psychrophilum challenge among published
studies occurred despite recent advances in bacterial culture methods and individual lab-
oratory standardization of experimental methods. Our analysis indicates considerable
differences in F. psychrophilum infection protocol among laboratories that make broader
inferences regarding F. psychrophilum exposure among studies difficult. However, the
published literature does indicate that dose, exposure method, experiment duration, and
bacterial isolate are key factors to consider when designing exposure experiments. Never-
theless, those common key factors do not explain all the variation across the experiments
we examined. There are other factors (e.g., water temperature, fish density, husbandry
practices) that could have affected variation in mortality among the experiments. Another
source of variation that we did not include within this analysis is rainbow trout strain which
may be important because there are known genetic differences among trout strains [53] and
known heritable variation in resistance [28,44,54,55] that could explain variable responses
to bacterial exposure.

A surprising result of our analysis was the positive effect of fish weight on mortality,
showing that, for the same dose, as fish weight increases so do the odds of mortality.
The effect of Dose*Weight contradicts other observations in reviews and challenge exper-
iments, which generally show that smaller age-0 fish have higher mortality than larger
fish [14,20,32]. One potential reason for the difference between our results and previous
findings could be the broad size range of fish used in the trials we analyzed (0.3-28 g, and
300 g) whereas most studies are focused on characterizing BCWD infection in relatively
small fish (0.3-10 g). Reports in the literature do not represent all potential size ranges of
rainbow trout exposed to F. psychrophilum which may bias the effect that weight has on
mortality associated with F. psychrophilum infection. Another reason for the discrepancy
could be a non-linear effect of weight in which mortality initially increases for age-0 fish
and declines after fish reach a larger size. Investigation of non-linear effects would require
a broader range of fish weights than are currently reported in the literature. Future experi-
ments conducted with a broad range of weights would allow more thorough evaluation of
the effects of size and age on mortality associated with BCWD.

Our results indicated that experimental challenge exposure of rainbow trout to
F. psychrophilum by injection produces more mortality than by bath immersion and our
findings agree with other studies suggesting that bath immersion is highly variable or
leads to unreproducible results [31,32,46,56]. One potential reason for higher mortality is
that injection exposures allow the bacteria to bypass the external immune responses of
the fish (e.g., scales, skin, mucus) compared to bath immersion exposure, which has also
been mentioned by others [31,56]. However, bath exposure was unevenly represented in
the literature where only 12 of the 142 cases of mortality included bath exposure making
it difficult to draw conclusions based on these comparisons. Additionally, within those
12 data points, 10 were represented by the NCIMB1947 isolate, which is considered weakly
virulent [51] and could have affected the direction and magnitude of the effect of bath
immersion. It appears that intraperitoneal injection leads to more mortality compared to
intramuscular or subcutaneous injection based on the Dose*Intraperitoneal interaction.
Given the smaller variation in mortality associated with intraperitoneal injection shown in
our analysis, intraperitoneal injection may be preferable if enhanced reproducibility for the
relationship between exposure dose and mortality is needed (relative to intramuscular or
subcutaneous injections) and disease progression with respect to natural immune defense
barriers, as would be obtained from bath exposure, is not of interest. Provided proper
administration protocols are followed, injections do not damage organs, and injection
controls are included, intraperitoneal injection should result in more consistent mortality
during F. psychrophilum challenge experiments given that the goal is to assess bacteria-
caused mortality and not immune defense barriers, i.e., not mortality from the exposure
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process itself. More consistent protocols and results may lead to easier comparison between
experiments involving F. psychrophilum exposure.

Our analysis suggests that bacterial isolates differ in their effect on mortality, with
some producing higher mortality compared to others, similar to other studies [51,57].
Our analysis provides a formal way of comparing and viewing effect sizes. The benefit
of using a Bayesian approach is that it allows comparison of statistically normalized
distributions and calculation of the probability of an effect being positive or negative [58].
Comparisons between some isolates indicated a relatively high probability of differing
in their effect on mortality, while others did not seem to differ in their effects on fish
mortality. Some isolates, such as FPG-101 and 99/10A as well as Dubois, have 100%
overlap indicating no difference in mortality between the isolates. Despite the overlap
observed for some isolate pairs there are several comparisons between isolates that show
large differences in mortality; for example, 900406-1/3 and JIP 02-97 showed an 80.5%
probability of producing differences in mortality. Differences in virulence and mortality
among F. psychrophilum isolates have also been shown within the literature [26,36-39,51].
Additionally, studies show that F. psychrophilum has high genetic heterogeneity [37,39,59,60]
and genetic variation among isolates may be connected to variation in virulence [39]
which may explain the variation in mortality attributed to different isolates. It also seems
likely that unique isolates would affect rainbow trout populations differentially. In vivo
experiments have shown mixed results regarding host preference when using injection
as exposure method [61-64]. However, Knupp et al. [62] showed high mortality for coho
salmon from an isolate recovered from coho salmon and low mortality to coho salmon from
an isolate recovered from rainbow trout suggesting host-specific preferences among isolates.

