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Abstract

Salmonid Rickettsial Septicemia (SRS) is the disease of greatest economic importance in
the Chilean salmon farming industry, causing high mortality in fish during the final stage of
their productive cycle at sea. Since current, commercially available vaccines have not dem-
onstrated the expected efficacy levels, antimicrobials, most commonly florfenicol, are still
the main resource for the treatment and control of this pathogen. The aim of this study was
to determine the most appropriate single dose of florfenicol, administered through medi-
cated feed, for the treatment of Piscirickettsia salmonis (P. salmonis), using pharmacoki-
netic/pharmacodynamic (PK/PD) models. Previously, Minimum Inhibitory Concentrations
(MICs) of florfenicol were determined for 87 P. salmonis isolates in order to define the epide-
miological cut-off point (COwr). The most commonly observed MIC was 0.125 pg mL™"
(83.7%). The CO value was 0.25 pg mL™" with a standard deviation of 0.47 log, ug mL™
and 0.36 log, pg mL™", for Normalized resistance interpretation (NRI) method and ECOFFin-
der method, respectively. A MIC of 1 ug mL™" was considered the pharmacodynamic value
(PD) to define PK/PD indices. Three doses of florfenicol were evaluated in fish farmed under
controlled conditions. For each dose, 150 fish were used and blood plasma samples were
collected at different time points (0—48 hours). PK parameters were obtained from curves
representing plasma concentrations as a function of time. The results of Monte Carlo simu-
lation indicate that at a dose of 20 mg/Kg |.w. of florfenicol, administered orally as medicated
feed, there is 100% probability (PTA) of achieving the desired efficacy (AUCq.24n/MIC>125).
According to these results, we suggest that at the indicated dose, the PK/PD cut-off point for
florfenicol versus P. salmonis could be 2 pg mL™" (PTA = 99%). In order to assess the
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indicated dose in Atlantic salmon, fish were inoculated with P. salmonis LF-89 strain and
then treated with the optimized dose of florfenicol, 20 mg/Kg bw for 15 days.

Introduction

Resistance to antimicrobials is a common problem in human and veterinary medicine, there-
fore the World Organization for Animal Health [1], jointly with FAO/WHO, points out that
preventative measures should be carried out under the "One Health" approach; thus promot-
ing the responsible and prudent use of antimicrobials in the human population as well as in
terrestrial and aquatic animals.

Piscirickettsia salmonis is a gram-negative bacterium, facultative intracellular, aerobic, pleo-
morphic, not encapsulated and is the etiological agent of piscirickettsiosis or Salmonid Rickett-
sial Septicemia (SRS) [2, 3]. It has affected the Chilean salmon farming industry since 1989
and is characterized by causing high mortality in fish at the fattening stage, the final stage of
the productive cycle at sea. It is the most important disease of in the salmon-farming sector in
terms of economic impact, generating economic losses of up to US $450 million, due to mor-
tality, antibiotic treatment and vaccination costs [3, 4].

Since current, commercially available vaccines have not demonstrated the expected efficacy,
antimicrobials are still the main resource for the treatment and control of this pathogen [3].
According to information provided by the Program for Sanitary Management of National
Fisheries and Aquaculture Services of Chile [5], around 90% of antimicrobial therapies carried
out in seawater farming sites are aimed at the treatment of Piscirickettsiosis, with florfenicol
being the most common line of defense. This report also states that veterinarian-recom-
mended doses of florfenicol for oral therapies range from 20 to 40 mg/kg L.w., even though the
Veterinary Medical Registry of Chile recommends a dose of 10 mg/kg l.w. for various salmo-
nid species. This is a major concern for both the salmon industry and national authorities, as
studies indicating the most appropriate dose of florfenicol in salmonids are lacking.

Florfenicol is a broad-spectrum antimicrobial used in veterinary medicine that belongs to a
family of agents that includes thiamphenicol and chloramphenicol [6]. Florfenicol is a mole-
cule of synthetic origin; it is a structural analog of thiamphenicol and has greater in vitro activ-
ity against pathogenic bacteria than chloramphenicol and thiamphenicol [7, 8]. The phenicol
group acts to inhibit bacterial protein synthesis by binding to the 50S and 70S subunits in the
ribosome, abolishing peptidyl transferase activity [9]. Florfenicol is not susceptible to inactiva-
tion by chloramphenicol transacetylase. It was approved in the European Union in 1995 for
use in veterinary medicine for the control and treatment of several bacterial diseases in cattle,
pigs and later in commercial salmon farming [8]. It is now widely used in aquaculture for the
treatment of different pathogenic bacteria in fish, including Aeromonas salmonicida, Aeromo-
nas hydrophila, Vibrio anguillarum, Vibrio salmonicida, Edwardsiella tarda, Edwardsiella icta-
luri, Flavobacterium psychrophilum, Flavobacterium columnare [10-13]. Florfenicol was
licensed in Chile in 1994 to treat diverse bacterial diseases in Chilean salmon farming [13].
The recommended dosage of florfenicol is usually 10 mg/Kg bw once daily for 10 days [10, 14-
17], but some authors recommend 15 mg/Kg bw for 10 consecutive days [18, 19]. Florfenicol
is effective against intracellular microorganisms, like Piscirickettsia salmonis [20-21], as it is
highly lipophilic, provides concentrations high enough to treat intracellular pathogens and to
cross some anatomic barriers and is primarily bacteriostatic. Reports on pharmacokinetic pro-
files of florfenicol in different animal species indicate that its bioavailability is close to 90%,
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achieving high concentrations in plasma and peripheral tissues due to its low binding to
plasma proteins [6, 22-24]. Pharmacokinetic profiles have also been described for a variety of
fish species, including Atlantic salmon [25-29], which consistently demonstrate high bioavail-
ability, high volume of distribution and rapid elimination.

In recent years, there have been major changes in the dosing regimens of existing
antimicrobials, as an "optimal antibiotic therapy" must achieve bacterial eradication and
resolution of the infection with minimal impact on the development of resistance [30]. This
requires integrating knowledge of the mechanisms involved in the effect of antimicrobials
(pharmacodynamics) and the evolution of antimicrobial concentrations in the organism
(pharmacokinetics) through pharmacokinetic/pharmacodynamic models (PK/PD) [31].
Therefore, the integration of PK/PD into dosage-regimen optimization is of critical interest. In
these PK/PD models, the pharmacodynamic parameter (PD) commonly used is the Minimum
Inhibitory Concentration (MIC), defined as the lowest concentration of an antimicrobial that
visibly inhibits bacterial growth after an incubation period under standardized conditions
[32].

Several authors have used validated and standardized protocols to determine the MIC val-
ues of florfenicol against isolated P. salmonis obtained from different marine farms in different
periods [20, 21, 33]. These studies describe MIC ranges for wild-type strains (WT) and epide-
miological cut-off points (COwr).

On the other hand, because florfenicol has been shown to be an independent concentra-
tion-antimicrobial with prolonged post-antimicrobial effects, the most suitable PK/PD index
for determining the optimal dose is AUC ,4,/MIC [4], as demonstrated in other animal spe-
cies against Streptococcus suis [34], Actinobacillus pleuropneumoniae and Pasteurella multocida
[35].

Due to the scarcity of information on the optimal dose of florfenicol in aquatic species, the
aim of this study was to determine the most appropriate dose of this antimicrobial for the
treatment of Piscirickettsia salmonis in Salmo salar, using PK/PD models to ensure its efficacy
and to minimize development of resistance. To obtain the PD parameter, florfenicol MICs
were evaluated in P. salmonis isolates obtained from marine farms located in different geo-
graphical zones of southern Chile. After assessing whether MIC ranges had a statistically nor-
mal distribution, the wild-type epidemiological cut-off point (COy) was determined.

To obtain PK parameters, three doses of florfenicol were evaluated in fish farmed under
controlled conditions, in order to obtain a curve of plasma concentrations as a function of
time. From each curve, the following PK parameters were obtained: AUC,_,4p,, Cmax and
Tmax. The PK/PD surrogate established for each dose was: AUC 4,/ MIC.

Based on Monte Carlo simulation, the dose with a probability greater than 90% of reaching
the pharmacodynamic objective (PTA) is defined using the PK/PD indices obtained in each
work group. PTA values > 90% are considered indicative of efficacy according to Canut et al.
(2015) [30] and Turnidge and Paterson (2007) [36].

In order to assess the optimized dose of florfenicol, in the control of P. salmonis in Atlantic
salmon, a challenge assay was performed under controlled conditions.

Material and methods
Bacterial isolation and identification

A total of 87 Piscirickettsia salmonis isolates, obtained from fish infected with Salmonid Rick-
ettsial Septicemia (SRS) at different aquaculture farms in southern Chile, between south lati-
tude -41,8159 and 45,8159, and west longitude -73,1134 and -73,4931, with an average
temperature between 8 and 16°C, and a density between 1 and 25 Kg/m® were analyzed.
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Eighty-three strains were isolated between 2014 and 2017, and 4 were isolated between 2012
and 2013. Diagnosis was made by the veterinarian responsible for the aquaculture farms based
on clinical signs, results of necropsy (lesions on the liver, skin, muscles, etc.) and RT-PCR for
P. salmonis, according to the recommendations of Karatas et al, 2008 [37].

