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Abstract: Two probiotic (Lactiplantibacillus plantarum) supplementation strategies (continuous and cyclic) were
evaluated for their ability to enhance resistance of rainbow trout (Oncorhynchus mykiss) to Aeromonas salmonicida
infection. Neither of these strategies improved post-challenge survival. Instead, cyclic administration resulted
in a significantly higher mortality rate (73%) compared with continuous supplementation (52%) and the control
group (46%). One week post-challenge, most haematological, plasma biochemical, and immune parameters showed
no significant difference between treatments, though fish receiving cyclic supplementation did exhibit a reduced
lymphocyte count. However, three weeks post-challenge, this same group showed a significant decrease in total
phagocyte number and in the proportion of phagocytes within white blood cells. IgM concentrations were sig-
nificantly lower in both probiotic-supplemented groups than in the control group. In the cyclic group, reductions
in interleukin-10 and elevations in total protein levels were also observed. Microbiome analysis of gut content three
weeks post-challenge revealed a marked decline in microbial diversity in both probiotic-treated groups. These
findings indicate that, under the experimental conditions, probiotic supplementation did not provide protection
against A. salmonicida infection and that cyclic administration may disrupt immune homeostasis and intestinal
microbial stability, ultimately compromising host resilience.
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Several approaches have been adopted to pre-
vent and control bacterial infections in aquacul-
ture as alternatives to antibiotic/chemotherapeutic
treatment. These include vaccination, selective
breeding, and the use of feed supplements con-
taining prebiotics and/or probiotics (Hoseinifar
et al. 2024). The antimicrobial properties of pro-
biotics are mediated by the production of anti-
microbial substances, the competitive exclusion
of pathogens, and the enhancement of the host’s
barrier function and immune system (Fijan 2023).
The effectiveness of dietary probiotics will be in-
fluenced by factors such as the species and age
of the fish, the dosage applied, and the feeding
strategy employed, e.g., the timing of probiotic
application. The most widely used aquacultural
probiotics nowadays are the lactobacilli, which
are Gram-positive, facultatively anaerobic, fer-
mentative, non-spore-forming microorganisms.
Of these, Lactiplantibacillus plantarum (previ-
ously known as Lactobacillus plantarum) has
been reported to positively affect weight gain
and feed conversion ratio in several fish species
(e.g., Nguyen et al. 2019; Soltani et al. 2019). The
autochthonous strain, Lactiplantibacillus plan-
tarum R2 Biocenol™ (CCM 8674), which was
isolated from the intestines of healthy rainbow
trout Oncorhynchus mykiss, has been shown to ex-
hibit distinct probiotic potential in in vitro tests
(Feckaninova et al. 2019). Pretreating rainbow
trout intestinal cells in primoculture with products
of L. plantarum R2 Biocenol™ (CCM 8674) (iden-
tified as lactic acid, acetic acid, acetoacetic acid,
succinic acid and formic acid) was found to reduce
inflammation following Aeromonas salmonicida
(CCM 1307) infection by decreasing the expres-
sion of pro-inflammatory cytokines (Cingelova
Maruscakova et al. 2021).

A. salmonicida is one of the most relevant aquatic
pathogens leading to significant economic losses
in salmonid aquaculture due to mass morbidity
and mortality of susceptible species. This Gram-
negative bacterium is the causative agent of furun-
culosis, which may manifest in peracute, acute,
or chronic form depending especially on the age
of the fish (Menanteau-Ledouble et al. 2016; Jun
et al. 2022).

Although vaccines are available, protection
against furunculosis is often inconsistent, and
outbreaks persist despite vaccination efforts. The
potential adverse effects of vaccination must also

be taken into consideration (Gudding and Van
Muiswinkel 2013; Bogwald and Dalmo 2019).

This study builds upon a previous study
by Mikulikova et al. (2025), which assessed the
use of L. plantarum R2 Biocenol™ (CCM 8674)
as a feed supplement for rainbow trout. In brief,
continuous supplementation increased the oxy-
gen-carrying capacity of fish blood, and a similar
positive effect on growth performance in juvenile
fish was observed with both continuous and pulse
feeding strategies. Significant shifts in plasmatic
magnesium, calcium, and chloride levels were re-
corded, while immunological parameters remained
unaffected.

In this continuation study, juvenile rainbow trout
will be challenged with the key salmonid patho-
gen A. salmonicida subsp. salmonicida strain
89409 to verify the effects of the probiotic under
infection pressure. The study will assess the im-
pact of two supplementation strategies on fish
survival, gut microbiota, and health status based
on haematological, plasma biochemical and im-
munological variables. As economic burden could
be a critical factor for fish producers, cyclic supple-
mentation will be introduced alongside continu-
ous supplementation. While the beneficial effects
of lactic acid bacteria as probiotics in controlling
furunculosis have previously been documented
(e.g., Irianto and Austin 2002), the present study
is novel in that it makes a comparative assessment
of two distinct probiotic feeding strategies.

MATERIAL AND METHODS

Experimental design and fish
rearing conditions

In the previous study by Mikulikova et al. (2025),
an all-female population of juvenile rainbow trout
was fed for 7 weeks with feed enriched with L. plan-
tarum R2 Biocenol™ (CCM 8674) bacterial cells
(group P). A second group received the same feed
for four weeks, followed by three weeks of control
feed (group PC), while a control group (group C)
received feed without incorporated lactobacilli.
In all cases, the fish were fed at a rate of 2.68%
of their total body weight, and were reweighed
twice during the experiment to adjust the feeding
rate based on their weight gain. After seven weeks,
the mean length of fish in group C was 256.65 +
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12.4 mm, 258.28 + 10.95 mm in group PC, and
258.97 + 12.83 mm in group P, while the mean body
weight was 316.03 + 44.32 g, 314.35 + 40.67 g, and
319.53 + 45.97 g, respectively.

