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Abstract
The present study investigates the effects of enterocin Ent M and durancin Ent ED26E/7 applied separately and in combina-
tion on the intestinal microbiota, caecal enzymatic activity, and fermentaion of rabbits. Eighty rabbits (M91 meatline, aged 
5 weeks, both sexes) were divided into groups E (Ent M; 50 µL/animal/day), D (Ent ED26E/7; 50 µL/animal/day), E + D (Ent 
M + Ent ED26E/7), and control (C). The additives were administered in drinking water for 21 days. Antimicrobial activity of 
Ent M and Ent ED26E/7 on coliforms (E, E + D: P < 0.001) and pseudomonads (D: P < 0.05) in feces was noted, compared to 
C. Ent M and Ent ED26E/7 application stimulated caecal enzymatic activity in rabbits. Pectinolytic (E vs. D, E + D: P < 0.01), 
inulolytic (E vs. E + D: P < 0.01; E vs. C: P < 0.05), and amylolytic (E vs. D, E + D. P < 0.001; E vs. C: P < 0.01) activities 
were influenced by Ent M, while cellulolytic (D vs. E + D: P < 0.01) and inulolytic (D vs. E + D, C: P < 0.01) activities by 
Ent ED26E/7 treatment. The cellulolytic and pectinolytic acitivities changed with time. Treatment × time interaction was 
detected for cellulose and xylan degradation. During Ent M and Ent ED26E/7 treatment, increased ammonia, lactic, butyric 
and iso-valeric acid, and lower acetic, propionic, iso-butyric, valeric, and caproic acid concentrations were noted. It can 
be concluded that Ent M and Ent ED26E/7 application can improve rabbit health due to reduced spoilage microbiota and 
enhanced caecal enzymatic activity.
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Introduction

Production and consumption of animal products have signifi-
cantly increased during the last few decades. High demand 
for livestock products, mainly meat, eggs, and milk, contin-
ues, which entails ensuring healthy and safe food for con-
sumers [1]. The ban on antibiotics as growth promoters in 

response to widespread and alarming antibiotic resistance, 
mainly in food animals, has opened up research into new 
approaches to stabilize, control, and improve the health, 
growth performance, feed efficiency, potential pathogenic 
microbiota and dysbiosis, immunity, and product quality of 
livestock. Although many alternatives including prebiotics, 
probiotics or beneficial bacteria and their antimicrobial prod-
ucts, organic acids, and herbal extracts have been studied, 
some of them such as bacteriocins have still not been suf-
ficiently studied, especially in some animal species. Bacte-
riocins are defined as ribosomally synthesized antimicrobial 
peptides, produced by Gram-negative and Gram-positive 
bacteria as well, mostly by lactic acid bacteria [2]. Despite 
the important positive traits of bacteriocins, namely, signifi-
cant antimicrobial activity, natural origin, and non-toxicity 
for the host organism, their application in livestock, aquacul-
ture, and veterinary medicine is reviewed only a few papers 
[3–7]. The application of bacteriocins as feed additives 
and alternatives to antibiotic growth promoters for rabbits 
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is presented in several studies. During these experiments, 
already known and registered bacteriocins, mainly nisin and 
gallidermin but also some new, not commercial enterocins—
bacteriocins produced by beneficial Enterococcus faecium 
isolates of rabbit- and non-rabbit origin were administered 
to rabbits, and their growth performance, microbiological, 
immunological, serum biochemical, and intestinal morpho-
logical parameters as well as meat quality were monitored 
[8–19]. While growth, immunity, blood biochemistry, and 
intestinal microbiota are the most often studied parameters 
in rabbits, several traits, e.g., jejunal morphometry and cae-
cal fermentation, are not commonly tested, especially during 
dietary enterocin inclusion.

In rabbits, the caecum is the main fermentor organ, with 
dominance of phylum Firmicutes [20–22]. Caecal bacte-
ria are helpful in nutrient digestion, due to the ability to 
produce bacterial enzyme which hydrolyze plant cell-wall 
components which are not decomposed by the host’s intes-
tinal digestive enzymes. These indigestible elements, espe-
cially lignins, cellulose, hemicellulose, and pectins, are 
hydrolyzed by bacterial enzymes into smaller compounds 
and fermented into end products, namely, ammonia, vola-
tile fatty acids (VFA), intermediary metabolites (succinic, 
formic, lactic acid), and gases (CO2, CH4, H2 [23]). The end 
product proportions are influenced by the caecal bacterial 
population and fermentative activities, and they change in 
relation to the animal’s age (from birth through weaning to 
slaughter) and to feed composition (from milk to solid feed). 
Before weaning, bifidobacteria, lactobacilli, and colibacilli 
dominate in the caecum, because of the rabbits’ milk intake. 
Around weaning, milk is gradually replaced with solid feed, 
rich in polysaccharides, leading to changes in microbiota in 
favour of anaerobic bacteria, enterobacteriaceae and archaea 
[21], with complex enzymatic activity for cellulose, hemi-
cellulose, fibres, pectins, and starch degradation [24–26]. 
For this reason, rabbits are very fragile around the weaning 
period due to their complex caecal digestion and microbial 
fermentation, and even small dietary and/or environmental 
changes can lead to digestive disturbances and increased 
morbidity/mortality, also resulting in economic losses. Natu-
ral feed additives, mostly with antimicrobial character, can 
prevent dysbiosis by controlling the microbial population 
and improving digestive health and immunity, also strength-
ening rabbits’ health and productivity.