For bacterial isolation, samples were taken with a sterile handle directly from those organs
showing macroscopic signology consistent with SRS, such as nodular lesions on the liver, vesi-
cles on the skin, bullae, ulcers, muscle caverns, splenomegaly, hepatomegaly and congestive
enteritis, among others [38, 39]. Samples were inoculated using the stria method on Piscirick-
ettsia salmonis agar plates (PSA) for subsequent incubation at 16°C for 6 to 12 days [40].

Bacterial identification was performed by Gram stain, immunofluorescence and polymer-
ase chain reaction (PCR) according to the protocol described by Karatas et al. (2008) [37]. The
isolates identified as P. salmonis were placed in cryovials (Cryobank Copan) following the
manufacturer’s recommendations; they contained a mixture of 80% AUSTRAL-SRS broth
[41] and 20% DMSO (Merck), and were frozen at a temperature of -80°C.

Determination of the Minimum Inhibitory Concentration (MIC)

The MIC values of florfenicol against P. salmonis were determined using the Broth Microdilu-
tion Technique following the recommendations of the Clinical and Laboratory Standards
Institute [42, 43].

Isolates stored in the cryovials were seeded on CHAB Agar plates (heart infusion broth, 25
gL, glucose 10 g L', L-cysteine 1 g L', agar 15 g L', hemoglobin 2 g L', supplemented with
5% sheep blood), which were incubated at 16° C for 7 to 12 days [39]. At the end of the incuba-
tion period, bacterial inoculum was prepared at a concentration of 0.5 McFarland, using the
AUSTRAL SRS broth described by Yaiiez et al. (2012) [41]. Concentration was corroborated
by spectrophotometry using a Thermo Fisher Scientific certified standard.

Stock solutions of 1,280 pg/mL of florfenicol (Dr. Ehrenstorfer) were prepared using abso-
lute methanol as a solvent. Stock solutions were protected from light and stored in aliquots of
1 mL at -80 £ 2°C, in order to maintain the stability of the antimicrobial. At the time MIC
analysis, two-fold serial dilutions were performed, obtaining concentrations ranging from
0.0156 to 128 ug mL ™.

To each well 160 pL of AUSTRAL-SRS broth + 20 uL of antimicrobial and 20 pL of bacterial
inoculum were added. A well without antimicrobial inoculated with the reference strain P. sal-
monis LF89 (ATCC VR-1361) was used as a positive control and a well with AUSTRAL-SRS
broth without antimicrobial or bacterial inoculum was used as a negative control. All wells
were incubated for 10 days at 16°C under gentle agitation.

The MIC value was determined by absorbance, using a Pharo 300 spectrophotometer
(Spectroquant), calibrated at a wavelength of 625 nm. The absorbance of each well was com-
pared to the negative control without bacterial inoculum (absorbance equivalent to 0). All
experiments were performed in triplicate.

Determination of epidemiological cut-off points (COwr)
The epidemiological cut-off points (COwr) were calculated using the following two available

analytical methods:

o ECOFFinder, which is based on the methodology described by Turnidge et al. (2006) [36],
where a normal logarithmic distribution is adjusted to the presumptive count of WT strains
by means of iterative statistical methods. The configuration used was 99.9%.
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« Normalized Resistance Interpretation (NRI), which was developed based on the methodol-
ogy described by Kronvall (2010) [44], where a mathematical reconstruction of the ideal
peak of the distribution of the bacterial population is carried out. The configuration used
was 97.5%. The NRI method was used with permission from the patent holder, Bioscand
AB, TABY, Sweden (European patent No 1383913, US Patent No. 7,465,559).

To evaluate the accuracy of the results obtained by both methods, the standard deviation of
1.2 log, ug mL™, described by the NRI, was considered.

Determination of pharmacokinetic parameters

Fish population. Four hundred and fifty Atlantic salmon (Salmo salar) with an average
weight of 1000 grams were used. Fish were obtained from stock maintained by the experimen-
tal center since March 2017. The origin of the animals was STH Center fish farm, Lot
SNAQGS-216, Caliboro, Los Angeles, Chile. Fish were distributed and maintained in tanks of
1 m” salt water per group (30 ppt) at 13 + 0.5°C, with a flow of 120 L/min, which mimics com-
mercial growing conditions. Ten tanks (15 fish/tank, average density per tank of 16 Kg/m®)
were assigned to each of the following treatments: 1) Group 1: fed 10 mg florfenicol/Kg bw; 2)
Group 2: fed 15 mg florfenicol/Kg bw; Group 3: fed 20 mg florfenicol/Kg bw. Daily, parame-
ters of salinity, pH, temperature and oxygen, were measured to assure that these conditions
ensure fish welfare. Prior to testing, the fish were given a 10-day acclimation period. During
this period, they were given a feed ration corresponding to 0.8% of their body weight, using an
antimicrobial-free commercial diet. The experiment lasted a total of 12 days, considering the
acclimation period, administration of the treatment and sampling. There was no mortality
during the trial. The fish were monitored and managed by a trained veterinarian who verified
fish health and welfare daily.

Florfenicol medicated feed. Medicated feed of 6 mm caliber was produced by a commer-
cial animal feed manufacturer (SalmoFood), using a premix of florfenicol 50% (Veterin 50%),
according to the nutritional requirements of the fish under study, in a final concentration of 5
Kg of florfenicol per Ton of feed. Prior to the study, the concentration and homogeneity of
florfenicol in the feed was corroborated using LC MS/MS chromatography. The Specific Feed
Rate (SFR) for each group of fish was calculated, so that the medicated feed consumed would
adjust to the dose required for each study. For each group, the following SFR was calculated: 1)
Group 1: Dose: 10 mg/Kg bw, Average weight: 1400 g, 0.4% SFR; 2) Group 2: Dose: 15 mg/Kg
bw, Average weight: 1000 g, 0.6% SFR; 3) Group 3: Dose: 20 mg/Kg bw, Average weight: 700 g,
0.8% SFR.

Treatment and sampling. Three doses of florfenicol were used (Group 1: 10 mg/Kg bw,
Group 2: 15 mg/Kg bw, Group 3:20 mg/Kg bw) (Table 1). The medicated feed was adminis-
tered in small quantities (micro-rations) over the course of the hours between 9:00 and 16:00
for one day, to ensure the full intake of the drug. At each time point, 12 fish from each tank
were randomly selected for testing. After administration of medicated feed, blood plasma sam-
ples were taken between 0 and 48 hours, by caudal venipuncture at the following times: 0, 3, 6,
8,12, 18, 24, 36 and 48 hours after the introduction of medicated feed. The samples were

Table 1. Sampling times and tank distribution for each group.

Samples TO T1 T2 T3 T4 T5 T6 T7 T8 T9
Tank number 1 2 3 5 6 7 8 9 10
Hours after feeding 0 1 3 8 12 18 24 36 48
Number of animals 15 15 15 15 15 15 15 15 15 15

https://doi.org/10.1371/journal.pone.0215174.t001
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collected in EDTA tubes and centrifuged at 4500 rpm for 10 minutes. Plasma was collected
after centrifugtation and stored at -20°C in microfuge tubes until analysis. After the sampling,
all salmon were immediately euthanized by contusion, according to animal welfare recom-
mendations from the VICH GL9 GCP [45], European Agency for the Evaluation of Medicinal
Products [46], and Directive 2010/63/EU [47]. Necropsy was performed on all the fish, in
order to verify the presence of feed in the stomach and their general health.

Chemical reagents and standards. A florfenicol standard provided by Dr. Ehrenstorfer
GmbH (Formula C12H14NO4CI2SF, CAS N°73231-34-2, Augsburg, Germany) and a florfe-
nicol amine standard obtained from Toronto Research Chemicals (Formula C10H15CIF-
NO3S, CAS N°108656-33-3, Toronto, Canada) were used. HPLC-grade methanol, HPLC-
grade water, HPLC-grade acetonitrile and PA grade oxalic acid were purchased from Merck
(Darmstadt, Germany).

Sample preparation. Extraction was carried out according to the method described by Li
et al. (2006) [48], with modifications. Two hundred and fifty ul of plasma were placed in 50
mL tubes and 50 mL of 0.01 M oxalic acid dihydrate extraction solution in water/methanol 1:1
was added. The tubes were shaken for 10 minutes, sonicated for 20 minutes and centrifuged at
5,000 rpm for 5 minutes. Subsequently, 300 ul of the lower phase were transferred to a vial to
be injected into the chromatographer. The limit of detection (LOD) and the limit of quantifi-
cation (LOQ) established for both analytes in plasma were 0.1 pug/ml and 0.2 pg/ml,
respectively.