For this next stage of the study, 300 fish (100 fish
per treatment group) were transported to the ex-
perimental facility at the University of Veterinary
Sciences in Brno. Upon arrival, the fish (each
group kept separately) were challenged with 7.33 x
10° CFU/ml of Aeromonas salmonicida subsp. sal-
monicida (hereafter Ass) strain 89409 via a 30-min-
ute bath exposure (Figure 1).

Subsequently, the fish were placed into six 1 0001
tanks (50 fish/tank, i.e., two tanks per treatment),
each representing an individual recirculation aqua-
culture system equipped with a drop-in biofilter.
Throughout the experiment, the photoperiod was
maintained at 14 h of light and 10 h of darkness.
The feeding regime was as follows: the cyclic sup-
plementation group (PC) and the continuously
supplemented group (P) were given feed enriched
with L. plantarum R2 Biocenol™ (CCM 8674) bac-
terial cells, which were incorporated into a starch
hydrogel layer (for details see Mikulikova et al.
2025), while the control group (C) received com-
mercial pellets (EFICO Enviro 921, 3 mm; BioMar,
Brande, Denmark) with a hydrogel coating with

Figure 1
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no bacterial cells incorporated. The viable count
of L. plantarum was approximately 10® CFU/g
(MRS agar, anaerobic incubation at 37 °C for
48 hours). All feeds were stored at 4 °C until use.
The fish received either probiotic or control feed,
with no mixing between diets.

The health status of the fish was monitored twice
daily; any deceased fish were removed, dissected,
and a bacteriological culture of the spleen was per-
formed on blood agar.

Cumulative mortality was then calculated. In ad-
dition, two samplings were taken from all tanks,
the first one week after bacterial challenge, and
the second three weeks post-challenge (when the
experiment ended). In each case, the number of fish
sampled depended on the mortality rate in each
tank. As with fish mortalities, the sampled fish were
dissected for examination, and a spleen cultivation
was carried out.

Water quality parameters (temperature, oxygen
saturation, and pH) were monitored twice daily
in all tanks and remained within optimal ranges
for rainbow trout welfare. Oxygen saturation was
over 80% in all tanks, with temperatures of 16.88 +
0.52 °C, 16.86 + 0.62 °C, and 16.43 £ 0.45 °C, and
pH values of 7.99 + 0.14, 7.91 + 0.14, and 7.99 *
0.12, in the C, PC, and P groups, respectively.

weight weight weight SAMPLING SAMPLING
check check check
C 2 3 4 6 7 9 10 weeks
challenge
A. salmonicida
weight weight weight SAMPLING SAMPLING
check check check
PC 2 3 4 6 7 9 10 weeks
challenge
A. salmonicida
weight weight weight SAMPLING SAMPLING
check check check
P 2 3 4 6 7 9 10 weeks
challenge
A. salmonicida
Control feed Probiotic feed

Figure 1. Experimental timeline

C = control; P = probiotic-enriched feed; PC = probiotic/control feed
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Blood examination for haematological,
biochemical and immune parameters

Blood samples (2 ml) were collected from the cau-
dal vessels using heparinised syringes (50 IU hepa-
rin/ml; Zentiva, Prague, Czech Republic). The fish
were then euthanised by severing their vertebral
columns at the skull base. The following basic hae-
matological parameters were determined according
to Svobodova et al. (2012): red blood cell count,
white blood cell count, haematocrit, haemoglobin,
mean cell corpuscular volume, mean cell corpuscu-
lar haemoglobin, mean cell haemoglobin concen-
tration, and lymphocyte-to-phagocyte ratio.

Phagocytic activity was assessed as respiratory
burst activity using luminol-enhanced chemilumi-
nescence (Sigma-Aldrich, Steinheim am Albuch,
Germany), as described by Papezikova et al. (2016).
Chemi-luminescence was recorded for 90 min us-
ing a Cytation 3M reader (BioTek, Winooski, VT,
USA), with the results expressed as peak time and
total intensity (integral of the curve).

Following centrifugation at 800 g for 10 min at 4 °C,
the blood plasma was analysed for the following
biochemical indices: ferric reducing ability of plasma
(FRAP), ceruloplasmin activity, biopterin, IgM,
interleukin-10 (IL-10) and C-reactive protein. The
following plasma biochemical indices were measured
photometrically using a Konelab 20i biochemical
analyser with commercial kits (Biovendor, Brno,
Czech Republic): total protein, albumin, ammonia,
triglycerides, cholesterol, creatinine, calcium, inor-
ganic phosphorus, chloride, magnesium, glucose,
lactate, creatine kinase, aspartate aminotransfer-
ase, alkaline phosphatase, alanine aminotransferase
and lactate dehydrogenase. FRAP was determined
according to Benzie and Strain (1996), as modified
by Haluzova et al. (2010). Ceruloplasmin activity was
evaluated using the p-phenylenediamine method
of Ceron and Martinez-Subiela (2004). Biopterin
concentration was determined by high-performance
liquid chromatography, as per Carru et al. (2004),
using a Dionex Ultimate 3000 system (Thermo
Fisher Scientific, Waltham, MA, USA) with a Zorbax
Bonus-RP C18 column (Agilent Technologies, Santa
Clara, CA, USA).IgM, IL-10, and C-reactive protein
levels were measured using commercial ELISA kits
(MyBioSource, San Diego, CA, USA), following the
manufacturer’s instructions.

