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Enteric redmouth disease isolates from diseased farmed trout. Minimum inhibitory (MIC) and minimum

xf’cc bactericidal (MBC) concentrations were determined by broth microdilution in

. independent triplicates, and MBC/MIC ratios distinguished bactericidal from
Oncorhynchus mykiss b . : P li ibili di llel by disk
Phytotherapy acteriostatic action; oxytetracycline susceptibility was assessed in parallel by dis

diffusion. All ten isolates were oxytetracycline—resistant (zones 6.33—11.67 mm; MIC
816 pg/mL). All extracts inhibited all isolates (MIC 1.95-31.25 uL/mL; MBC 3.90-
125 pL/mL). Milk thistle seed, vitex fruit, French maritime pine and turmeric were most
active (MIC50 3.90-7.80 uL/mL), whereas dandelion was least active (MIC50 15.62,
MBC50 62.50 nL/mL). Activity differed significantly among extracts (Friedman: MIC
p =0.002, MBC p < 0.001; Kendall’s W = 0.32 and 0.36), and MBC/MIC was <4 in all
extract—isolate combinations. Because these endpoints correspond to roughly 0.4-1.6 %
(v/v), extract standardization and in vivo efficacy are required before any practical
application can be considered.

INTRODUCTION

Aquaculture is the most rapidly growing source of aquatic animal production worldwide. However, the intensive rearing
conditions of modern facilities frequently give rise to infectious disease outbreaks that remain among the sector's major
economic constraints (Kumar et al., 2015). Enteric redmouth disease (ERM, or yersiniosis), a condition caused by the Gram—
negative, rod—shaped, facultatively anaerobic enterobacterium Yersinia ruckeri, has been identified as a significant cause of
economic losses in rainbow trout (Oncorhynchus mykiss) (Kumar et al., 2015; Mesias Valle et al., 2020). Y. ruckeri was first
isolated from rainbow trout in the Hagerman Valley, Idaho, USA in the 1950s and has since become a pathogen in most
major trout—producing regions worldwide (Adel et al., 2016; De Grandis & Stevenson, 1985; Yilmaz et al., 2022). In
Tiirkiye, the infection was first diagnosed in farmed trout in 1991 and was characterized by septicemic clinical signs,
including pronounced subcutaneous haemorrhages on the mouth and tongue (Cagirgan & Yurekliturk, 1991; Duman et al.,
2017).

The onset and severity of ERM outbreaks have been demonstrated to be influenced by husbandry practices and rearing
conditions (Korun et al., 2019; Seker et al., 2012). Environmental factors such as elevated water temperatures, reduced water
quality, and low dissolved—oxygen concentrations have been demonstrated to reduce host immune competence and
contribute to the development of clinical disease (Seker et al., 2012). Y. ruckeri is transmitted through several routes,
including wild fish, asymptomatic carrier fish, and avian vectors. Once introduced into an aquaculture facility it can also
form biofilms on tanks and equipment that may act as reservoirs for chronic re-infection (Kumar et al., 2015). The
intensification of aquaculture systems, the increasing international trade in live aquatic animals, and the reported emergence
of atypical strains were additional factors that can affect pathogen spread between regions (Duman et al., 2017; Kumar et
al., 2015). Reliable and specific diagnostic and control measures were considered useful for limiting the economic impact
of Y. ruckeri and supporting the sustainable development of the aquaculture sector (Balta et al., 2016; Seker et al., 2012).
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Although yersiniosis has the potential to occur at any stage of trout culture, it generally presents as an acute infection in
fingerlings and as a chronic septicemia in adult fish (Mesias Valle et al., 2020). From a clinical perspective, signs of
septicaemia in infected fish include lethargy, darkening of the skin, exophthalmia, and subcutaneous haemorrhages at the
corners of the mouth and on the tongue (Adel et al., 2016; Balta et al., 2016). As Mesias Valle et al. (2020) note, a range of
synthetic antibiotics are currently used in the treatment of the disease. However, the uncontrolled and intensive use of
chemotherapeutics can promote the rapid emergence of resistance in pathogenic strains (De Grandis & Stevenson, 1985;
Duman et al., 2017). The situation has the potential to compromise food safety and highlight the need for natural control
strategies as alternatives to antibiotics for sustainable aquaculture (Onalan & Cevik, 2020). Beyond phytotherapeutic
approaches, vaccination remains a cornerstone of ERM control, and its effectiveness depends on the antigenic characteristics
of circulating strains. Y. ruckeri isolates are classified into distinct serotypes and biotypes, and antigenic profiling and
serological analyses of field strains, including serotype O1 biotype 1 and biotype 2 isolates from rainbow trout in Turkiye,
provide valuable data to guide the effective formulation of vaccines against ERM disease (Altun et al., 2013; Altun et al.,
2025). Characterizing the antibacterial activity of alternative agents against such well-defined resistant field isolates
therefore complements these strain-typing efforts within integrated disease management.