Instrumental analysis. For instrumental analysis, an LC (Agilent, 1290 infinity series)
coupled to a triple quadrupole mass spectrometer (API 5500, ABSCIEX) was used. A Syner-
gi™ 4 um fusion RP 80A 50 x 2.0 mm analytic column was used.

Analyst 1.6.3 and Multiquant 3.0 software was used for equipment management and inte-
gration, respectively. Chromatographic separation was performed through a mobile phase
using solvent A: 0.1% of acetic acid in water; and a mobile phase solvent B: 0.1% of acetic acid
in water/methanol 1:9 ratio; with a gradient flow of 350 uL min™* and a gradient elution from
32% up to 68% solvent A in 3 min of 35% phase solvent A, and 75% phase solvent B. Injection
volume was 2 pL; column oven temperature was set at 37°C. The mass spectrometer was oper-
ated according to the parameters listed in Table 2. The masses of the monitored ions are listed
in Table 3.

Validation of analytical method. Prior to determining concentrations in plasma, the ana-
lytical method was validated by HPLC MS/MS, according to instructions from the European
Commission Decision 2002/657/EC (2002). Precursor ions and the two product ions were
identified for florfenicol and florfenicol amine, respectively. Values for essential parameters
were estimated for the validation of the analytical method on plasma: specificity, recovery,
repeatability, intralaboratory reproducibility, decision limit (CCc), detection capability (CCB),
and linearity.

Table 2. Parameters of the MS/MS detector.

Ionization Electrospray (ESI)
Scan type MRM
Source temperature (TEM) 550°C
Nebulizer (GS1) 60 psi
Turbo ion (GS2) 80 psi
Curtain gas (CUR) 20 psi
Collision gas (CAD) 10 psi
Ion-spray voltage (IS) 4500 V

https://doi.org/10.1371/journal.pone.0215174.1002
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Table 3. Monitored ion masses.

Analyte Precursor ion (Q1 mass) (Da) Fragment ion (Q3 mass) (Da) Time (ms) EP (V) CE (V) CXP (V)

FF1 356.0 336.0 100.0 -5,000 -15,000 -8,000
FF2 356.0 185.0 100.0 -5,000 -17,000 -12,000
FFA1 248.0 230.0 200.0 5,000 22,000 25,000
FFA2 248.0 130.0 200.0 2,000 30,000 10,000
CAF-d5 (IS) 326.0 157.0 100.0 10,000 -25,000 -20,000

https://doi.org/10.1371/journal.pone.0215174.t1003

Determination of PK/PD indices. In order to obtain the pharmacokinetic (PK) parame-
ters, the plasma concentration curves are shown as a function of time. A one-way analysis of
variance (ANOVA) and a Kruskall-Wallis test were performed. The AUC and Cmax and
Tmax pharmacokinetic parameters were calculated with the Phoenix WinNonlin software
(Version 8.0, Pharsight Corporation, Mountain View, CA, USA) using non-compartmental
analysis. The PK/PD index for each dose was AUCq ,4,/MIC. The MIC was 2 dilutions higher
than the calculated COvyr.

Determination of the florfenicol dose. We performed a Montecarlo simulation based on
the PK/PD indices defined for each dose and 6 minimum inhibitory concentrations (0.06,
0.125,0.25, 1, 2 and 4 pg mL). Each iteration enabled inclusion of a new value among the
sources of uncertainty, which is generated through its own probabilistic function. The results
were evaluated under the following objective: Reference Point (PRO); PRO;g > 125. The Risk
Simulator 2012 software (Real Options Valuation, Inc. 2005-2012) was used to adjust proba-
bility distributions; the number of iterations was 10,000.

Previously, for each group defined as a source of uncertainty, a probability function was
estimated by evaluating a series of probabilistic density functions (parametric test). The Kol-
mogorov-Smirnov test was used as an evaluation and selection test. Table 4 shows the results
of the adjustment, type of distribution and its parameters.

The most suitable dose was that which was most likely (PTA) to reach plasma concentra-
tions over the MIC that were greater than 90%, according to Canut et al., 2015 [30].

For more information about the protocol “Determination of florfenicol and florfenicol
amine in fish plasma (Salmo salar) through HPLC MS/MS” enter the following link: dx.doi.
org/10.17504/protocols.io.zhdf326

Evaluation of optimized dose of florfenicol for the control of P. salmonis in
Atlantic salmon (Salmo salar)

Fish population. Two hundred and seventy Atlantic salmon (Salmo salar) with an average
weight of 400 grams were used. Fish were obtained from stock maintained by the experimental
center since April 2018. The origin of the animals was Aquasan SA, Rio Maullin fish farm, Lot
S17AGBLURM, region X, Chile. Fish were distributed and maintained in tanks of 0.5 m* salt
water per group (30-33 ppt) at 14 £ 1°C, with a flow of 120 L/min, which mimics commercial
growing conditions. Nine tanks (30 fish/tank, average density per tank of 23.7 Kg/m®) were

Table 4. Adjustment, type of distribution and parameters of the Kolmogorov-Smirnov test.

S. Uncertainty Distribution Parameter Parameter K-S (p)

AUC10 mg Gumbel 159.8 (alfa) 38.1 (Beta) p =0.992
AUCI15 mg Gumbel 183.5 (alfa) 26.6 (Beta) p =0.950
AUC 20 mg Gumbel 537.0 (Alfa) 38.8 (Beta) p =0.992

https://doi.org/10.1371/journal.pone.0215174.t1004
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assigned to each of the following treatments: 1) Determination of LD50: Dilution 1/10; 2)
Determination of LD50: Dilution 1/100; 3) Determination of LD50: Dilution 1/1000; 4) Deter-
mination of LD50: Dilution 1/10000; 5) Challenge with P. salmonis (2 tanks); 6) Challenge
with P. salmonis: No treatment (positive control, 2 tanks); 8) Not challenge with P. salmonis:
No treatment (negative control). Daily, parameters of salinity, pH, temperature and oxygen,
were measured to assure that these conditions ensure fish welfare. Prior to testing, the fish
were given a 7-day acclimation period. During this period, they were given a feed ration corre-
sponding to 0.8% of their body weight, using an antimicrobial-free commercial diet. The ani-
mals were examined by the Veterinarian of the experimental center, to confirm that the
specimens were suitable for the study. The sanitary condition of these was approved through
laboratory analysis in samples, through RT-PCR for IPN virus, Piscirickettsia salmonis and
Renibacterium salmoninarum. The group was vaccinated in the center of origin with ALPHA
JECT 5.1 and ALPHA JECT LiVacSRS vaccine, which mimics commercial growing conditions
at sea.

The determination of LD50 lasted a total of 38 days, considering the acclimation period (7
days), challenge with P. salmonis (1 day) and monitoring of the fish (30 days). The challenge
with P. salmonis lasted a total of 38 days, considering the acclimation (7 days), main challenge
(1 day), administration of treatment (15 days) and monitoring of the fish after treatment (15
days). The fish were monitored and managed by a trained veterinarian, who verified fish
health and welfare daily.

Determination of Lethal Dose 50 (LD50). The P. salmonis standardized isolate (LF-89)
was provided by ADL Diagnostic Chile Ltda. The mother inoculum registered a titre of 107
TCIDso/mL, determined through the Karber-Spearman method, from which dilutions were
made by a factor of 10 (1/10, 1/100, 1/1000 and 1/10000) (Table 5). The purity of the isolate
was evaluated, considering analysis of RT-PCR ISAv, IPNv, BKD, F. psycrophilum and bacte-
rial cultures.

To conduct the challenge, fish were extracted from the tank and placed in a container with
anesthetic solution (25 mL AQUI-S/100 L water, 1-2 minutes for deep sedation), then taken
individually and held with the ventral side facing up. The needle was inserted at an angle of
approximately 90° in the ventral midline, between the pectoral and pelvic fins, injecting 0.2
mL of the inoculum / fish. After inoculation, the specimens were transferred to their original
tanks; their state of recovery was monitored constantly. In general, the fish were observed to
be in good condition with normal behavior. There was no post-inoculation mortality. After
the procedure, the tanks were monitored for 30 days, during which data on mortality, feeding
and environmental parameters were collected. Mortality was removed daily; the weight at the
time of death was recorded along with the dilution corresponding to each tank. Throughout
this phase, environmental parameters of salinity (ppt), pH, temperature and oxygen were mea-
sured and recorded, according to experimental center routine. The average temperature was
14.5 + 0.58, salinity 32 ppt, pH 7.0 to 7.1, and oxygen levels 100-120% saturation. The mortal-
ity was analyzed in the Antares S.A Laboratory, where anatomopathological observation and
RT-PCR SRS confirmed cause of death.

Table 5. LD, bacterial counts of inoculum dilutions.