The experiment was performed in compliance
with the Czech law on protection of animals

against cruelty, as approved by the Czech Ministry
of Education, Youth and Sports (Permit No. MSMT-
5936/2022-4)

Statistical analysis of non-micro-
biome data

All statistical analyses were conducted using
Unistat for Excel v6.5 (2017; Unistat Ltd., UK).
Data normality and variance homogeneity were as-
sessed using the Shapiro—Wilk and Levene’s tests.
Normally distributed data were then analysed using
one-way ANOVA with Tukey’s HSD post-hoc test,
and non-normal data by Kruskal-Wallis ANOVA
with multiple median comparisons. Comparisons
were made between groups at the same time
point, with statistical significance set at P < 0.05.
Results are expressed as mean + standard devia-
tion (SD). Differences in cumulative mortality be-
tween groups were assessed using chi-squared tests
based on contingency tables. Overall group differ-
ences were evaluated using Pearson’s chi-squared
test (3 x 2 tables), followed by post-hoc pairwise
comparisons (2 x 2 tables) using Yates’ continuity
correction, with a P-value of <0.05 considered sta-
tistically significant. Any parameters that did not
have enough samples in any of the variants were
excluded from the statistical evaluation.

Microbiome analysis

Gut microbial communities were assessed using
five fish per treatment group, sampled three weeks
post-challenge. The distal intestine (10-12 cm)
was removed and frozen immediately at —80 °C
for subsequent processing. After collecting 100 pg
of intestinal contents, DNA was isolated using
an EZNA Soil Kit (Omega, Norcross, GA, USA)
and stored at —20 °C. The 16S rRNA gene was
first amplified with a 16S Barcoding Kit and then
sequenced on a MinION Mk1B device (Oxford
Nanopore Technologies plc, Oxford, UK). Low-
quality reads (Phred <7) were removed before
taxonomic classification was performed using the
RDP16S_v18 database. After rarefaction, total sum
scaling normalisation and removal of mitochon-
drial and chloroplast reads, the resulting opera-
tional taxonomic unit (OTU) table was analysed
in Microbiome Analyst. Alpha (Shannon, Chaol,
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ANOVA) and beta [principal component analysis
(PCoA), PERMANOVA] diversity, correlation, and
pattern analyses were then conducted at the genus
level.

RESULTS AND DISCUSSION
Mortality and pathological findings

The first mortality occurred on the day after the
bacterial challenge, with further mortalities peak-
ing after four to six days and only sporadic deaths
recorded thereafter (Figure 2). Our experimental
challenge conditions were designed to simulate
an acute infection, which mainly progresses during
the first week after exposure (Moreau et al. 2023).
Real-time bioluminescence imaging of A. salmoni-
cida infection in rainbow trout has demonstrated
that colonisation typically begins at the dorsal
and pectoral fins and gills, subsequently spread-
ing to the internal organs (digestive tract, spleen,
kidney), and that bacteria are shed through the anal
opening (Bartkova et al. 2017). Our pathological
examination of affected fish revealed lesions char-
acteristic of furunculosis, including skin erosion,
congestion of the caudal intestine with yellowish
mucus or haemorrhagic content, splenomegaly,
and marbling of the kidneys. In addition, haem-
orrhagic fluid was present in the body cavity and
multiple haemorrhages were observed on the skin,
gills, peritoneum, adipose tissue, and swim bladder.
Abscess formation in the musculature was detected
in a few specimens from day-5 post-challenge on-
wards. Bacterial cultures of the spleen confirmed
the presence of Ass in all deceased fish. In contrast,
no visible signs of the disease were observed dur-
ing post-mortem examination of fish sampled one
week and three weeks post-challenge, with almost
all spleen cultures from these fish proving nega-
tive (except for two individuals sampled one week
post-challenge).

Despite expectations based on previous in vi-
tro tests (Cingelova Maruscakova et al. 2021), our
in vivo experiment did not result in an enhanced
survival rate among challenged fish under either
supplementation regime tested, compared with the
control group. Moreover, the cumulative mortality
of fish receiving probiotics under cyclic feeding
(PC: 73%) was significantly higher (P < 0.05) than
that in the continuous probiotic (P: 52%) or con-

160

https://doi.org/10.17221/101/2025-VETMED

Cumulative mortality (%)
S
o

1 2 3 4 5 6 7 8 9 10
Days after challenge

— Control feed -+ Probiotic feed ~ ==-Probiotic/control feed

Figure 2. Cumulative mortality in rainbow trout follow-
ing challenge with Aeromonas salmonicida

abDifferent letters indicate significant differences between
groups at day 10 post challenge with A. salmonicida
(P < 0.05)

trol (C: 46%) groups. It can be hypothesised that
the fish’s resistance to bacterial infection may have
been adversely affected by fluctuations in the com-
position of their gut microbiota induced by inter-
mittent dietary changes.

Haematological, plasma biochemical and
immune indices

One week after the challenge, no significant dif-
ferences were observed in most of the parameters
tested (Tables 1, 2 and 3). Shieh and Maclean (1976)
investigated changes in haemoglobin concentra-
tion and selected biochemical parameters in the
serum of brook trout (Salvelinus fontinalis) three
days after intramuscular inoculation with A. sal-
monicida. Of the parameters also measured in our
study, they observed significant increases in urea,
creatinine, ammonia, and glucose levels, alongside
significant decreases in haemoglobin, total protein,
triglycerides, cholesterol, and inorganic phospho-
rus, compared to healthy controls. In our study, all
groups were infected, and these parameters did not
differ significantly between them.