Plant extracts obtained from medicinal and aromatic plants have been regarded as promising alternatives to antibiotics in
modern aquaculture, owing to the rich bioactive phytochemical content of such extracts (Dawood et al., 2021; Onalan &
Cevik, 2020). These compounds have the capacity to act on multiple bacterial targets, including the disruption of the cell
membranes and the loss of cell integrity. Consequently, multi-target compounds are considered to be less likely to select for
resistance in comparison to single-target chemotherapeutics (Dawood et al., 2021; Liu et al., 2021; Sheydai & Tukmechi,
2023; Yilmaz et al., 2022). Moreover, plant-based extracts have also been reported to be more readily biodegradable than
synthetic agents. The repeated use of synthetic agents has been associated with the selection and horizontal transfer of
resistance determinants in Y. ruckeri (Bulfon et al., 2014; De Grandis & Stevenson, 1985; Duman et al., 2017). In line with
these properties, extracts of several aromatic plants have shown in vitro bactericidal or bacteriostatic activity against Y.
ruckeri and other fish pathogens (Abdel-Latif et al., 2020; Adel et al., 2016; Huang et al., 2014; Yilmaz et al., 2022). In
rainbow trout, plant-derived preparations have also been reported to modulate immune responses, indicating that their
potential in this species is not limited to direct antibacterial action (Ispir et al., 2022).

The quantitative evaluation of in vitro antibacterial activity is contingent upon the determination of susceptibility parameters,
with particular emphasis on the minimum inhibitory concentration (MIC) and the minimum bactericidal concentration
(MBC) (Rodgers, 2001; Sheydai & Tukmechi, 2023). Standard dilution guidelines for the standardization of bacterial
susceptibility testing have been developed by international authorities such as the Clinical and Laboratory Standards Institute
(CLSI, 2014). Although agar-diffusion tests such as disk diffusion are widely used, the hydrophobic and lipophilic character
of plant essential oils can impede the diffusion of these oils in solid agar, potentially resulting in ir vitro antibacterial activity
that appear weaker than it is (Cortés et al., 2014). The microdilution method has been demonstrated to reduce these diffusion
limitations and, more generally, provides standardized, reproducible MIC/MBC endpoints for both lipophilic and water-
soluble preparations (Calvez et al., 2014; Cortés et al., 2014; Gulec et al., 2013).

In vitro studies have documented the inhibitory activity of plant ethanolic and essential-oil extracts against Y. ruckeri and
other fish pathogens (Abdel-Latif et al., 2020; Adel et al., 2016; Cortés et al., 2014; Onalan & Cevik, 2020; Sheydai &
Tukmechi, 2023). Nevertheless, comparative data on commercial liquid extracts evaluated against multiple field isolates
under harmonized CLSI conditions remain limited. Determining MIC and MBC for such preparations, together with the
MBC/MIC ratio that distinguishes bactericidal from bacteriostatic action, is a prerequisite for their rational evaluation as
candidate phytotherapeutics (Pathirana et al., 2019; Rodgers, 2001). The objective of this study is to evaluate the in vitro
bactericidal potential of eight plant liquid extracts, specifically those derived from rosemary leaf, dandelion, milk thistle
seed, turmeric, vitex fruit, sage, ginger, and French maritime pine. The extracts were then subjected to evaluation as
sustainable phytotherapeutic agents against ten isolates of Y. ruckeri.

MATERIALS AND METHODS

Bacterial cultures and growth conditions

Ten Yersinia ruckeri isolates, previously recovered from moribund or dead farmed rainbow trout during spring (Yr-SP),
summer (Yr-SU) and autumn (Yr-AU) were used in this study. Isolates were identified on the basis of morphological, cultural
and biochemical criteria according to Buller (2014) and stored at -80 °C in Mueller—Hinton broth containing 20 % (v/v)
glycerol until testing. Prior to testing, each isolate was subcultured twice on fresh medium and its purity and identity were
reconfirmed. Isolates were passaged on Mueller—Hinton agar (MHA); single colonies were then transferred to Mueller—
Hinton broth (MHB) and incubated aerobically at 22—24 °C for 24 h (Huang et al., 2014). All incubations throughout the
study were performed at that temperature, which corresponds to the optimum growth range of Y. ruckeri and to the
temperature used for the susceptibility assays.