Within our analysis, culture time was unevenly represented in the literature but
appeared to have no effect on mortality. A total of 82 data points represented culture times
of 48 h or greater (44, 48-h; 2, 66-h; 33, 72-h; 3, 96-h). Only 20 data points represented culture
times ranging between 18 and 36 h (4, 18-h; 5, 24-h; 11, 36-h) with the remaining 30 data
points representing no treatment controls with zero culture time. One explanation for higher
culture time reported in the literature is the potential for maximizing numbers of bacteria
harvested and an overall higher concentration of bacteria for experimental use. However,
as culture time increases, resources in the culture media decrease, leading to a combination
of bacteria that are actively replicating and inactive bacteria that are in a stationary or non-
growth phase [65]. A potential reason for culture time spanning both negative and positive
values, and thereby showing variable effects on mortality, is that bacteria in the stationary
growth phase may have lower virulence. Kondo et al. [66] suggested that F. psychrophilum
harvested at the logarithmic phase (the maximum population growth rate of the bacteria)
may result in higher virulence, and Aoki et al. [22] showed that bacteria cultured at 18 and
24 h resulted in greater fish mortality than bacteria cultured at 48 h. Our compilation of
the collected data suggests that the current F. psychrophilum published literature is lacking
in experimental infections when F. psychrophilum were harvested during their logarithmic
growth phase, ranging between 18 and 36 h of culture time [16,22]. Bacteria harvested
during the logarithmic growth phase may provide more consistent fish mortality rates
because the bacteria are all actively replicating. Defining the growth phase of the bacteria
as well as the culture times of within-challenge experiments may help researchers better
associate bacterial growth phase with mortality in the fish and allow replication in future
challenge experiments.

Bacterial dose is an important aspect of F. psychrophilum exposure experiments. Mor-
tality has been shown to be dose dependent [31,32,67] indicating that dose needs to be
accounted for in exposure experiments. Our comparison analysis suggested that dose by it-
self has no effect on mortality and is highly variable. However, the increase in mortality due
to the Dose*Weight and Dose*Intraperitoneal injection interactions indicate that dose does
affect mortality due to F. psychrophilum exposure. Mortality based on dose is expected to be
variable because of the differences in isolates, exposure methods, and different fish weights.
Because there is variable mortality based on bacterial dose, pilot experiments [67] may
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provide necessary dose-specific information until standardized procedures are achieved
within the laboratory.

For data to be included in the analysis, manuscripts had to state, clearly and explicitly,
experimental factors used and to report the factors with respect to fish mortality and
experimental unit without our making assumptions as to what was done. As such, our
analysis did not include all possible factors that may affect mortality in an F. psychrophilum
challenge experiment. For instance, the effect of culturing the bacteria on agar versus in
broth on mortality was not included within the analysis. Additional factors that may affect
mortality include fish age, aquarium system design, prestress treatments, growth media,
fish density within experimental tanks, ingredients of bacterial suspension, inoculation
media, husbandry practices, feeding rates, feed type, water temperature, host species, host
strain, and others. A number of factors were not reported, and assumption of experimental
values would have led to incorrect data incorporation across manuscripts. This resulted in
manuscripts/data not being included within the analysis because assuming data values
associated with experimental factors could lead to biased results. Examples of experimental
factor values that were not explicitly stated included providing ranges of values (e.g.,
temperatures, feeding rates, tank sizes) and not reporting certain factors (e.g., inoculation
media, age of fish, aquarium/water system type, feed rates).