One week after bacterial challenge, reductions
in lymphocyte count and phagocyte activity were
noted in PC fish; however, the decrease in phago-
cyte activity was not evident when expressed per
1 000 phagocytes (Table 1). This suggests that the
respiratory burst in individual phagocytic cells was
probably not significantly impaired, and that the
decrease in total phagocyte count was non-sig-
nificant due to the high variability between fish.
However, in an experiment on Atlantic cod (Gadus
morhua), genes associated with reactive oxygen spe-
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Table 1. Haematological parameters (mean + SD) for rainbow trout following challenge with Aeromonas salmonicida

Parameter Unit Sampling time post- Control Probiotic/control feed  Probiotic-enriched feed
-challenge (weeks) (n=15-16) (n =5-14) (n=15-16)
1 1.30 £ 0.33 1.49 + 0.36 1.24 + 0.26
RBC 10'2/1
3 1.21 £ 0.26 1.13 £ 0.08 1.15+0.14
Hb 1 1 84.78 + 18.00 89.50 + 14.04 88.71 + 14.00
& 3 93.46 + 15.81 91.57 + 7.40 90.97 + 12.08
Ht n 1 0.42 + 0.09 0.41 + 0.05 0.41 + 0.07
3 0.42 + 0.05 0.43 + 0.02 0.41 + 0.06
MCV q 1 330.07 + 48.00% 289.91 + 56.14° 335.89 + 44.58*
3 354.35 + 49.16 378.39 £ 12.27 354.39 + 35.65
1 66.74 + 10.10° 62.61 + 12.86" 72.49 + 7.86°
MCH pg
3 78.12 +7.33 81.01 £+ 2.02 79.60 + 7.99
1 202.53 + 13.86 215.69 + 16.91 217.46 + 22.67
MCHC g/l
3 222.37 £19.01 214.27 + 8.70 225.12 £ 15.58
1 44.27 + 14.59 28.71 +12.10 32.50 £ 12.48
WBC 10°/1
3 18.00 £ 5.18 18.60 + 7.16 16.47 £ 3.96
1 83.38 + 5.08 82.86 + 5.96 83.88 +7.26
Lymphocytes % b b
3 83.00 * 6.65° 86.60 + 9.45 87.60 + 8.83%
. 1 34.82 + 15.21° 23.57 + 9.65° 27.53 + 11.41%
Lymphocytes  10°/1
3 14.83 + 4.00 15.62 + 391 14.32 + 3.32
1 16.63 + 5.08 17.14 + 5.96 16.13 +7.26
Phagocytes % b b
3 17.00 £ 6.65% 13.40 £ 9.45 12.40 + 8.83%
5 6.87 + 3.04 5.15+3.08 4.97 + 2.55
Phagocytes 10°/1 b b
3 3.17 + 1.652 2.98 + 3.42 2.15 + 1.84%

abDifferent superscripts along a row denote significance (P < 0.05)

Hb = haemoglobin; Ht = haematocrit; MCV = mean corpuscular volume; MCH = mean corpuscular haemoglobin; MCHC =

mean corpuscular haemoglobin concentration; RBC = red blood cell count; WBC = white blood cell count

cies production were found to be downregulated
(Soto-Davila et al. 2019). This suggests that A. sal-
monicida may use its virulence factors to modulate
and inhibit macrophage antibacterial responses.
Three weeks after the challenge, the PC group
showed a significant decrease in total phagocyte
count and the proportion of phagocytes among
white blood cells (Table 1). Compared with the con-
trol, IgM levels were significantly lower in both the
P and PC groups, whereas reductions in interleu-
kin-10 and increases in total protein were observed
only in the PC group (Tables 2 and 3). The more se-
vere course of the disease in PC fish, as confirmed
by the significantly higher mortality rate, was
presumably accompanied by an immunosuppres-
sive effect of the pathogen, along with exhaustion
of phagocytosis and mobilisation of phagocytes

to infected tissues. The production of antibodies
in fish is affected by various factors, including wa-
ter temperature, season or photoperiod, and the
amount of antigen (Romstad et al. 2013; Montero
et al. 2022). In teleost fish, IgM is the main circu-
lating immunoglobulin and exists in monomeric
and tetrameric isoforms. Following bacterial infec-
tion, its serum levels increase, and a shift from the
monomeric to the tetrameric form occurs (Costa
et al. 2012). The presence of specific anti-A. sal-
monicida 1gM antibodies were observed in the
serum of rainbow trout two weeks after they were
injected with inactivated Ass (Montero et al. 2022),
whereas anti-Ass antibodies were observed four
weeks after experimental challenge via immersion
bath (Moreau et al. 2023). The latter study also
revealed that the mortality rate following immer-
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Table 2. Plasma biochemical indices (mean + SD) for rainbow trout following challenge with Aeromonas salmonicida

Parameter Unit Sampling time post- Control Probiotic/control feed Probiotic-enriched feed
-challenge (weeks) (n = 8-14) (n=5-11) (n=7-15)
35.10 £ 5.82 36.84 + 5.41 34.29 + 3.01
Total protein g/l b b
3 38.64 £ 4.17% 39.11 + 8.93 39.63 £ 6.20"
Albumin g/l 1 17.33 + 3.65 17.65 + 3.01 16.03 £ 2.18
ALT pkat/1 1 0.58 £ 0.48 0.49 £ 0.21 0.55 +0.40
AST pkat/1 1 9.01 + 4.67 6.46 + 2.81 7.96 + 4.63
ALP pkat/1 1 1.04 + 0.43 0.88 £ 0.39 0.93 + 041
CK pkat/1 1 89.44 + 72.09 52.18 + 30.24 74.25 + 34.86
LDH pkat/1 1 19.21 £ 11.23 29.72 + 29.65 24.92 +17.16
Ammonia pumol/1 1 873.40 = 201.20 902.50 + 91.14 952.42 + 165.36
Creatinin pmol/1 1 27.57 £ 5.74 29.89 + 4.44 27.38 + 5.40
Triglycerides mmol/] 1 1.28 £ 0.36 1.22 + 0.30 1.34 £ 0.52
Cholesterol mmol/l 1 7.69 = 1.09 7.87 £ 1.60 7.56 £ 1.76
1 3.52 +1.24 378 £ 1.11 3.32 £ 0.69
Glucose mmol/l
3 531+1.51 4.58 +1.19 5.65 +1.51
Lactate mmol/l 1 5.01 £1.96 4.89 + 2.60 4.12 + 0.86
Chloride mmol/l 1 123.62 + 4.60 125.62 + 4.33 125.21 + 2.00
1 578 + 1.62 5.94 + 1.04 597 £1.02
Phosphorus mmol/l
3 3.49 + 0.66 4.04 + 043 3.79 £ 0.94
Magnesium mmol/l 1 0.98 + 0.24 1.14 £ 0.12 1.03 £ 0.13
Calcium mmol/] 1 2.73 £0.32 2.86 £ 0.32 2.86 + 0.22