Polymerase chain reaction (PCR)

Species identity was confirmed by a Y. ruckeri-specific PCR assay targeting the 16S rRNA gene. Genomic DNAs of all
tested pathogens were extracted from colonies using a commercial kit. Amplifications were performed in a total volume of
50 uL containing 5 uL of template DNA, 1x PCR buffer, 2 mM MgClz, 200 uM of each deoxynucleotide triphosphate
(ANTP), 0.4 uM (20 pmol) of each primer and 1.25 U of Taq DNA polymerase. The primers YERS (5'-

733



Faik Sertel Seger Int. J. Agric. Environ. Food Sci. 2026; 10(3): 732-741

GCGAGGAGGAAGGGTTAAGTG-3") and YER10 (5'-GAAGGCACCAAGGCATCTC TG-3') were those described by
Gibello et al. (1999), and the assay was applied as in Seker et al. (2012). Thermal cycling consisted of initial denaturation at
94 °C for 2 min, followed by 35 cycles of 94 °C for 1 min, 55 °C for 1 min and 72 °C for 1 min, with a final extension at 72
°C for 8 min. Amplification products were separated by electrophoresis on a 1.5 % agarose gel stained with ethidium
bromide, and fragment sizes were estimated against a 100 bp DNA ladder (Gibello et al., 1999).

Plant liquid extracts

Eight commercial plant liquid extracts (LE) were purchased from Kale Naturel (Edremit, Balikesir, Turkiye) and common
names, botanical origin, serial numbers and lot numbers were given in Table 1. Extracts were diluted in culture medium and
prepared immediately before use. Between preparations LE were stored at room temperature in the dark, in the original
sealed containers, and a single lot per extract was used throughout, and no between-lot variation was present within the
study.

Table 1. Names, botanical origin and batch details of the liquid extracts.

Liquid extract Plant origin Serial number Lot number
Rosemary leaf Rosmarinus officinalis LE405 06-09
Dandelion Taraxacum officinale LE487 06-09
Milk thistle seed Silybum marianum LE413 07-04
Turmeric Curcuma longa LE454 07-02
Vitex fruit Vitex agnus-castus LE410 06-10
Sage Salvia officinalis LE453 05-06
Ginger Zingiber officinale LE311 07-01
French maritime pine Pinus pinaster LE321 07-02

Inoculum preparation

Immediately before susceptibility testing, colonies from fresh 24 h cultures were suspended homogeneously in sterile 0.9 %
NaCl. Turbidity was adjusted spectrophotometrically to a 0.5 McFarland standard (optical density ODso = 0.1),
corresponding to 1.2 x 10® CFU/mL. This suspension was diluted in MHB so that, after addition to the wells, the final
inoculum was approximately 5 x 10> CFU/mL per well (CLSI, 2014). The inoculum density was verified retrospectively by
plating 100 pL of the final working suspension onto MHA 1in triplicate and counting colonies after 24 h at 22-24 °C.

Antibacterial susceptibility testing
Disk diffusion

Susceptibility to oxytetracycline (30 pg) was determined on MHA by the Kirby—Bauer disk-diffusion method, using
inoculum prepared as described above. Inoculated plates were left at room temperature for 15-20 min before the disks were
applied and were then incubated at 22-24 °C for 24 h. Zone diameters were interpreted according to Balta et al. (2016) <14
mm, resistant (R); 15-18 mm, intermediate (I); >19 mm, susceptible (S). Each isolate was tested in three independent
replicates, and zone diameters were reported as mean + standard deviation. These interpretive criteria are not CLSI-validated
breakpoints for Y. ruckeri and were applied in the study as an operational classification.

Broth microdilution

MIC values were determined by broth microdilution in 96-well microplates using two-fold serial dilutions, following the
procedure described in CLSI VET04 (CLSI, 2014). LE were prepared in MHB to give final in-well concentrations of 500 to
0.48 uL/mL; oxytetracycline was prepared according to CLSI (2014) to give 256 to 0.125 pg/mL. The extract dilution series
was extended well above the concentrations at which inhibition was ultimately observed because no prior MIC data were
available for these preparations against Y. ruckeri.

A 100 pL volume of MHB was dispensed into all wells; 100 pL of the highest extract concentration was added to the first
well and serially diluted two-fold along the row, and 100 pL was discarded from the last well so that each well retained 100
pL. Finally, 100 puL of bacterial inoculum (~5 x 10° CFU/mL) was added to every well, giving a final volume of 200 pL and
a further two-fold dilution of each concentration. Plates were incubated at 22-24 °C for 24 h, and the MIC was read visually
as the lowest concentration showing no visible growth (turbidity) (Pathirana et al., 2019; Wiegand et al., 2008).

Minimum bactericidal concentration

To determine the MBC, 5 puL from each well were subcultured onto MHA using a 48-pin multi-blot replicator and incubated
at 22-24 °C for 24 h. The MBC was defined as the lowest concentration yielding no visible colonies on the subculture plate
(Rajakumar et al., 2022; Wiegand et al., 2008).