Inoculum dilution Bacterial count (ufc/mL)
1:10 8.47x10°
1:100 7.10x 107
1:1000 7.33x10°
1:10000 4.80x 10°

https://doi.org/10.1371/journal.pone.0215174.1005
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Medicated feed. Medicated feed of 4 mm caliber was produced by a commercial
animal feed manufacturer (SalmoFood), using a premix of florfenicol 50% (Veterin 50%),
according to the nutritional requirements of the fish under study, in a final concentration
of 3.2 Kg of florfenicol per Ton of feed, for a dose of 20 mg/Kg bw. Prior to the study, the con-
centration and homogeneity of florfenicol in the feed was corroborated using LC MS/MS
chromatography.

Challenge with P. salmonis. Five tanks were used (30 fish/tank), with an acclimation
period of 7 days prior to the challenge. During this period, fish were visually inspected, ob-
serving good behavior and absence of mortality. The temperature registered an average of
14.6 + 0.31°C and feed consumption varied from 0.56 to 1.04% SFR between the tanks. After
acclimation, the challenge was carried out by intraperitoneal injection. The specimens were
extracted from their original tank and placed in a container with anesthetic solution (25 mL
AQUI-S/100 L water, 1-2 minutes for deep sedation), then taken individually and inoculated
with the same procedure described for the LD50 determination, using the P. salmonis stan-
dardized isolate (LF-89) with a dilution of 1/10. Fish samples were taken at days 3 and 6 post
challenge, to be analyzed by anatomopathological observations and RT-PCR SRS (Laboratorio
Antares S.A) to verify pathogen positivity. In this way, the presence of P. salmonis (kidney-
liver and spleen matrix) was confirmed on day 3 post challenge, therefore treatment began on
day 4.

Treatment with optimized dose of florfenicol. The medicated feed was administered in
small quantities (micro-rations) over the course of the hours between 9:00 and 16:00 hours for
15 days, with a feed consumption of 1.25% SFR. Tanks with positive and negative controls
were fed with an antimicrobial-free commercial diet. Feed consumption was estimated in all
tanks and mortality was withdrawn daily and each time it occurred, the weight at the time of
death was recorded along with the group corresponding to each tank. Mortality was analyzed
in the Antares S.A Laboratory by anatomopathological observation and RT-PCR SRS to con-
firm cause of death. Throughout the challenge phase (treatment and subsequent monitoring),
environmental parameters of salinity (ppt), pH, temperature and oxygen were measured and
recorded, according to experimental center routine. The average temperature was 14.9 + 0.32,
salinity 32 ppt, pH 7.0 and oxygen levels 100-120% saturation. After the experiment, all
salmon were inmediately euthanized by contusion, according to animal welfare recommenda-
tions from the VICH GL9 GCP [45], European Agency for the Evaluation of Medicinal Prod-
ucts [46], and Directive 2010/63/EU [47]. Necropsy was performed on all the fish in order to
verify their general health and samples were taken from 2 fish per tank (kidney and liver) to
confirm elimination of P. salmonis through RT-PCR SRS.

Ethics statements

This study was carried out in accordance with the recommendations of the European Agency
for VICH GL9 GCP [43], European Agency for the Evaluation of Medicinal Products [44],
and Directive 2010/63/EU [45]. The protocol was approved by the “Institutional Committee
for the care and use of animals (CICUA), Universidad de Chile”, approval numbers 17219-
VET-UCH and 17221-VET-UCH on December 2017.

Results
Bacterial isolation and identification

Eighty-seven strains of P. salmonis were isolated and identified between 2012 and 2017. Sev-
enty percent of the isolates were obtained in the last two years. Table 6 shows the distribution
of these isolates by year, species and geographical area.
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Table 6. Distribution of isolates by year, host species and geographical area.

Number of isolates by

Year

Total isolates

Species (n)

Geographic area (n)

2012

1

Atlantic salmon (Salmo salar) (1)

Chiloé (1)

2013

3

Atlantic salmon
(Salmo salar) (2)

Chiloé (1)

Melinka (1)

Rainbow trout (Oncorhynchus spp) (1)

Chiloé (1)

2014

11

Atlantic salmon (Salmo salar) (10)

Melinka (3)

Chiloé (6)

Quelldn (1)

Rainbow trout (Oncorhynchus spp) (1)

Reloncavi Estuary (1)

2015

11

Atlantic salmon (Salmo salar) (11)

Chiloé (6)

Calbuco (1)

Puerto Aysén (1)

Puerto Montt (3)

2016

33

Atlantic salmon (Salmo salar) (22)

Chiloé (4)

Calbuco (2)

Castro (1)

Chaitén (2)

Honopirén (1)

Melinka (2)

Puerto Aguirre (1)

Puerto Aysén (6)

Puerto Gala (1)

Quellon (2)

Coho salmon (Oncorhynchus kisutch) (9)

Calbuco (1)

Chiloé (4)

Honopirén (3)

Quelldn (1)

Rainbow trout (Oncorhynchus spp) (2)

Chiloé (1)

Puerto Aguirre (1)

2017

28

Atlantic salmon (Salmo salar) (22)

Puerto Gala (1)

Chiloé (14)

Calbuco (6)

Quelldn (1)

Coho salmon (Oncorhynchus spp) (2)

Melinka (1)

Hornopirén (1)

Rainbow trout (Oncorhynchus spp) (4)

Puerto Aguirre (1)

Puerto Aysén (1)

Puerto Montt (1)

Hornopirén (1)

https://doi.org/10.1371/journal.pone.0215174.t006

Distribution of MIC and determination of epidemiological cut-off points
(COwr)

MIC ranges of P. salmonis isolates versus florfenicol ranged from 0.06 to 0.25 ug mL™". The

most commonly observed MIC, representing 83.7% of all isolates, was 0.125 pg mL™" (S1

Table).
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Table 7. Minimum inhibitory concentration (MIC) and epidemiological cut-off points (COwr) for the total strains of P. salmonis analyzed against Florfenicol.

MIC (ug mL™) COwr (ug mL™")
Antibiotic n Range NRI' %WT ECOFFinder” %WT
FF 87 0.06-0.25 0.25 100 0.25 100

FF: Florfenicol
("): Epidemiological cut-off point calculated by NRI
(%) Epidemiological cutoff point calculated using ECOFFinder; %WT: percentage of strains classified as WT.

https://doi.org/10.1371/journal.pone.0215174.t1007

The COwr point was 0.25 pg mL ™" with a standard deviation of 0.47 log, ug mL™" and was
calculated using NRI analysis. Data analysis using the ECOFFinder method provided the same
point of COvr but with a lower standard deviation (0.36 log2 pg mL™). Table 7 shows MICs
and the COwr for florfenicol against isolates of P. salmonis. According to the results obtained,
100% of the isolates were classified as wild type (WT). The distribution of the MICs is shown
in Fig 1.

Determination of the PK/PD indices of florfenicol administered at
different doses against P. salmonis

For each experimental group, the plasma concentrations of florfenicol were calculated based
on the sum of florfenicol and florfenicol amine (active metabolite) (52 Table). Fig 2 shows the
plasma concentration curves as a function of time for each dose analyzed. The plasma concen-
trations reached for each dose were statistically different (p<0.05)., according to the one-way
ANOVA and the Kruskall-Wallis test.

The pharmacokinetic parameters (PK) Cmax, AUC,_,4, and Tmax obtained from the curve
of plasma concentrations, are shown in Table 8. For more information, see S3 Table.

Considering that sensitivity studies are carried out in small populations, a MIC = 1 ug mL™"
was considered the PD when defining PK/PD indices, which is equivalent to two dilutions
higher than the COyyr calculated in this work.

Table 9 shows the results of the AUC_,4,/MIC index for each dose studied.

Definition of the most appropriate dose of florfenicol using the Montecarlo
simulation

The statistical parameters and the probability of reaching a target reference point greater than
125 are shown in Table 10. The results of the Montecarlo simulation indicate that at a dose of
20 mg/Kg L.w. of florfenicol, administered orally through feed, there is a 100% probability
(PTA) of achieving the desired efficacy (Table 11). At this dose, the 24-hour plasma concentra-
tions (AUCy_,45) remained above the defined pharmacodynamic value (1 pg mL™). For more
information, see S1 Fig.

Evaluation of optimized dose of florfenicol for the control of P. salmonis in
Atlantic salmon (Salmo salar)

Determination of LD5,. Mortality was observed beginning on day 17 post challenge in
the dilution with the highest concentration of the bacteria (1/10), and beginning on day 24 for
the dilution of 1/100 (Fig 3). Dilutions of 1/1000 and 1/10000 did not show any mortality.
According to these results, the dilution selected for the challenge was 1/10.

Challenge with P. salmonis. Samples analyzed by RT-PCR SRS, on day 3 post challenge
presented a 75% prevalence of P. salmonis (Table 12). At necropsy, congestion was observed in
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adipose tissue and pyloric caeca, however, these findings are not entirely attributable to SRS.
Samples analyzed at day 6 post challenge presented a 100% prevalence of P. salmonis. The find-
ings in the necropsy were similar to those recorded on day 3, although greater congestion was
observed in adipose tissue and pyloric caeca.