abDifferent superscripts within a row denote significance (P < 0.05)

ALT = alanine aminotransferase; ALP = alkaline phosphatase; AST = aspartate aminotransferase; CK = creatine kinase;

LDH = lactate dehydrogenase

sion exposure depended on contact time. However,
in our experiment, the bath duration was identical
for all fish. In sablefish (Anoplopoma fimbriata)
vaccinated against A. salmonicida, total IgM titres
peaked at six to eight weeks post-immunisation
(Vasquez et al. 2020), whereas in our study, lower
levels of IgM in P and PC fish three weeks after
challenge suggested a higher degree of immuno-
suppression due to experimental infection.

In fish, changes in total plasma protein levels af-
ter bacterial infection may indicate physiological
adaptations, given that this parameter encompasses
a wide variety of plasma proteins involved in pro-
cesses such as osmotic regulation, nutrient trans-
port, acute-phase responses, and adaptive immune
responses. As IgM levels decreased concurrently
in the same fish, the increase in total plasma protein
may indicate an increase in acute-phase proteins.
Unfortunately, a detailed characterisation of the
plasma protein profile was not performed in this

162

study. Interleukin-10 is a pleiotropic cytokine pro-
duced by various immune cell populations, such
as macrophages, T cells, B cells, and natural killer
cells, and it regulates their functions during the
immune response. In teleost fish, IL-10 is the main
anti-inflammatory cytokine, whose production can
be triggered by conserved microbial structures
(Harun et al. 2011).

Microbiome

Sequencing of caudal intestine content revealed
1 219 884 total reads, 81 326 average reads per
sample and a minimum count of 12 549 reads. After
removing singletons, 132 OTUs were identified for
subsequent analysis. From these, 77 low-abundance
OTUs (minimum count four in 20% of samples)
and six low-variance OTUs (10% removal based
on inter-quartile range) were excluded from fur-
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Table 3. Immunological indices (mean + SD) for rainbow trout following challenge with Aeromonas salmonicida

Parameter Unit Sampling time post- Control Probiotic/control feed  Probiotic-enriched feed
-challenge (weeks) (n=7-16) (n =5-14) (n=7-16)

FRAP Fe?* eq. mmol/l 1 674.88 + 164.56 614.00 = 165.55 653.45 + 91.52
Cerulo- A absorb/min 1 196.54 £ 53.04 234.10 + 46.27 201.31 + 30.04
plasmin %10 000 3 209.76 + 42.11 260.10 + 37.52 219.48 + 46.14

1 10.76 + 5.57 13.81 +7.61 11.01 £5.19
CRP mg/ml

3 19.99 + 1291 23.17 +7.15 26.28 + 12.68

1 304.21 + 215.24 395.18 + 168.54 289.21 +118.92
IgM mg/ml b b

3 365.33 £ 137.82° 303.56 + 196.47 253.19 + 178.41

1 7.81+1.26 10.10 + 4.46 7.93 £ 2.47
IL-10 pg/ml

3 10.15 + 2.73* 8.10 + 0.52" 10.47 + 3.29°

1 15.73 £ 2.41 15.55 + 2.50 17.12 £ 5.09
Biopterin nmol/l

3 14.60 + 2.20 14.47 + 3.18 1525 +2.70
PA peak . 1 59.25 £ 13.96 60.86 + 11.13 68.25 +11.41

min

time 3 49.60 + 9.61 54.00 + 15.73 51.80 £ 9.03

1 255 766.69 + 156 070.95* 205 523.46 + 161 805.96" 203 837.06 + 141 911.55%
PA int. RLU.min

3 313 632.40 + 239 145.11 265 353.90 + 199 677.36 280 065.90 + 185 257.39
PA int./ RLU.mi 1 1 838.98 £ 911.60 2155.58 +1983.33 2139.21 + 955.44

.min

1 000 fag 3 4696.98 + 2 313.17% 6 644.72 + 6 227.30° 8482.26 + 7 035.18*
PA peak/ RLU 1 43.32 £ 21.53 49.10 * 45.86 49.65 £ 19.89
1 000 fag 3 104.53 + 45.28% 144.17 + 136.48" 191.67 + 151.02°

abDifferent superscripts within a row denote significance (P < 0.05)

CRP = C-reactive protein; FRAP = ferric reducing ability of plasma; IgM = immunoglobulin M; IL-10 = interleukin-10;

int. = intensity; PA = phagocytic activity; RLU = relative light unit

ther statistical analyses. After filtering, therefore,
49 OTUs remained for analysis of gut microbial
community composition. Due to differences in the
number of reads between libraries, the data were
rarefied to the minimum library size (12 549 reads)
and normalised using total sum scaling.