The MBC/MIC ratio was used to distinguish bacteriostatic from bactericidal activity, a ratio <4 being taken as bactericidal
and a ratio >4 as bacteriostatic (Pathirana et al., 2019). Because the assay uses a two-fold dilution grid, the attainable ratios
were restricted to discrete values, and this resolution was considered when the ratios were interpreted.
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Controls and replication

Each plate included three controls; a sterility control containing 200 nL. MHB; an extract sterility control containing 100 pL
MHB and 100 pL of the LE without inoculum; and a growth control containing 100 pL. MHB and 100 uL of bacterial
suspension. In addition, wells containing the inoculum and the extract at the concentration present in the highest extract
dilution were included to exclude a carrier effect. As for the MIC assays, all MBC determinations for each extract-strain
combination were performed in independent triplicates, and the modal endpoint of the three replicates was used.

Statistical analysis

MIC and MBC values for each extract-isolate combination were summarized as the modal value of three independent
replicates. Because these values were ordinal, derived from a discrete two-fold dilution series, non-parametric methods were
used throughout. The Friedman test was applied to both MIC and MBC. Kendall's coefficient of concordance (W) was used
to represent the size of the extract effect. For multiple comparisons, Dunn's test with a Bonferroni correction based on mean
ranks was performed. A p-value of less than 0.05 was considered statistically significant. All analyses were conducted using
IBM SPSS Statistics (version 30; IBM Corp., Armonk, NY, USA).

RESULTS AND DISCUSSION

Bacteriological and molecular identification of Y. ruckeri

All ten isolates showed phenotypic and biochemical characteristics consistent with Y. ruckeri and gave identical profiles
across the results of tests applied (Table 2). The isolates were Gram-negative rods, oxidase-negative and catalase-positive,
and were motile at 24 °C but non-motile at 37 °C. Isolates were positive for lysine and ornithine decarboxylase, gelatin
hydrolysis and trehalose fermentation, and negative for xylose fermentation and indole production. Citrate was utilized at
24 °Cbutnot at 37 °C. A single amplicon of the expected size (575 bp) was obtained from all ten isolates, confirming isolates
identity as Y. ruckeri.

Table 2. Phenotypic and biochemical characteristics of the ten Y. ruckeri isolates.

Phenotypic / Biochemical Test Y. ruckeri Isolates positive (n/10)
Gram Stain & Morphology Gram-negative rods 10/10
Oxidase Negative 10/10
Catalase Positive 10/10
Motility at 24°C Positive 10/10
Motility at 37°C Negative 10/10
Citrate Utilization (24°C) Positive 10/10
Citrate Utilization (37°C) Negative 10/10
Xylose Fermentation Negative 10/10
Lysine Decarboxylase (LDC) Positive 10/10
Ornithine Decarboxylase (ODC) Positive 10/10
Gelatin Hydrolysis Positive 10/10
Trehalose Fermentation Positive 10/10
Indole Production Negative 10/10

Antibacterial activity of the plant liquid extracts

All eight LE inhibited all ten Y. ruckeri isolates. MIC values ranged from 1.95 to 31.25 pL/mL (Table 3) and MBC values
from 3.90 to 125 pL/mL (Table 4) across the extract-isolate combinations.

The MBC/MIC ratio was <4 for all extract-isolate combinations (Table 5), indicating bactericidal activity according to the
criterion; all eight extracts were thus bactericidal against all ten isolates.

The MICso, MICs, MBCso and MBCoo indices were used to summarize the distribution of activity across the ten isolates
(Table 6). For the inhibitory endpoint, milk thistle seed had the lowest MICso at 3.90 pL/mL, followed by vitex fruit, French
maritime pine and turmeric at 7.80 uL/mL each, while the remaining four extracts shared an MICso of 15.62 pL/mL. The
MICoso was 15.62 uL/mL for vitex fruit, French maritime pine and turmeric, and 31.25 pL/mL for milk thistle seed and the
remaining extracts. The higher MICso of milk thistle seed relative to its MICso reflects two isolates (Yr-SP-4 and Yr-SU-4)
for which LE were markedly less active (MIC 31.25 pL/mL) than for the other eight.

For the bactericidal endpoint, milk thistle seed, vitex fruit, French maritime pine and turmeric shared the lowest MBCso of
15.62 uL/mL, rosemary leaf, sage and ginger showed an MBCso of 31.25 uL/mL, and dandelion the highest at 62.50 pL/mL.
The MBCoo was 31.25 uL/mL for milk thistle seed, vitex fruit, French maritime pine, turmeric and ginger, and 62.50 pL/mL
for rosemary leaf, sage and dandelion.

No inhibition of growth was observed in the carrier control wells for any extract, so the activity recorded is attributed to the
extract rather than to the carrier.
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Table 3. MIC (uL/mL) of eight plant liquid extracts against ten Y. ruckeri isolates.