Even the focal studies that explicitly reported experimental factors varied across the
literature, possibly due to the wide range of research goals and writing styles. Only 12%
of the focal studies reported fish age, compared to 100% of the manuscripts reporting
average fish weight. Regardless, age and weight are correlated in fish so would not be
used together in a statistical model. While an association with low temperature has been
reported for BCWD infections [14,15], mean time to death is shortest in water tempera-
tures between 12-15 °C [68]. All manuscripts included within the analysis reported water
temperatures ranging from 10-17 °C, indicating that temperature is an important experi-
mental factor. However, some manuscripts, for example Wagner and Oplinger [44] and
Schubiger et al. [45], reported a range in water temperatures but had no explicit value
linked to experimental mortality. Rainbow trout was the only species used in our analysis
to reduce model complexity. Rainbow trout strain was not included in our analysis because
it was not commonly reported, however, strain may explain some of the variability in
mortality that is seen among isolates. In the presence of selection, different rainbow trout
populations have shown resistance to F. psychrophilum [26,30,54]. Similar disease dynamics
have been observed with variable susceptibility to whirling disease among rainbow trout
strains [69,70]. If future manuscripts focused on F. psychrophilum challenge experiments
explicitly state all possible factors that could be associated with mortality, standardization
and reproducibility in future work would be facilitated.

Our analysis allowed for formal comparison of experimental factors across the lit-
erature and inference on the factors affecting rainbow trout mortality due to exposure
to F. psychrophilum and suggests avenues to further standardize research protocols and
goals. Establishment of protocols that will result in comparable outcomes across laborato-
ries, provide the ability to use prior experimental information in future experiments, and
improve the ability to evaluate management options to mitigate F. psychrophilum infection
will all support advancement of our understanding of the effects of BCWD on the health of
cultured salmonids. Moving forward, our results provide steppingstones for reducing vari-
ation in F. psychrophilum mortality and, in turn, sets the stage for more powerful inferences
and better comparisons across laboratories.

4. Materials and Methods
4.1. Data Collection

We identified studies published in peer reviewed journals in Web of Science, Academic
Search Premier, and Google Scholar using combinations of search terms that are associated
with bacterial coldwater disease, rainbow trout fry syndrome, and F. psychrophilum research
(Table 3). The term “bacterial coldwater disease” covered and reported other spellings
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such as: “bacterial cold water disease” and “bacterial cold-water disease” within the search
engines. We also identified studies by searching the literature cited sections of papers
obtained during the initial search. Literature search occurred in November 2020. Due to ad-
vancements in reproducibility of culture methods and challenge standardization occurring
around 1999 [16], manuscript dates were restricted from 1999 to 2020. The previous scien-
tific names (Cytophaga psychrophilla and Flexibacter psychrophilus) were not used because the
name changed to Flavobacterium psychrophilum in the mid to late 1990s [71]. Due to the broad
variety of research goals, wide ranging experimental factors, and statistical requirements,
not all published studies were included within our dataset. We only included studies
that used rainbow trout as the study species and that reported the F. psychrophilum isolate
used, number of hours the bacterium was cultured, infection/exposure method, number
of challenge days, exposure media, amount of time associated with exposure method
(time for bath exposure), bacterial dosage used, weight of fish at the time of infection, and
mortality or the number of fish dead out of the total number of fish infected. We extracted
data manually from the text, tables, figures, and provided supplementary information,
taking only information pertaining to susceptible (able to contract BCWD/RTFES) and naive
(never exposed to F. psychrophilum) rainbow trout within F. psychrophilum experiments.
Each data point in our analysis consisted of the dependent variable, mortality (defined
as cumulative percent mortality which was constructed from reported percent mortality,
percent survival, cumulative percent mortality, and/or change in number of fish from a
starting value), and associated covariates thought to affect mortality including dose used
to expose the fish (mock exposure/no treatment controls represented by zero dose), weight
of the fish, hours the bacteria were cultured (mock exposure/no treatment controls repre-
sented by zero hours), exposure method (intraperitoneal injection, subcutaneous injection,
intramuscular injection, bath immersion), amount of time for bath exposures, number of
days the challenge experiment lasted, bacterial isolate, the interaction between dose and
fish weight (Dose*Weight), the interaction between dose and number of days the challenge
experiment lasted (Dose*Duration), and the interaction between dose and the exposure
method (Dose*exposure method).