At the phylum level, Firmicutes (69.0, 96.5
and 97.2%), Proteobacteria (12.2, 2.9 and 1.0%),
Tenericutes (10.0, 0.03 and 0.1%) and Fusobacteria
(3.0,0.0 and 0.6%) were recorded in faecal samples
from the caudal part of the intestine in groups C,
PC and P, respectively (Figure 3).

At the genus level, gut analysis revealed the
presence of 20 genera, with Streptococcus (23.4%),
Lactococcus (8.0%), and Peptostreptococcus (4.9%)
most prevalent in group C, and Lactiplantibacillus
dominant in the PC (70.0%) and P (61.5%) groups
(Figure 4). In the PC and P groups, the abundance
of five genera detected in C fish did not exceed
0.000 0%.

Alpha diversity (Figure 5) analysis of bacterial
taxon abundance in the three test groups (C, PC
and P) indicated a highly significant difference
in the Chaol index (P < 0.001, ANOVA), with
a highly significant difference between the C and
PC groups (P < 0.001) and a significant difference
between the C and P group (P < 0.05). The Shannon
index (P < 0.01, ANOVA) indicated a significant
difference between the C and P groups (P < 0.05)
and a highly significant difference between the C and
PC groups (P < 0.001). Beta diversity (Figure 6),
as determined by a PCoA based on Bray-Curtis
distance (P < 0.01, PERMANOVA), revealed sig-
nificant differences in microbial community com-
position between the C and PC groups (P < 0.01)
and the C and P groups (P < 0.05). A highly signifi-
cant correlation pattern (P < 0.01) was observed
for the abundance of the genera Anaerosphera,
Streptococcus, Parvimonas, Enterococcus, Hespelia,
and Peptoniphilus (Figure 7).
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Figure 3
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Figure 3. Relative abundance of phyla in rainbow trout
gut content three weeks after challenge with Aeromonas
salmonicida (i.e., three weeks after change of diet in the
PC group

C = control; P = probiotic-enriched feed; PC = probiotic/
control feed

C
PC
P
0.00 0.25 0.50 0.75 1.00
Relative abundance

Lactiplantibacillus I iphil A sph
Unidenfined Aeromonas Parvimonas
Streptococcus Hespellia Others
Lactococcus Enterococcus Latilactobacillus

Genus Peptostreptococcus Vagococcus Weissella

Clostridium_sensu_stricto Staphylococcus Leuconostoc

Cetobacterium Lactobacillus

Bacillus Eubacterium

Figure 4. Relative abundance of genera in rainbow trout
gut content three weeks after challenge with Aero-
monas salmonicida (i.e., three weeks after change of diet
in PC group
C = control; P = probiotic-enriched feed; PC = probiotic/
control feed

The best-known functional roles of microbiota
are those related to digestion and immune regula-
tion. A stable and diverse gut microbiome helps
protect fish against harmful bacteria, which re-
main a major cause of mortality in aquaculture.
The ability of bacteria to attach to epithelial cells
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Figure 5. Distal gut microbial community Alpha diversity
(A) Chaol index (P < 0.001, ANOVA), highly significant dif-
ference between the C and PC groups (P < 0.001) and a sig-
nificant difference between the C and P group (P < 0.05);
(B) Shannon index (P < 0.01, ANOVA), significant difference
between the C and P groups (P < 0.05) and a highly significant
difference between the C and PC groups (P < 0.001) in rain-
bow trout three weeks after challenge with Aeromonas sal-
monicida (i.e., three weeks after change of diet in the PC group
bottom/top line of box = lower/upper quartile; lower/upper
whisker = lower/upper adjacent value; middle line of box =
median; C = control; P = probiotic-enriched feed; PC =
probiotic/control feed; rhombus = mean

Figure 6
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Figure 6. Distal gut microbial community Beta diversity
(PCoA based on Bray—Curtis distance, P < 0.01, PER-
MANOVA), significant differences in microbial commu-
nity composition between the C and PC groups (P < 0.01)
and the C and P groups (P < 0.05) in rainbow trout three
weeks after challenge with Aeromonas salmonicida (i.e.,
three weeks after change of diet in the PC group

C = control; P = probiotic-enriched feed; PC = probiotic/
control feed


https://www.agriculturejournals.cz/web/vetmed/

Veterinarni Medicina, 71, 2026 (4): 156-168

Original Paper

https://doi.org/10.17221/101/2025-VETMED

(A)
500

400
300
200

100

(B)

5e+05
4e+05
3e+05
2e+05
le+05

0e+00

400

200

(D)

2000

1500

1000

500

Anaerosphaera
Filtered count

PC C

Streptococcus
Filtered count

15.0

12.5

PC C

Parvimonas
Filtered count

7.5

5.0

2.5

PC C

Enterococcus

Filtered count

PC C

Log-transformed count

P PC C

Log-transformed count

Log-transformed count

Log-transformed count

P PC C

165


https://www.agriculturejournals.cz/web/vetmed/

Original Paper

Veterinarni Medicina, 71, 2026 (4): 156—168

https://doi.org/10.17221/101/2025-VETMED

12 Log-transformed count

Peptoniphilus

16 Log-transformed count

12

(E) Hespellia
Filtered count
3000
2 000
1000
0
P PC C
(1:) Filtered count
4000
3000
2000
1000
0
P PC C

P PC C

Figure 7. Correlation patterns (filtered count and log-transformed count, Pearson r, P < 0.01) in genera (A) Anaero-
sphera, (B) Streptococcus, (C) Parvimonas, (D) Enterococcus, (E) Hespelia and (F) Peptoniphilus

bottom/top line of box = lower/upper quartile; lower/upper whisker = lower/upper adjacent value; middle line of box =

median; rhombus = mean; C = control; P = probiotic-enriched feed; PC = probiotic/control feed

is considered a key factor in determining how ef-
fectively they can act within the host. There is evi-
dence to suggest that the ability to form biofilms
is closely linked to successful colonisation and the
functional performance of the gut microbiota.
Biofilm formation enables bacteria to withstand
the challenging conditions of the gastrointestinal
environment, and this phenomenon has been ob-
served in both pathogenic and probiotic species
(Talwar et al. 2018).