Extract Yr- Yr- Yr- Yr- Yr- Yr- Yr- Yr- Yr- Yr-
SP-3 SP-4 SP-11  SU-3 SU-4 SU-11 SU-14 AU-3 AU-4 AU-11
Milk thistle seed 1.95 31.25 3.90 3.90 31.25 1.95 7.80 7.80 1.95 7.80
Vitex fruit 7.80 15.62 15.62 7.80 15.62 3.90 1.95 15.62 1.95 3.90
French maritime pine  3.90 7.80 7.80 7.80 3.90 15.62 7.80 15.62 3.90 7.80
Turmeric 15.62 7.80 7.80 15.62 1.95 1.95 15.62 15.62 3.90 31.25
Rosemary leaf 3.90 15.62 1.95 31.25 31.25 31.25 7.80 15.62 15.62 15.62
Sage 7.80 31.25 15.62 31.25 31.25 1.95 15.62 31.25 15.62 3.90
Ginger 7.80 31.25 31.25 31.25 15.62 7.80 31.25 15.62 15.62 15.62
Dandelion 15.62 31.25 31.25 15.62 15.62 31.25 15.62 15.62 15.62 31.25

* Modal values of three independent replicates (uL/mL). Yr-SP, spring; Yr-SU, summer; Yr-AU, autumn isolates.
Table 4. MBC (uL/mL) of eight plant liquid extracts against ten Y. ruckeri isolates.

Extract Yr- Yr- Yr-SP-  Yr- Yr- Yr-SU- Yr-SU- Yr- Yr- Yr-
SP-3 SP4 11 SU-3 SU-4 11 14 AU-3 AU4 AU-11

Milk thistle seed 3.90 31.25 3.90 15.62 6250 7.80 15.62 31.25 7.80 31.25
Vitex fruit 7.80 31.25 15.62 1562 1562 3.90 7.80 31.25 7.80 15.62
French maritime pine ~ 7.80 15.62 15.62 1562 1562 31.25 31.25 31.25 15.62 15.62
Turmeric 31.25 7.80 15.62 15.62 3.90 3.90 62.50 31.25 7.80 31.25
Rosemary leaf 7.80 31.25 3.90 62.50 62.50 62.50 31.25 31.25 3125 31.25
Sage 15.62 6250 31.25 62.50 31.25 7.80 31.25 31.25 3125 7.80

Ginger 15.62 3125 31.25 62.50 31.25 7.80 31.25 31.25 3125 31.25
Dandelion 31.25 6250 62.50 62.50 31.25 62.50 31.25 31.25 62.50 125

*Modal values of three independent replicates (uL/mL). Yr-SP, spring; Yr-SU, summer; Yr-AU, autumn isolates.
Table 5. MBC/MIC ratio of eight plant liquid extracts against ten Y. ruckeri isolates.

Extract Yr- Yr- Yr-SP-  Yr- Yr- Yr-SU- Yr-SU- Yr- Yr- Yr-
SP-3 SP4 11 SU-3 SU-4 11 14 AU-3 AU-4 AU-11
Milk thistle seed 2 1 1 4 2 4 2 4 4 4
Vitex fruit 1 2 1 2 1 1 4 2 4 4
French maritime pine 2 2 2 2 4 2 4 2 4 2
Turmeric 2 1 2 1 2 2 4 2 2 1
Rosemary leaf 2 2 2 2 2 2 4 2 2 2
Sage 2 2 2 2 1 4 2 1 2 2
Ginger 2 1 1 2 2 1 1 2 2 2
Dandelion 2 2 2 4 2 2 2 2 4 4

* Ratios were calculated from the modal MIC and MBC values; a ratio <4 indicates bactericidal and >4 bacteriostatic activity
(Pathirana et al., 2019). Yr-SP, spring; Yr-SU, summer; Yr-AU, autumn isolates.

Table 6. Summary of the antibacterial activity of eight plant liquid extracts against ten Y. ruckeri isolates. All concentrations
were expressed in pL/mL.

Extract MICrange MICsp MICy MBCrange MBCsy MBCyy
Milk thistle seed 1.95-31.25 3.90 31.25 3.90-62.50 15.62 31.25
Vitex fruit 1.95-15.62 7.80 15.62 3.90-31.25 15.62 31.25
French maritime pine  3.90-15.62 7.80 15.62 7.80-31.25 15.62 31.25
Turmeric 1.95-31.25 7.80 15.62 3.90-62.50 15.62 31.25
Rosemary leaf 1.95-31.25 15.62 31.25 3.90-62.50 31.25 62.50
Sage 1.95-31.25 15.62 31.25 7.80-62.50 31.25 62.50
Ginger 7.80-31.25 15.62 31.25 7.80-62.50 31.25 31.25
Dandelion 15.62-31.25 15.62 31.25 31.25-125 62.50 62.50

*MICso/MICoo and MBCso/MBCoso, lowest concentrations inhibiting/killing 50 % and 90 % of the ten isolates, respectively,
values were derived from the modal MIC and MBC values reported in Tables 3 and 4.