In the challenged group, the fish maintained relatively constant feed consumption, with an
average of 1.15% SFR in the 15 days of treatment. After treatment, the fish had an increase in
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feed intake, reaching SFR of 1.42 to 1.48% (Fig 4). This group presented low cumulative mor-
tality, 7.14%, (Fig 5), with respect to the control group during the same period of time.

The positive control group, without antibiotic treatment, showed a decrease in feed con-
sumption from the onset of mortality and throughout the outbreak. Subsequently, an increase
in SFR consumption of 1.0 to 1.5%, which coincided with the stabilization of mortality, was
observed. As can be seen, the control group without medication registered greater cumulative
mortality compared to the group treated with florfenicol, reaching 63 and 64% in the respec-
tive tanks (Fig 5). With the exception of the first days of study, the negative control group
maintained a constant feed consumption, with an average SFR of 1.36%. No mortality was
recorded in this group (Fig 5).

All the anayzed mortality presented internal injuries attibutable to P. salmonis, with hepato-
megaly, splenomegaly, hemorrhage in adipose tissue and pyloric caeca, and congestive brain
being the most frequent. On the other hand, in all the analyzed samples, the presence of P. sal-
monis was detected with Ct from 17 to 24 (Table 13).

The treatment used here was successful in reducing mortality in the challenge group, when
compared to the control group (without medication). Therefore, it can be suggested that oral
administration of 20 mg/Kg bw of florfenicol in micro-rations for 15 days, increased the sur-
vival of the fish exposed to Piscirickettsia salmonis LF-89, displaying differences in the reduc-
tion of mortality and feed consumption compared to the group without medication.

All samples of kidney and liver, from tanks of challenge fish and positive control, were neg-
ative for P. salmonis (RT-PCR SRS) after treatment with florfenicol 20 mg/KG bw for 15 days
(Table 14).

Discussion

It has been recently observed that the doses of florfenicol indicated in veterinary recommenda-
tions for the treatment of P. salmonis range from 20 to 40 mg/Kg Lw. [5], even though the Vet-
erinary Medical Registry recommends a dose of 10 mg/kg l.w. for the different salmonid
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Fig 2. Average plasma concentrations (ug/mL) by sampling time (hours) and dose: 10, 15 and 20 mg/Kg. Different letters represent statistical differences between
groups (p<0.05).

https://doi.org/10.1371/journal.pone.0215174.9002
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Table 8. Average pharmacokinetics of florfenicol parameters by the trial dose.

Dose (mg/Kg) AUC Cmax (pug/mL) Tmax
(h)
10 141 +45 11+3 13.3+4.3
15 166 +34 13 +2.8 11+4.6
20 520+50 20+3 15+5

https://doi.org/10.1371/journal.pone.0215174.t1008

species. These doses have no scientific basis, considering that there is neither a clinical cut-off
value nor an epidemiological cut-off point indicated by international organizations, such as
EUCAST, VETCAST or CLSI, or national agencies responsible for monitoring bacterial resis-
tance programs.

In order to assess whether an increase in florfenicol doses is associated with changes in phe-
notypic susceptibility, this study evaluated the MIC of 87 isolates of P. salmonis against florfe-
nicol. The MIC ranges found were low, between 0.06 and 0.25 pg mL ™", which is consistent
with those described by other researchers in the country [21, 49]. These results indicate that
the susceptibility of strains of P. salmonis to florfenicol has remained steady over the years of
the study, independent of geographical distribution or species of origin. This suggestion differs
from other authors who have found variations in the patterns of in vitro antimicrobial sensitiv-
ity of P. salmonis isolates among different salmon species and geographical areas [50]. More-
over, other researchers in Chile found bimodal MIC distributions, overlapping wild-type and
non-wild-type populations of P. salmonis, with fully susceptible and reduced susceptibility
sub-populations [20, 33]. Our results suggest that only one population is present among these
isolates, being fully susceptible to florfenicol.

By determining the MICs, we were also able to obtain the clinical pharmacodynamic value
that we use in the PK/PD indices. The strains of P. salmonis showed a unimodal distribution
and the COyy obtained was <0.25 pg mL™" with a standard deviation of 0.47 log, ug mL™" and
0.358 log, pg mL™", independent of the statistical method used. The standard deviations are
below the one described by the NRI of 1.2 log, ug mL', showing that the COy value obtained
is accurate and valid. According to these results, all the strains analyzed were WT, indicating
that they are susceptible to treatment with florfenicol [51].

On the other hand, considering that most susceptibility studies and COyy values are car-
ried out in small bacterial populations, the PD value used in this research was two dilutions
higher than the COyyr obtained (1 pg/mL).

The PK/PD index used was AUCg_,4,/MCI, considering that florfenicol belongs to the
same family as thiamphenicol with concentration-independent activity and prolonged post-
antibiotic effect [31]. This index has also been used in PK/PD studies of florfenicol carried out
in other animal species against different pathogenic bacteria [34, 35].

In this scientific work, the PK/PD index (AUCy..41, / MIC) was 141 + 45, 166 + 34 and
520 + 50 for the doses of 10, 15 and 20 mg/Kg (Table 9), respectively. Since the values them-
selves do not indicate the probability of therapeutic success, the Monte Carlo simulation was
needed to establish the dose that would allow a bacteriological cure and clinical response with

Table 9. PK/PD index (AUC 4,/ MIC) for doses 10, 15 and 20 mg/ Kg.

Dose (mg/Kg) AUC.24n/MIC (Average+DE)
10 141+45
15 16634
20 52050

https://doi.org/10.1371/journal.pone.0215174.t009

PLOS ONE | https://doi.org/10.1371/journal.pone.0215174 May 13,2019 14/21


https://doi.org/10.1371/journal.pone.0215174.t008
https://doi.org/10.1371/journal.pone.0215174.t009
https://doi.org/10.1371/journal.pone.0215174

@ PLOS|ONE

Florfenicol dose against Piscirickettsia salmonis in Salmo salar

Table 10. Statistical parameters and probability of reaching a target reference point greater than 125 (TRP>125) AUC;g 1m/MIC,,.

MIC MIC = 0.06
Average 8,580
Median 8,709
Standard deviation 824
Percentile (25%) 8,144
Percentile (75%) 9,162
Probability (PRO>125) 100.0%

MIC =0.125 MIC = 0.250 MIC=1 MIC =2 MIC =4
4,118 2,059 515 257 129
4,180 2,090 523 261 131

395 198 49 25 12

3.909 1.955 489 244 122
4.397 2.199 550 275 137
100.0% 100.0% 100.0% 99.9% 68.3%

MIC: Minimum Inhibitory Concentration

https://doi.org/10.1371/journal.pone.0215174.t010

a probability (PTA) > of 90%. The Monte Carlo simulation considers the variability of the PK
and PD parameters, where a distribution of values is described and associated with a probabil-
ity of inhibiting the microorganism (probability of therapeutic success) [30, 52].

According to the results of the Montecarlo simulation, a dose of 20 mg/Kg L.w. adminis-
tered orally through feed has a 100% probability (PTA) of maximizing therapeutic success in
infections caused by P. salmonis in salmonids. At this dose, plasma concentrations remained
over the defined pharmacodynamic value (1 +g mL) for 24 hours (AUC ,43,). Doses greater
than those recommended as optimal could generate negative impact on the environment and
promote bacterial resistance.

According to these results, we could also suggest that, at the indicated dose, the PK/PD cut-
off point for florfenicol versus P. salmonis could be 2 £g mL (PTA = 99%). Bacterial isolates
that present MIC values higher than the described PK/PD cut-oft point could be considered
resistant from a clinical point of view.

Table 11. Integration of pharmacokinetic and pharmacodynamic variables (PK/PD) using the Montecarlo

simulation.

Dose (mg/Kg) MIC (pg/mL) AUC( 4,/MIC PTA
(h +SD)
10 0.06 23311738 99.70
0.125 1119+354 99.09
0.25 559+177 97.92
1 139+44 67.57
2 7022 0.00
4 35+11 0.00
15 0.06 2805+563 99.94
0.125 1346+270 99.87
0.25 6731135 99.68
1 168+33 89.58
2 84+17 0.00
4 42+8 0.00
20 0.06 8580+823 100.00
0.125 4118+395 100.00
0.25 616+115 100.00
1 514+49 100.00
2 257+24 99.99
4 128+12 68.30

MIC: Minimum Inhibitory Concentration; SD: Standard deviation; PTA: Probability of reaching the objective

AUC 54/MIC >125.

https://doi.org/10.1371/journal.pone.0215174.t011
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During the challenge of Atlantic salmon (Salmo salar) with P. salmonis, behavior and
cumulative mortality was in line with expectations (50-60%) and similar to previous calcu-
lations performed when determining LDs5, (30-day evaluation). During evaluation of the
main challenge, a clear difference was observed between the challenged group and the con-
trol group in terms of behavior, response to feeding, and mortality of individuals, (Figs 4
and 5). The feed consumption of the challenged fish remained constant during and after
treatment. In terms of mortality, the treatment was successful in reducing mortality in the
challenge group, when compared to the control group (without medication). Thus, it can be
suggested that oral administration of 20 mg/Kg bw of florfenicol in micro-rations for 15
days, increased the survival of the fish exposed to Piscirickettsia salmonis LF-89, displaying
differences in the reduction of mortality and feed consumption compared to the group
without medication.