As the fish collected three weeks after being chal-
lenged with Ass for gut content microbial analysis
represent those that successfully withstood in-
fection, it can be assumed that these individuals
adapted most effectively to the dietary modifi-
cations during the infection. This likely explains
why no significant differences in gut microbiome
composition were detected between the P and
PC groups. Another reason is that three weeks
may have been a sufficiently long period for the
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gut microbiota to adjust to the supplementation.
Although a reduction in gut microbial diversity was
observed in both experimental groups, the only
difference between them was the diet they received
prior to challenge. This factor may be considered
a key determinant of the observed differences
in mortality following Ass infection.

The findings demonstrate that supplementa-
tion with L. plantarum R2 Biocenol™ does not
improve the survival rate of rainbow trout follow-
ing A. salmonicida infection. Not only did the ob-
served outcomes diverge from expectations based
on previous in vitro assays, but the feeding regimen
involving cyclic supplementation (PC group) also
resulted in significantly higher mortality. These
findings highlight the importance of a stable and
well-balanced gut microbiome for maintaining
effective immune responses in fish and indicate
that inappropriate modulation of the microbiota
may have detrimental consequences. From an ap-
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plied perspective, these results do not support the
use of L. plantarum R2 Biocenol™ as a strategy
to enhance resistance to A. salmonicida infection
in rainbow trout. At the same time, the study pro-
vides valuable in vivo evidence on the limitations
of translating in vitro probiotic effects into prac-
tice. Future research should explore alternative
approaches to microbiome modulation, including
dietary composition, prebiotic or synbiotic strate-
gies, and management-related factors influencing
microbiome stability and host immune responses.

Acknowledgement

We are grateful to Dr. Kevin Roche for his cor-
rection and improvement of the English text.
Computational resources were provided by the
e-INFRA CZ Project (ID: 90254), supported
by the Ministry of Education, Youth and Sports
of the Czech Republic.

Conflict of interest

The authors declare no conflict of interest.

REFERENCES

Bartkova S, Kokotovic B, Dalsgaard I. Infection routes
of Aeromonas salmonicida in rainbow trout monitored
in vivo by real-time bioluminescence imaging. J Fish Dis.
2017 Jan;40(1):73-82.

Benzie IF, Strain JJ. The ferric reducing ability of plasma
(FRAP) as a measure of “antioxidant power”: The FRAP
assay. Anal Biochem. 1996 Jul 15;239(1):70-6.

Bogwald J, Dalmo RA. Review on immersion vaccines for
fish: An update 2019. Microorganisms. 2019 Nov 29;7
(12):627.

Carru C, Zinellu A, Sotgia S, Serra R, Usai MF, Pintus GF,
Pes GM, Deiana L. A new HPLC method for serum ne-
opterin measurement and relationships with plasma thi-
ols levels in healthy subjects. Biomed Chromatogr.
2004 Jul;18(6):360-6.

Ceron JJ, Martinez-Subiela S. An automated spectropho-
tometric method for measuring canine ceruloplasmin
in serum. Vet Res. 2004 Nov-Dec;35(6):671-9.

Cingelova Maruscakova I, Schusterova P, Popelka P, Gancar-
cikova S, Csank T, Feckaninova A, Ratvaj M, Mudronova D.

Effect of autochthonous lactobacilli on immunologically

important molecules of rainbow trout after bacterial infec-
tion studied on intestinal primoculture. Fish Shellfish Im-
munol. 2021 Dec;119:379-83.

Costa G, Danz H, Kataria P, Bromage E. A holistic view
of the dynamisms of teleost IgM: A case study of Strep-
tococcus iniae vaccinated rainbow trout (Oncorhynchus
mykiss). Dev Comp Immunol. 2012 Feb;36(2):298-305.

Feckaninova A, Koscova J, Mudronova D, Schusterova P,
Cingelova Maruscakova I, Popelka P. Characterization
of two novel lactic acid bacteria isolated from the intes-
tine of rainbow trout (Oncorhynchus mykiss, Walbaum)
in Slovakia. Aquaculture. 2019 May;506:294-301.

Fijan S. Probiotics and their antimicrobial effect. Microor-
ganisms. 2023 Feb 19;11(2):528.

Gudding R, Van Muiswinkel WB. A history of fish vaccina-
tion: Science-based disease prevention in aquaculture.
Fish Shellfish Immunol. 2013 Dec;35(6):1683-8.

Haluzova I, Modra H, Blahova J, Marsalek P, Siroka Z,
Groch L, Svobodova Z. Effects of subchronic exposure
to Spartakus (prochloraz) on common carp Cyprinus
carpio. Neuro Endocrinol Lett. 2010 Dec;31(Suppl_2):
105-13.

Harun NO, Costa MM, Secombes CJ, Wang T. Sequencing
of a second interleukin-10 gene in rainbow trout On-
corhynchus mykiss and comparative investigation of the
expression and modulation of the paralogues in vitro and
in vivo. Fish Shellfish Immunol. 2011 Jul;31(1):107-17.