Antibacterial activity differed significantly among the eight extracts for both endpoints (Friedman test: MIC, y*(7) = 22.54,
p =0.002; MBC, ¥2(7) = 24.98, p < 0.001). Kendall's coefficient of concordance indicated a moderate and consistent ranking
of the extracts across isolates, somewhat stronger for the bactericidal endpoint (W = 0.32 for MIC and 0.36 for MBC).
According to the Friedman mean ranks for MIC, milk thistle seed, vitex fruit, French maritime pine and turmeric were the
most active extracts, whereas dandelion, ginger and sage were the least active; the ranking for MBC was similar, with
dandelion, ginger and sage again among the least active. The ordering of the four most active extracts differed slightly
between the two endpoints. Milk thistle seed ranked first for MIC and vitex fruit first for MBC. In Dunn's pairwise
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comparisons with Bonferroni adjustment, no extract pair reached significance for MIC (smallest adjusted p = 0.062, milk
thistle seed versus dandelion), whereas for MBC one pair differed significantly, namely dandelion versus vitex fruit (adjusted
p = 0.009). With 28 pairwise comparisons and ten isolates, the adjusted test has limited power to resolve differences of one
to two dilution steps, and the significant contrasts were confined to comparisons between the most and the least active
preparations. Applying the same analysis with isolates as the repeated-measures condition did not demonstrate significant
differences in susceptibility among the ten isolates for either endpoint (Friedman test: MIC, y*(9) = 16.89, p = 0.051; MBC,
¥?*(9) = 16.46, p = 0.058; W = 0.24 and 0.23). Isolate Yr-SP-4 had the highest (31.25 pL/mL) and Yr-SP-3 (1.95 puL/mL)
and Yr-AU-4 (1.95 puL/mL) the lowest, but these differences did not reach the significance threshold, and isolate-level
variation is therefore described in the study as a trend rather than as a demonstrated effect.

All ten isolates were classified as resistant to oxytetracycline on the basis of disk-diffusion zone diameters of 6.33—11.67
mm, interpreted according to Balta et al. (2016). The corresponding oxytetracycline MIC values, 8—16 pg/mL, were reported
as descriptive data because no CLSI clinical MIC breakpoint was established for oxytetracycline against Y. ruckeri (Table
7).

The two measures were concordant in ordering the isolates. The three autumn isolates had the highest MIC (16 pg/mL) and
the smallest zones (6.33—7.33 mm), whereas the spring and summer isolates had an MIC of 8 pg/mL and zones of 9.33—
11.67 mm. Because the autumn group comprised only three isolates, the observed gradient was reported as a descriptive
observation and no seasonal inference was drawn from it.

Table 7. Susceptibility of the ten Y. ruckeri isolates to oxytetracycline. MIC values (broth microdilution) were reported for
descriptive purposes; the resistance classification (R/I/S) was based on disk-diffusion zone diameters (30 ug disk).

Isolate OTC MIC Inhibition zone Interpretation
(ug/mL) (mm)
Yr-SP-3 8 11.67+1.53 R
Yr-SP-4 8 11.33 £1.53 R
Yr-SP-11 8 11.33 £0.58 R
Yr-SU-3 8 9.33+£0.58 R
Yr-SU-4 8 9.67+1.53 R
Yr-SU-11 8 9.33+£0.58 R
Yr-SU-14 8 9.33+1.15 R
Yr-AU-3 16 7.33+£1.53 R
Yr-AU-4 16 7.33+£1.15 R
Yr-AU-11 16 6.33 £ 0.58 R

*Zone diameters were mean + standard deviation of three independent replicates. OTC: Oxytetracycline; R: resistant.
Resistance was classified from disk-diffusion zone diameters interpreted according to Balta et al. (2016): <14 mm, resistant;
15—-18 mm, intermediate; >19 mm, susceptible. MIC values were provided as descriptive data, as no CLSI MIC breakpoint
is available for oxytetracycline against Y. ruckeri. All ten isolates were resistant to oxytetracycline.