In conclusion, the results of the PK/PD studies and the Montecarlo simulation show that
florfenicol at a dose of 20 mg/Kg bw has a high probability of therapeutic success. The in vivo
studies show that florfenicol at the mencionated dose, administered for 15 consecutive days in
micro-rations, is effective in reducing mortality and clinical signs from Piscirickettsia salmonis
in Atlantic salmon (Salmo salar), and is the treatment of choice for this disease in farmed
salmon.

Finally, good veterinary practice in the use of antimicrobials in food-producing animals,
including farmed salmon, mandates selective use of antimicrobials in accordance with instruc-
tions for use of veterinary drugs registered by the regulatory authorities and indicates the need
to respect mandatory withdrawal periods once treatment ends. The mandatory withdrawal
period is a critical factor defined as the time during which a drug must not be administered

Table 12. RT-PCR SRS results at days 3 and 6 post challenge with P. salmonis.

Tank Days post challenge Fish (N°) Ct Prevalence SRS (%)
2 3 1 25.19 100

2 3 2 33.30 100

3 3 1 No Ct. 50

3 3 2 27.89 50

5 6 1 29.81 100

5 6 2 28.75 100

6 6 1 24.97 100

6 6 2 32.41 100

https://doi.org/10.1371/journal.pone.0215174.1012
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Table 13. RT-PCR SRS results from necropsy of mortality of Atlantic salmon challenge with P. salmonis during

the experiment.

Tank Group Fish (N°) Ct Prevalence SRS (%)
2 Challenge 1 20.73 100

2 Challenge 2 23.18 100

3 Challenge 1 17.44 100

3 Challenge 2 21.32 100

5 Positive control 1 24.06 100

5 Positive control 2 20.95 100

6 Positive control 1 17.27 100

6 Positive control 2 17.24 100

https://doi.org/10.1371/journal.pone.0215174.1013

prior to the slaughter of the animal for consumption [53]. The use of higher-than-optimal
doses can lengthen these withdrawal periods, thus delaying salmon harvest.
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Table 14. RT-PCR SRS results from necropsy of euthanized fish (Atlantic salmon) after the experiment.

Tank Sample ID Matrix SRS Ct

2 1 Kidney Negative No Ct
2 Liver Negative No Ct

3 1 Kidney Negative No Ct
2 Liver Negative No Ct

5 1 Kidney Negative No Ct
2 Liver Negative No Ct

6 1 Kidney Negative No Ct
2 Liver Negative No Ct

https://doi.org/10.1371/journal.pone.0215174.1014

Supporting information

S1 Fig. Integration of pharmacokinetic and pharmacodynamic variables (PK/PD) using
the Montecarlo simulation. MIC = 1 ug/mL. a) Dose = 10 mg/Kg; b) Dose = 15 mg/Kg; b)
Dose = 20 mg/Kg.

(PDF)

S$1 Table. Minimum Inhibitory Concentration values of 87 strains of Piscirickettsia salmo-
nis versus florfenicol.
(PDF)

S2 Table. Average plasma concentrations (ug/mL) by sampling time (hours) and dose: 10,
15 and 20 mg/Kg.
(PDF)

S3 Table. Pharmacokinetics parameters of florfenicol by the trial dose: 10, 15 and 20 mg/
Kg.
(PDF)

$4 Table. Specific Feed Rate (%) by date of experiment and group.
(PDF)

S5 Table. Cumulative mortality (%) of challenge group by date of experiment.
(PDF)

S6 Table. Cumulative mortality (%) of control (+) group by date of experiment.
(PDF)

S7 Table. Cumulative mortality (%) of control (-) group by date of experiment.
(PDF)

Acknowledgments

We thank Aquainnovo S.A. for the execution of the experimental procedures with fish, admin-
istration of medicated feed and sampling. We also thank Alexandra Ribes Becht and Leonardo
Valderas Cardenas for their collaboration in experimental procedures.

Author Contributions
Conceptualization: Betty San Martin, Lisette Lapierre.

Data curation: Marcela Fresno.

PLOS ONE | https://doi.org/10.1371/journal.pone.0215174 May 13,2019 18/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215174.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215174.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215174.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215174.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215174.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215174.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215174.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215174.s008
https://doi.org/10.1371/journal.pone.0215174.t014
https://doi.org/10.1371/journal.pone.0215174

@ PLOS|ONE

Florfenicol dose against Piscirickettsia salmonis in Salmo salar

Formal analysis: Marcelo Araneda.
Funding acquisition: Betty San Martin.
Investigation: Marcela Fresno, Roberto Vidal.

Methodology: Betty San Martin, Marcos Godoy, Rolando Ibarra, Arturo Anadon, Lisette
Lapierre.

Project administration: Marcela Fresno.

Resources: Betty San Martin, Marcos Godoy.

Supervision: Betty San Martin, Javiera Cornejo, Lisette Lapierre.
Validation: Javiera Cornejo, Rolando Ibarra, Roberto Vidal.
Visualization: Marcela Fresno.

Writing - original draft: Marcela Fresno, Lisette Lapierre.

Writing - review & editing: Betty San Martin, Arturo Anadon.

References

1. OIE. Organizacion Mundial de Sanidad Animal—Combatir la Resistencia a los agentes antimicrobianos
y promover el uso prudente de agentes antimicrobianos en los animales. 2015 may [cited 10 july 2018].
In: Organizacién Mundial de Sanidad Animal—Combatir la Resistencia a los agentes antimicrobianos y
promover el uso prudente de agentes antimicrobianos en los animales. Resolucion N°26. 83.2SG/IF—
mayo 2015, Paris, Francia. Available from: http://www.oie.int/fileadmin/Home/esp/Our_scientific_
expertise/docs/pdf/AMR/E_RESO_AMR_2015.pdf

2. FryerJ, Lannan C, Giovannoni S, Wood ND. Piscirickettsia salmonis gen. nov., sp. nov., the causative
agent of an epizootic disease in salmonid fishes. Int J Syst Bacteriol. 1992; 42: 120-126. https://doi.
0rg/10.1099/00207713-42-1-120 PMID: 1371057

3. Rozas M. and Enriquez R. Piscirickettsiosis and Piscirickettsia salmonis in fish: a review. J. Fish. Dis.
2014; 37:163-188. https://doi.org/10.1111/jfd. 12211 PMID: 24279295

4. Camussetti M, Gallardo A, Aguilar D, and Larenas J. Andlisis de los costos por la utilizacién de quimio-
terapicos y vacunas en la salmonicultura. Salmonexpert. 2015; 4: 46—49.

5. SERNAPESCA. Informe sobre uso de antimicrobianos por la salmonicultura nacional: 2015. 2016
[cited 29 june 2018]. In: Informe sobre uso de antimicrobianos por la salmonicultura nacional: 2015.
Servicio Nacional de Pesca y Acuicultura. Available from: http://www.sernapesca.cl/sites/default/files/
informe_sobre_uso_de_antimicrobianos-2016.pdf

6. Anadon A, Martinez MA, Martinez M, Rios A, Caballero V, Ares |, and Martinez-Larrafiaga MR. Plasma
and tissue depletion of florfenicol and florfenicol-amine in chickens. J Agric Food Chem.2008; 56:
11049-56. https://doi.org/10.1021/jf802138y PMID: 18975969

7. HoSP,HsuTY, Chen MH, Wang WS. Antibacterial effect of chloramphenicol, thiamphenicol and florfe-
nicol against aquatic animal bacteria. J Vet Med Sci. 2000; 62: 479—-485. PMID: 10852395

8. Schwarz S, Kehrenberg C, Doublet B, and Cloeckaert A. Molecular basis of bacterial resistance to
chloramphenicol and florfenicol. FEMS Microbiol Rev. 2004; 28: 519-542. https://doi.org/10.1016/j.
femsre.2004.04.001 PMID: 15539072

9. Cannon M, Harford S, Davies J. A comparative study on the inhibitory actions of chloramphenicol,
thiamphenicol and some fluorinated derivatives. Antimicrob. Agents Chemother. 1990; 26: 307-317.

10. Gaunt P, Langston, Wrzesinski C, Gao D, Adams P, Crouch L, et al. Single intravenous and oral dose
pharmacokinetics of florfenicol in the channel carfish (/ctalurus punctatus). J Vet Pharmacol Therap.
2011; 35:503-507.