Table 3. The search terms and Boolean terms used for data collection in Web of Science, Academic
Search Premier, and Google Scholar.

Search Terms

1 Flavobacterium psychrophilum

2 bacterial coldwater disease

3 Rainbow Trout Fry Syndrome

4 Flavobacterium psychrophilum AND challenge

5 bacterial coldwater disease AND challenge

6 Rainbow Trout Fry Syndrome AND challenge

7 Flavobacterium psychrophilum AND experiment

8 bacterial coldwater disease AND experiment

9 Rainbow Trout Fry Syndrome AND experiment

10 Flavobacterium psychrophilum AND exposure

11 bacterial coldwater disease AND exposure

12 Rainbow Trout Fry Syndrome AND exposure

13 Flavobacterium psychrophilum AND infection

14 bacterial coldwater disease AND infection

15 Rainbow Trout Fry Syndrome AND infection

16 Flavobacterium psychrophilum AND challenge OR experiment OR exposure OR infection
17 bacterial coldwater disease AND challenge OR experiment OR exposure OR infection
18  Rainbow Trout Fry Syndrome AND challenge OR experiment OR exposure OR infection
19 Flavobacterium psychrophilum OR bacterial coldwater disease OR Rainbow Trout Fry

Syndrome AND challenge OR experiment OR exposure OR infection
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4.2. Regression

Prior to statistical modeling of mortality, all covariate pairs were examined for collinearity.
Each non-numerical categorical variable (e.g., bacterial isolate) was transformed into an indicator
variable, represented by a zero or one. Due to large differences in units and scale for each
predictor, we standardized all covariate values prior to analysis by subtracting the mean of
the covariate group and dividing by two standard deviations [72] (Supplementary Table S1).

Mortality, measured as the number of dead fish (y; ;), was analyzed using a hierarchical
Bayesian binomial beta regression model (bold indicates vectors):

g(SO,jr S, Xi,]') = inverse logit(So,j, +51Xi,]' + -+ 5263(1',]'), @)

[p,S, So,0%, 1z, 07| y]
n
« ]_[1 Hlbinomial (i | pij)
i=1j=
x beta(pj; | g(Soj, S, xi;), %) x normal(Sy; | u, 07)
xnormal(S | 0, 1.96) x uniform(c? | 0, 100)
xnormal(p; | 0, 1.96) x uniform(c | 0, 100)

using Just Another Gibbs Sampler (JAGS) within program R (version 4.1.3) [73]. The i rep-
resents observation, j represents the individual manuscripts, p; ; represents the probability
of mortality, So; represents the intercept that varies with manuscript accounting for the
non-independence of data from the same manuscript of how the data were collected, and
S1, ... 26 represents regression coefficients associated with each covariate (see Table S1 for
full listing of the covariates considered). The use of a binomial beta mixture distribution
allowed for added variation not accounted for with a traditional binomial regression model.
Vague prior information was used for each regression coefficient parameter (S) associated
with each covariate and the mean of the intercepts (y), with the means equal to zero and
the variance equal to 1.96 from a normal distribution. Because we used a logit link function
in the model, the variance was set at 1.96 [73]. Vague prior information for variances (¢
and o¢,) was from a uniform distribution ranging from zero to 100.

Posterior inference for model parameters and derived quantities were based on three
chains of 680,000 Markov chain Monte Carlo (MCMC) samples following convergence after
a burn in period of 20% of the total iterations (170,000). Convergence for model parameters
was determined by visual inspection of mixed trace plots and the use of Gelman and Rubin
diagnostic values [74]. Gelman and Rubin diagnostic values less than 1.1 indicate model
convergence [58]. Inferences about mortality were evaluated by examining the posterior
distribution for each covariate allowing for a calculated mean and 95% credible interval for
each factor. Lack of fit was assessed using posterior predictive checks, or Bayesian p-values,
where values <0.1 and >0.9 indicate lack of fit [58]. We present the multiplicative change
in odds of mortality (eregression COefﬁCient), mean effect size, and the associated 95% credible
intervals for each covariate to illustrate their impact on fish mortality.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pathogens11111318/s1, Table S1. Factors affecting post-challenge
survival of Flavobacterium psychrophilum in susceptible rainbow trout from the literature; Figure S1.
Factors affecting post-challenge survival of Flavobacterium psychrophilum in susceptible rainbow
trout from the literature.
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