The present study showed that all eight liquid extracts possess in vitro antibacterial activity against Y. ruckeri, the causative
agent of enteric redmouth disease in rainbow trout. The MIC and MBC ranges recorded as, 1.95-31.25 and 3.90-125 uL/mL
respectively, fall within the broad range of inhibitory activity previously reported for plant-derived preparations against
tested pathogens (Adel et al., 2016; Bulfon et al., 2014; Cortés et al., 2014; Ulukdy et al., 2013). Sheydai and Tukmechi
(2023), for instance, reported an MIC of 200 pg/mL and an MBC of 400 pg/mL for a propolis ethanol extract against Y.
ruckeri, and comparable in vitro activity has been described for essential oils and for ethanolic or dichloromethane extracts
against Y. ruckeri and other aquatic pathogenic bacteria (Adel etal., 2016; Bulfon et al., 2014; Cortés et al., 2014). Similarly,
Ulukoy et al. (2013) demonstrated in vitro antibacterial activity of ethanolic extracts of the medicinal mushroom Ganoderma
lucidum and of hawthorn (Crataegus sp.) and maritime pine (Pinus pinaster) against Y. ruckeri and Listonella anguillarum
using the same disk diffusion and broth microdilution approaches, reporting MIC values of 250-500 mg/mL against Y.
ruckeri; the substantially lower values obtained in the present study (=3.9-15.6 mg/mL on a nominal mass basis) indicate
that the LE examined here compare favorably with such crude ethanolic preparations. Cross-study comparisons were
constrained by differences in extract type and solvent, and above all by the concentration unit. The LE assessed in the study
were expressed on a volume basis (uL/mL), whereas the essential oils and ethanolic extracts used elsewhere were expressed
on a mass basis (ug/mL or mg/mL), which precludes a strict potency ranking on the raw values alone. On a nominal mass
basis (assuming a density of =1 g/mL), the MICso values of 3.90—15.62 puL/mL correspond to =3.9-15.6 mg/mL, roughly
20— to 80—fold higher than the 200 pg/mL reported for the propolis ethanol extract, consistent with the preparations examined
in the study, being dilute aqueous extracts rather than concentrated ethanolic or essential-oil extracts. Broth microdilution
was preferred because it yields reproducible, quantitative MIC and MBC endpoints from the same plate and was less
sensitive than agar diffusion to the viscosity and intrinsic colour of crude liquid preparations (Cortés et al., 2014).

Milk thistle seed, vitex fruit, French maritime pine and turmeric showed the strongest activity at both endpoints. The
classification as bactericidal, inferred from an MBC/MIC ratio <4 in all tested extract-isolate pairings, was consistent across
all eight extracts and all ten isolates. This classification is based solely on the MBC/MIC ratio criterion and does not
demonstrate a bactericidal mechanism, which would require time-kill or membrane-integrity assays. The modal MBC/MIC
ratio nevertheless differed among extracts. For vitex fruit the modal ratio was 1, indicating that the killing and inhibitory
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concentrations coincided for most isolates, whereas for milk thistle seed it was 4, the widest separation observed, showing
that a strong inhibitory potency was accompanied by a comparatively larger gap before complete killing. For the remaining
six extracts the modal ratio was 2. This gradient indicates that a low MIC does not by itself predict the smallest distance
between the inhibitory and lethal endpoints, so both potencies should be considered jointly when ranking candidate extracts.
This was relevant because bactericidal agents were generally preferred for the control of systemic septicaemic infections
such as yersiniosis (Pathirana et al., 2019; Rodgers, 2001).

The uniformity of the bactericidal classification should be interpreted taking into account the sensitivity of the test. In a two-
fold dilution series the MBC/MIC ratio can only take the discrete values 1, 2, 4, 8 and so on, and any pair of endpoints
separated by no more than two dilution steps necessarily satisfies the <4 criterion. In the study, the MBC never exceeded the
MIC by more than two dilution steps, so the classification of all isolates as bactericidal follows directly from the proximity
of the two endpoints on a coarse concentration grid. The result was therefore consistent with a bactericidal mode of action
rather than proof of one.

The close correspondence between the inhibitory and lethal endpoints indicates that the extracts acted consistently across
isolates. This gradation was mirrored by the MBCso and MBCoo indices the four most active extracts attained the lowest
MBCso of 15.62 uL/mL, whereas dandelion required the highest bactericidal concentration, with an MBCso of 62.50 uL/mL,
indicating that although bactericidal activity was universal, the concentration needed to achieve it differed among the extracts
and paralleled their inhibitory ranking.

Among-extract differences were statistically detectable for both endpoints (Friedman test: MIC p = 0.002; MBC p < 0.001),
with moderate agreement in the ranking across isolates (Kendall's W = 0.32 and 0.36). That W was moderate rather than
high indicates that the potency order was reproducible in broad terms but not isolate-invariant. Potency therefore differed
among preparations, indicating that activity was preparation-specific rather than uniform across the plants sampled, a pattern
consistent with comparative screening studies of aromatic plants against Y. ruckeri (Adel et al., 2016; Onalan & Cevik,
2020). Such among-preparation variation is to be anticipated, as the type and quantity of bioactive constituents differ
substantially among plant species. Moreover, the phytochemical composition of a given species is strongly shaped by
climatic and edaphic (soil) conditions, as well as by harvest season, plant part used and the extraction procedure, so that
extracts of the same species from different origins may differ in potency (Bulfon et al., 2014; Keskin & Giivensen, 2022;
Ulukoy et al., 2013).

Applying the same analysis with isolates rather than extracts as the repeated-measures condition did not demonstrate
significant differences in susceptibility among the ten isolates (MIC, ¥*(9) = 16.89, p = 0.051; MBC, ¥3(9) = 16.46, p =
0.058). Isolate Yr-SP-4 tended toward the higher MIC and MBC values across the results, as shown in Tables 3 and 4.