11.  McGinnis A, Gaunt P, Santucci T, Simmons R, and Endris R. In Vitro Evaluation of the Susceptibility of
Edwardsiella ictaluri, Etiological Agent of Enteric Septicemia in Channel Catfish, Ictalurus punctatus
(Rafinesque), to Florfenicol. J Vet Diagn Invest. 2003; 15: 576-579. https://doi.org/10.1177/
104063870301500612 PMID: 14667023

12. Miller RA. Development of standarized antimicrobial susceptibility testing methods and Aeromonas sal-
monicida epidemiologic cutoff values for antimicrobial agents used in aquaculture. Ph.D. Thesis, The

PLOS ONE | https://doi.org/10.1371/journal.pone.0215174 May 13,2019 19/21


http://www.oie.int/fileadmin/Home/esp/Our_scientific_expertise/docs/pdf/AMR/E_RESO_AMR_2015.pdf
http://www.oie.int/fileadmin/Home/esp/Our_scientific_expertise/docs/pdf/AMR/E_RESO_AMR_2015.pdf
https://doi.org/10.1099/00207713-42-1-120
https://doi.org/10.1099/00207713-42-1-120
http://www.ncbi.nlm.nih.gov/pubmed/1371057
https://doi.org/10.1111/jfd.12211
http://www.ncbi.nlm.nih.gov/pubmed/24279295
http://www.sernapesca.cl/sites/default/files/informe_sobre_uso_de_antimicrobianos-2016.pdf
http://www.sernapesca.cl/sites/default/files/informe_sobre_uso_de_antimicrobianos-2016.pdf
https://doi.org/10.1021/jf802138y
http://www.ncbi.nlm.nih.gov/pubmed/18975969
http://www.ncbi.nlm.nih.gov/pubmed/10852395
https://doi.org/10.1016/j.femsre.2004.04.001
https://doi.org/10.1016/j.femsre.2004.04.001
http://www.ncbi.nlm.nih.gov/pubmed/15539072
https://doi.org/10.1177/104063870301500612
https://doi.org/10.1177/104063870301500612
http://www.ncbi.nlm.nih.gov/pubmed/14667023
https://doi.org/10.1371/journal.pone.0215174

@ PLOS|ONE

Florfenicol dose against Piscirickettsia salmonis in Salmo salar

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

University of Maryland, College Park. 2007. Available from: https://drum.lib.umd.edu/handle/1903/
7256.

Miranda C, Rojas R. Ocurrence of florfenicol resistance in bacteria associated with two Chilean salmon
farms with different history of antibacterial usage. Aquaculture. 2007; 266: 39—46.

Burridge L, Weis J, Cabello F, Pizarro J, Bostick K. Chemical use in salmon aquaculture: A review of
current practices and possible environmental effects. Aquaculture. 2010; 306: 7-23.

Feng JB, Jia XP, and Li LD. Tissue distribution and elimination of florfenicol in tilapia (Oreochromis nilo-
ticus x O. caureus) after a single oral administration in freshwater and seawater at 28°C. Aquaculture.
2008; 276: 29-35.

Gaunt P, Endris R, Khoo L, Howard R, McGinnis A, Santucci T, Katz T. Determination of Dose Rate of
Florfenicol in Feed for Control of Mortality in Channel Catfish Ictalurus punctatus (Rafinesque) Infected
with Edwardsiella ictaluri, Ecological Agent of Enteric Septicemia. J World Aquac Soc. 2004; 35: 257—
267.

Gaunt P, Gao D. Efficacy of Florfenicol for Control of Mortality Caused by Flavobacterium columnare
Infection in Channel Catfish. J Aquat Anim Health. 2010; 22: 115-122. https://doi.org/10.1577/H09-
057.1 PMID: 20848886

Gaikowski M, Schleis S, Leis E, Lasee B, and Endris R. Effectiveness of Aquaflor (50% Florfenicol)
Administered in Feed to Control Mortality Associated with Streptococcus iniae in Tilapia at a Commer-
cial Tilapia Production Facility. N Am J Aquac. 2014; 76: 375-382.

Gaunt P, Endris R, McGinnis A, Baumgartner W, Camus A, Steadman J, et al. Determiantion of Florfe-
nicol Dose Rate in Feed for Control of Mortality in Nile Tilapia Infected with Streptococcus iniae. J Aquat
Anim Health. 2010; 22: 158—-166. https://doi.org/10.1577/H09-044.1 PMID: 21192545

Henriquez P, Kaiser M, Bohle H, Bustos P, and Mancilla M. Comprehensive antibiotic susceptibility pro-
filing of Chilean Piscirickettsia salmonis field isolates. J Fish Dis. 2016; 39: 441-448. https://doi.org/10.
1111/jfd.12427 PMID: 26660665

Yanez AJ, Valenzuela K, Matzner C, Olavarria V, Figueroa J, Avendano-Herrera R, and Carcamo JG.

Broth microdilution protocol for minimun inhibitory concentration (MIC) determinations of the intracellu-
lar salmonid pathogen Piscirickettsia salmonis to florfenicol and oxytetracycline. J. Fish Dis. 2014; 37:
505-509. https://doi.org/10.1111/jfd.12144 PMID: 23803014

Alcorn J, Dowling P, Woodbury M, and Killeen R. Pharmacokinetics of florfenicol in North American elk
(Cervus elaphus). J Vet Pharmacol Ther. 2004; 27: 289-292. https://doi.org/10.1111/j.1365-2885.
2004.00594.x PMID: 15500565

Holmes K, Bedenice D, Papich MG. Florfenicol pharmacokinetics in healthy adult alpacas after subcuta-
neous and intramuscular injection. J Vet Pharmacol Ther. 2012; 35: 382—388. https://doi.org/10.1111/j.
1365-2885.2011.01323.x PMID: 21736588

Pentecost R, Niehaus A, Werle N, and Lakritz J. Pharmacokinetics of florfenicol after intravenous and
intramuscular dosing in llamas. Res Vet Med. 2013; 95: 594-599.

Feng JB and Jia XP. Single dose pharmacokinetic study of florfenicol in tilapia (Oreochromis niloticus x
O. aureus) held in freshwater at 22°C. Aquaculture. 2009; 289: 129—-133.

Reimschuessel R, Stewart L, Squibb E, Hirokawa K, Brady T, Brooks D, Sheikh B, and Hodsdon C.
Fish drug analysis—Phish-pharm: A searchable database of pharmacokinetics data in fish. AAPS J.
2005; 7: E288—-E327. https://doi.org/10.1208/aapsj070230 PMID: 16353911

Samuelsen OB, Bergh O, and Ervik A. Pharmacokinetics of florfenicol in cod Gadus morhua and in vitro
antibacterial activity against Vibrio anguillarum. Dis Aquat Organ. 2003; 56: 127—133. https://doi.org/
10.3354/dao056127 PMID: 14598988

Horsberg TE, Hoff KA, and Nordmo R. Pharmacokinetics of florfenicol and its metabolite florfenicol
amine in Atlantic Salmon. J Aquat Anim Health. 1996; 8: 292-301.

Samuelsen OB, Hjeltnes B, and Glette J. Efficacy of Orally Administered Florfenicol in the Treatment of
Furunculosis in Atlantic Salmon. J Aquat Anim Health. 1998; 10: 56-61.

Canut A, Aguilar L, Cobo J, Giméne MJ, and Rodriguez-Gascon A. Analisis farmacocinético-farmacodi-
namico en microbiologia: herramienta para evaluar el tratamiento antimicrobiano. Enferm Infecc Micro-
biol Clin. 2015; 33: 48-57. https://doi.org/10.1016/j.eimc.2013.04.023 PMID: 23850188

Asin-Prieto E, Rodriguez-Gascon A, and Isla A. Applications of the pharmacokinetic/pharmacodynamic
(PK/PD) analysis of antimicrobial agents. J Infect Chemother. 2015; 21: 319-329. https://doi.org/10.
1016/}.jiac.2015.02.001 PMID: 25737147

ISO 20776—-1. Clinical laboratory testing and in vitro diagnostic test systems —Susceptibility testing of
infectious agents and evaluation of performance of antimicrobial susceptibility test devices —Part 1:
Reference method for testing the in vitro activity of antimicrobial agents against rapidly growing aerobic
bacteria involved in infectious diseases. 2006.