Hoseinifar SH, Ashouri G, Marisaldi L, Candelma M,
Basili D, Zimbelli A, Notarstefano V, Salvini L, Ran-
dazzo B, Zarantoniello M, Pessina A, Sojan JM, Vargas A,
Carnevali O. Reducing the use of antibiotics in European
aquaculture with vaccines, functional feed additives and
optimization of the gut microbiota. ] Mar Sci Eng. 2024
Jan;12(2):204.

Irianto A, Austin B. Use of probiotics to control furuncu-
losis in rainbow trout, Oncorhynchus mykiss (Walbaum).
J Eish Dis. 2002 Jun;25(6):333-42.

Jun JW, Kang JW, Giri SS, Kim SW, Kim SG, Kwon ], Lee
SB, Jung W], Lee YM, Jo SJ, Park SC. Preventive effect
of starch hydrogel-based oral vaccine against Aeromonas
salmonicida infection in rainbow trout (Oncorhynchus
mykiss). Aquaculture. 2022 Jun;555:738202.

Menanteau-Ledouble S, Kumar G, Saleh M, El-Matbouli M.
Aeromonas salmonicida: Updates on an old acquaintance.
Dis Aquat Organ. 2016 Jun 15;120(1):49-68.

Mikulikova I, Radojicic M, Bandouchova H, Blahova J,
Maly O, Papezikova I, Novotna H, Postulkova E, Lep-
kova Z, Toulova I, Odehnalova K, Mares J, Mudronova D,
Palikova M. The effect of continuous and pulse feeding
Lactiplantibacillus plantarum on growth performance,

gut microbiota, immunological, haematological and

167


https://www.agriculturejournals.cz/web/vetmed/

Original Paper

Veterinarni Medicina, 71, 2026 (4): 156—168

plasma biochemical parameters of rainbow trout On-
corhynchus mykiss. Ital ] Anim Sci. 2025 Jan;24(1):424-39.

Montero R, Chan JTH, Muller C, Just PN, Ostermann S,
Overland M, Maisey K, Korytar T, Kollner B. Variations
in rainbow trout immune responses against A. salmoni-
cida: Evidence of an internal seasonal clock in Oncorhyn-
chus mykiss. Biology (Basel). 2022 Jan 21;11(2):174-.

Moreau E, Pineau L, Bachelet F, Rostang A, Oberle K,
Calvez S. Time effect of experimental infection on Rain-
bow trout (Oncorhynchus mykiss) by immersion with
Aeromonas salmonicida subsp. salmonicida. Fish Shell-
fish Immunol. 2023 Apr;135:108664.

Nguyen NV, Onoda S, Khanh TV, Hai PD, Trung NT, Ho-
ang L, Koshio S. Evaluation of dietary heat-killed Lacto-
bacillus plantarum strain L-137 supplementation
on growth performance, immunity and stress resistance
of Nile tilapia (Oreochromis niloticus). Aquaculture. 2019
Jan;498:371-9.

Papezikova I, Mares J, Vojtek L, Hyrsl P, Markova Z, Sim-
kova A, Bartonkova J, Navratil S, Palikova M. Seasonal
changes in immune parameters of rainbow trout (On-
corhynchus mykiss), brook trout (Salvelinus fontinalis)
and brook trout x Arctic charr hybrids (Salvelinus
fontinalis x Salvelinus alpinus alpinus). Fish Shellfish
Immunol. 2016 Oct;57:400-5.

Romstad AB, Reitan LJ, Midtlyng P, Gravningen K,
Evensen O. Antibody responses correlate with antigen
dose and in vivo protection for oil-adjuvanted, experi-
mental furunculosis (Aeromonas salmonicida subsp.
salmonicida) vaccines in Atlantic salmon (Salmo salar L.)
and can be used for batch potency testing of vaccines.
Vaccine. 2013 Jan 21;31(5):791-6.

168

https://doi.org/10.17221/101/2025-VETMED

Shieh HS, Maclean JR. Blood changes in brook trout in-
duced by infection with Aeromonas salmonicida. ] Wildl
Dis. 1976 Jan;12(1):77-82.

Soltani M, Pakzad K, Taheri-Mirghaed A, Mirzargar S,
Shekarabi SPH, Yosefi P, Soleymani N. Dietary application
of the probiotic Lactobacillus plantarum 426951 enhances
immune status and growth of rainbow trout (Oncorhyn-
chus mykiss) vaccinated against Yersinia ruckeri. Probiot-
ics Antimicrob Proteins. 2019 Mar;11(1):207-19.

Soto-Davila M, Hossain A, Chakraborty S, Rise ML,
Santander J. Aeromonas salmonicida subsp. salmonicida
early infection and immune response of Atlantic cod (Ga-
dus morhua L.) primary macrophages. Front Immunol.
2019 Jun 4;10:1237.

Svobodova Z, Pravda D, Modra H. Metody hematologickeho
vysetrovani ryb [Methods of haematological examination
of fish]. Edition of methods, vol. 122. Vodnany: Research
Institute of Fish Culture and Hydrobiology; 2012. 38 p.
Czech.

Talwar C, Nagar S, Lal R, Negi RK. Fish gut microbiome:
Current approaches and future perspectives. Indian ] Mi-
crobiol. 2018 Dec;58(4):397-414.

Vasquez I, Cao T, Hossain A, Valderrama K, Gnanagobal H,
Dang M, Leeuwis RHJ, Ness M, Campbell B, Gendron R,
Kao K, Westcott J, Gamperl AK, Santander J. Aeromonas
salmonicida infection kinetics and protective immune
response to vaccination in sablefish (Anoplopoma fim-
bria). Fish Shellfish Immunol. 2020 Sep;104:557-66.

Received: November 28, 2025
Accepted: February 26, 2026
Published online: April 30, 2026


https://www.agriculturejournals.cz/web/vetmed/