All tested isolates were classified as resistant to oxytetracycline, Table 7 shows a gradient in the level of resistance. The
autumn isolates had the highest oxytetracycline MIC of 16 pg/mL and the smallest inhibition zones, from 6.33 to 7.33 mm,
whereas the spring and summer isolates had a lower MIC of 8 pg/mL and larger zones, from 9.33 to 11.67 mm. The results
were consistent with reports of increasing oxytetracycline resistance in Y. ruckeri (Calvez et al., 2014; De Grandis &
Stevenson, 1985; Duman et al., 2017; Huang et al., 2014).

It should be noted that the resistance classification rests on zone-diameter criteria that have not been validated by CLSI for
Y. ruckeri (Balta et al., 2016). Both measures were consequently descriptive, and the isolates were more accurately
characterized as displaying markedly reduced zone diameters and elevated MICs relative to a susceptible phenotype than as
clinically resistant in a formally defined sense. The concordance of the two independent measures nonetheless supports the
conclusion that oxytetracycline would have limited utility against the tested isolates.

The concentrations at which the extracts proved active require explicit consideration. The MICso values of 3.90—15.62 uL/mL
correspond to approximately 0.4—1.6 % (v/v) of the assay medium, and the highest MBC recorded, 125 uL/mL, corresponds
to 12.5 % (v/v). Assuming a density of =1 g/mL, these MICso values correspond to ~3.9—15.6 mg/mL, that was roughly 250—
to 2000—fold higher than the oxytetracycline MIC of 8—16 pg/mL measured for the same isolates, even though those isolates
fall outside the wild—type range for oxytetracycline. Comparing a crude multi—component preparation with a purified single
molecule on a mass basis has limited interpretive value and was given in this study only to fix the order of magnitude
(Wiegand et al., 2008). These in vitro endpoints provide no basis for estimating an effective dietary inclusion level. The
concentration achievable in feed, and above all in the gut lumen after ingestion, was governed by intake, feed-matrix binding
and degradation, none of which was measured in the study. Any dietary application must therefore be established empirically
rather than extrapolated from MIC values.

Several limitations should be considered when interpreting study findings. First, the study was conducted entirely in vitro;
the MIC and MBC values obtained in Mueller-Hinton broth do not account for absorption, distribution or degradation in the
host, for the effect of the feed matrix on extract availability, or for any effect of the extracts on the fish, and no toxicity data
were obtained. Second, because a single commercial lot of each extract was used, between lot variability could not be
assessed. Finally, the susceptibility classification of the isolates rests on interpretive criteria that were not CLSI-validated
for Yersinia species, and the genetic basis of the reduced oxytetracycline susceptibility was not investigated.

Taken together, the results indicate that all eight preparations inhibit Y. ruckeri in vitro at concentrations in the low percent
range, that potency differs among preparations in a reproducible order, and that the four most active extracts were separated
from the least active by roughly two dilution steps. The activity was recorded against a background of uniformly reduced
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oxytetracycline susceptibility, consistent with reports of increasing oxytetracycline resistance in the species (Calvez et al.,
2014; De Grandis & Stevenson, 1985; Duman et al., 2017; Huang et al., 2014). On that basis the preparations merit further
evaluation within integrated disease management. The concentrations involved make a direct replacement of conventional
chemotherapeutics implausible, but as noted above the present data do not support a specific adjunctive or prophylactic
dosing scheme either; identifying one requires in vivo study.

CONCLUSION

Under the in vitro conditions of this study, all eight plant LE inhibited Y. ruckeri, with milk thistle seed, vitex fruit, French
maritime pine and turmeric showing the greatest activity (MICso 3.90—7.80 uL/mL) and dandelion the least (MICso 15.62
pL/mL, MBCso 62.50 pL/mL). By the MBC/MIC ratio criterion, all eight preparations were bactericidal against all ten
isolates, although the two-fold dilution grid restricts the attainable ratios. Because the isolates showed uniformly reduced
susceptibility to oxytetracycline, alternatives were needed, and the four most active preparations were reasonable candidates
for further evaluation. The concentrations required, approximately 0.4—1.6 % (v/v) at the MICso level, make a direct
replacement of conventional chemotherapeutics implausible and point to an adjunctive or prophylactic role, although no
dietary inclusion level can be inferred from these in vitro data.

Three steps would allow the potential to be assessed properly. First, the most active preparations should be standardized,
ideally with chromatographic characterization of the major constituents (Sahin & Kilig, 2021), so that effective doses can be
expressed. Second, cytotoxicity testing against fish or fish cell lines is needed to establish a therapeutic margin and to
characterize the mode of action. Third, the leading candidates should be evaluated in vivo in experimentally infected rainbow
trout, both alone and in combination with conventional agents. Since the present results were based on in vitro susceptibility
data and MBC/MIC ratios determined for commercial preparations, whether such extracts represent a sustainable alternative
to synthetic chemotherapeutics remains a hypothesis to be tested.
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