PLOS ONE | https://doi.org/10.1371/journal.pone.0215174 May 13,2019 20/21


https://drum.lib.umd.edu/handle/1903/7256
https://drum.lib.umd.edu/handle/1903/7256
https://doi.org/10.1577/H09-057.1
https://doi.org/10.1577/H09-057.1
http://www.ncbi.nlm.nih.gov/pubmed/20848886
https://doi.org/10.1577/H09-044.1
http://www.ncbi.nlm.nih.gov/pubmed/21192545
https://doi.org/10.1111/jfd.12427
https://doi.org/10.1111/jfd.12427
http://www.ncbi.nlm.nih.gov/pubmed/26660665
https://doi.org/10.1111/jfd.12144
http://www.ncbi.nlm.nih.gov/pubmed/23803014
https://doi.org/10.1111/j.1365-2885.2004.00594.x
https://doi.org/10.1111/j.1365-2885.2004.00594.x
http://www.ncbi.nlm.nih.gov/pubmed/15500565
https://doi.org/10.1111/j.1365-2885.2011.01323.x
https://doi.org/10.1111/j.1365-2885.2011.01323.x
http://www.ncbi.nlm.nih.gov/pubmed/21736588
https://doi.org/10.1208/aapsj070230
http://www.ncbi.nlm.nih.gov/pubmed/16353911
https://doi.org/10.3354/dao056127
https://doi.org/10.3354/dao056127
http://www.ncbi.nlm.nih.gov/pubmed/14598988
https://doi.org/10.1016/j.eimc.2013.04.023
http://www.ncbi.nlm.nih.gov/pubmed/23850188
https://doi.org/10.1016/j.jiac.2015.02.001
https://doi.org/10.1016/j.jiac.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25737147
https://doi.org/10.1371/journal.pone.0215174

@ PLOS|ONE

Florfenicol dose against Piscirickettsia salmonis in Salmo salar

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Contreras-Lynch S, Smith P, Olmos P, Loy ME, Finnegan W, and Miranda C. A novel and validated pro-
tocol for performing MIC tests to determine the susceptibility of Piscirickettsia salmonis isolates to florfe-
nicol and oxytetracicline. Front Microbiol. 2017; 8: 1255-61. https://doi.org/10.3389/fmicb.2017.01255
PMID: 28729865

Lei Z, Liu Q, Yang S, Yang B, Khaliq H, Li K, et al. PK-PD Integration Modeling and Cutoff Value of Flor-
fenicol against Streptococcus suis in Pigs. Front Pharmacol. 2018; 9: 2—14. https://doi.org/10.3389/
fphar.2018.00002 PMID: 29387013

Dorey L, Pelligand L, Cheng Z, and Lees P. Pharmacokinetic/pharmacodynamic integration and model-
ling of florfenicol for the pig pneumonia pathogens Actinobacillus pleuropneumoniae and Pasteurella
multocida. PLOS ONE. 2017; 12: e0177568. https://doi.org/10.1371/journal.pone.0177568 PMID:
28552968

Turnidge J, Kahimeter G and Kronvall G. Statistical characterisation of bacterial wild-type MIC value
distributions and the determination of epidemiological cut-off values. Clin Microbiol Infect. 2006; 12:
418-425. https://doi.org/10.1111/j.1469-0691.2006.01377.x PMID: 16643517

Karatas S, Mikalsen J, Steinum TM, Taksdal T, Bordevik M and Colquhoun D. Real time PCR detection
of Piscirickettsia salmonis from formalin-fixed paraffin-embedded tissues. J Fish Dis. 2008; 31: 747—
753. https://doi.org/10.1111/j.1365-2761.2008.00948.x PMID: 18681901

Birrell J, Mitchell S, and Bruno D. Piscirickettsia salmonis in farmed Atlantic salmon, Salmo salarin
Scotland. B Eur Assoc Fish Pat. 2003; 23: 213-218.

Cusack RR, Groman DM, and Jones SRM. Rickettsial infection in farmed Atlantic salmon in Eastern
Canada. Can Vet J. 2002; 43: 435—-440. PMID: 12058568

Mauel MJ, Ware C, Smith PA. Culture of Piscirickettsia salmonis on enriched blood agar. J Vet Diagn
Invest. 2008; 20: 213-214. https://doi.org/10.1177/104063870802000211 PMID: 18319435

Yanez AJ, Valenzuela K, Silva H, Retamales J, Romero A, Enriquez R, Figueroa J, Claude A, Gonzalez
J, Avendano-Herrera R and Carcamo JG. Broth medium for the successful culture of the fish pathogen
Piscirickettsia salmonis. Dis Aquat Organ. 2012; 97: 197-205. https://doi.org/10.3354/dao02403
PMID: 22422090

Clinical and Laboratory Standards Institute (CLSI). Methods for Broth Dilution Susceptibility Testing of
Bacteria Isolated from Aquatic Animals. Wayne, PA: Clinical and Laboratory Standards Institute;
2014a.

Clinical and Laboratory Standards Institute (CLSI). Performance Standards for Antimicrobial Suscepti-
bility Testing of Bacteria Isolated from Aquatic Animals, Second Informational Supplement. Wayne,
PA: Clinical and Laboratory Standards Institute; 2014b.

Kronvall Géran. Normalized Resistance Interpretation as a Tool for Establishing Epidemiological MIC
Susceptibility Breakpoints. J Clin Microbiol. 2010; 48: 4445-4452. https://doi.org/10.1128/JCM.01101-
10 PMID: 20926714

European Agency for the Evaluation of Medical Products (EMA). VICH Topic GL9 (GCP): Guideline on
Good Clinical Practices. CVMP/VICH/595/98-FINAL,1-30; 2000.

European Agency for the Evaluation of Medical Products (EMA). Studies to evaluate the metabolism
and residue kinetics of veterinary drugs in food-producing animals: Marker residue depletion studies to
establish product withdrawal periods. EMEA/CVMP/VICH/463199/2009-CONSULTATION,1-12; 2009.

European Union (EU). Directive 2010/63/EU of the Parliament and the Council of 22 September 2010
on the protection of animals used for scientific purposes. OJ L27, 33-79; 2010.

LiJ, Ding S, Zhang S, Li C, Li X, Liu Z, et al. Residue depletion of florfenicol and its metabolite florfenicol
amine in swine tissues after intramuscular administration. J Agric Food Chem. 2006; 54: 9614-9619.
https://doi.org/10.1021/jf061869p PMID: 17147454

Cartes C, Isla A, Lagos F, Castro D, Mufioz M, Yafiez A, et al. Search and analysis of genes involved in
antibiotic resistance in Chilean strains of Piscirickettsia salmonis. J Fish Dis. 2017; 40: 1025—1039.
https://doi.org/10.1111/jfd. 12579 PMID: 27982445

Mora J. Antibiogram analyses strains of Piscirickettsia salmonis isolated from salmonid and trout,
reared in the region of Los Rios, Los Lagos and Aysén during 2007—-2008. Bachelor Veterinary Sci-
ences Thesis. Universidad de Concepcidén. Facultad de Ciencias Veterinarias, Chile.

Silley P. Susceptibility testing methods, resistance and breakpoints: what do these terms really mean?
Rev Sci Tech. 2012; 31: 33—41. PMID: 22849266

Turnidge J, and Paterson DL. Setting and revising antibacterial susceptibility breakpoints. Clin Microbiol
Rev. 2007; 20: 391408. https://doi.org/10.1128/CMR.00047-06 PMID: 17630331

Anadén A, Martinez-Larrafiaga MR, Ares |, and Martinez MA. Chapter 7: Regulatory aspects for the
drugs and chemicals used in food producing animals. In: Gupta RC, editor. Veterinary Toxicology. San
Diego, CA, USA: Elsevier/Academic Press; 2018. Pp. 103-131.

PLOS ONE | https://doi.org/10.1371/journal.pone.0215174 May 13,2019 21/21


https://doi.org/10.3389/fmicb.2017.01255
http://www.ncbi.nlm.nih.gov/pubmed/28729865
https://doi.org/10.3389/fphar.2018.00002
https://doi.org/10.3389/fphar.2018.00002
http://www.ncbi.nlm.nih.gov/pubmed/29387013
https://doi.org/10.1371/journal.pone.0177568
http://www.ncbi.nlm.nih.gov/pubmed/28552968
https://doi.org/10.1111/j.1469-0691.2006.01377.x
http://www.ncbi.nlm.nih.gov/pubmed/16643517
https://doi.org/10.1111/j.1365-2761.2008.00948.x
http://www.ncbi.nlm.nih.gov/pubmed/18681901
http://www.ncbi.nlm.nih.gov/pubmed/12058568
https://doi.org/10.1177/104063870802000211
http://www.ncbi.nlm.nih.gov/pubmed/18319435
https://doi.org/10.3354/dao02403
http://www.ncbi.nlm.nih.gov/pubmed/22422090
https://doi.org/10.1128/JCM.01101-10
https://doi.org/10.1128/JCM.01101-10
http://www.ncbi.nlm.nih.gov/pubmed/20926714
https://doi.org/10.1021/jf061869p
http://www.ncbi.nlm.nih.gov/pubmed/17147454
https://doi.org/10.1111/jfd.12579
http://www.ncbi.nlm.nih.gov/pubmed/27982445
http://www.ncbi.nlm.nih.gov/pubmed/22849266
https://doi.org/10.1128/CMR.00047-06
http://www.ncbi.nlm.nih.gov/pubmed/17630331
https://doi.org/10.1371/journal.pone.0215174