This study focuses on two novel enterocins, enterocin Ent 
M produced by beneficial E. faecium AL41 strain, deponed 
in the Czech Collection of Microorganisms in Brno, Czech 
Republic, under catalogue number CCM8558 [9], originally 
named Ent AL41 and purified to homogeneity as Ent M [27], 
and durancin Ent ED26E/7 produced by E. durans ED26E/7 
strain [28]. The objective of the study was to test the effects 
of these enterocins applied individually and in combina-
tion on the intestinal microbiota, caecal fermentation and 

enzymatic activity in rabbits. To best of our knowledge, 
studies presenting bacteriocin effects on these parameters 
in rabbits still needs to be expanded for better understand-
ing of the relationships between the caecal environment and 
body health in rabbits.

Material and Methods

Animals and Housing

The experiment was performed in co-operation with 
our colleagues in Nitra (National Agricultural and Food  
Centre—NAFC). All care and experimental procedures 
involving animals followed the guidelines stated in the 
Guide for the Care and Use of Laboratory Animals approved 
by the Slovakian State Veterinary and Food Administration 
and the Ethical Committees of both institutions (permission 
code: SK CH 17,016 and SK U 18,016).

Eighty rabbits of meat line M91 (maternal albinotic 
line-crossbreed New Zealand White, Bouscat rabbit, 
Argente Champagnet rabbit, and paternal acromalictic 
line-crossbreed Nitra’s rabbit, Californian rabbit, Big light 
silver) were used in this experiment. The animals were 
weaned at 5 weeks of age (both sexes; equal male to female 
ratio per treatment) and were divided into experimental 
groups: E–enterocin Ent M, D–durancin Ent ED26E/7, and 
E + D–Ent M in combination Ent ED26E/7 and control group 
(C), with 20 animals in each. The average live weights of 
rabbits at the start of the experiment were 1211.0 ± 99.0 g in 
E and 1259.0 ± 89.0 g in D; in E + D, it was 1214.0 ± 99.0 g; 
and in C, it was 1199.0 ± 123.0 g. The animals were kept 
in standard cages, two rabbits per cage (type D-KV-72; 
0.61 m × 0.34 cm × 0.33 m; Kovobel company, Domažlice, 
Czech Republic). A cycle of 16 h light and 8 h dark was used 
throughout the experiment. The temperature and humidity in 
the building were recorded continuously by a digital thermo-
graph positioned at the same level as the cages. The heating 
and ventilation systems allowed the building air temperature 
maintained within 16 ± 4 °C and the relative humidity about 
70 ± 5% throughout the experiment. The data were recorded 
continuously with a digital thermograph positioned at the 
same level as the cages.

Experiment Design

The animals were fed an untreated diet (pellets of 3.5 mm 
in average size), commonly used in the nutrition of growing 
rabbits (Table 1). The rabbits in group E were administered 
Ent M (prepared according to Mareková et al. [27], dose 
50 µL/animal/day, with activity 25,600 AU/mL, in concen-
tration 0.4 g/L, from day zero to day 21) in their drinking 
water. Rabbits in group D received durancin Ent ED26E/7 

1434 Probiotics and Antimicrobial Proteins (2021) 13:1433–1442



1 3

(prepared according to Mareková et al. [27]; dose 50 µL/
animal/day, with activity 12,800 AU/mL, in concentration 
0.8 g/L) in their drinking water for 21 days. The activity 
of applied enterocins Ent M and Ent ED26E/7 was tested 
with the agar spot test according to De Vuyst et al. [29] 
against the principal indicator strain E. avium EA5 (iso-
lated from piglet feces in our laboratory). The animals in 
group E + D were administered (days 0–21), a combination 
of Ent M (50 μL/animal/day, 25,600 AU/mL, in concentra-
tion 0.4 g/L) and Ent ED26E/7 (50 μL/animal/day, 12,800 
AU/mL, in concentration 0.8 g/L). The doses of additives 
and their manner of application were decided outgoing from 
our previous in vitro studies testing the inhibitory activity 
of Ent M against target bacteria [9] and an experiment with 

rabbit-derived bacteriocin-producing strain E. faecium 
EF2019 (CCM7420; [12]). Based on our previous experi-
ments, these additives can be dissolved in distilled water 
and/or phosphate buffer [27] and were applied firstly to 
100 mL of drinking water through nipple drinkers in all 
cages, and after consuming this volume, the rabbits had 
access to water ad libitum. Control rabbits (group C) had 
the same conditions, but without additives being applied to 
their drinking water, and they were fed a commercial diet. 
The experiment lasted for 42 days.

The cages allowed the feces separation; faecal samples 
were collected using nets mounted under the cages (two 
to three nets/group). At the start of the experiment (at day 
zero, without additives inclusion), we decided to collect 10 
mixed samples from all experimental and control groups—
initial microbial background). Because there were two ani-
mals housed in each cage (eight cages), at days 21 (3 weeks 
of additives application) and 42 (end of the experiment, 
3 weeks of additives cessation), we collected one sample 
from under each cage, which were eight samples per net, 
i.e., per group. At days 21 and 42, rabbits were randomly 
selected for slaughter (n = 8). Rabbits were stunned with 
electronarcosis (50 Hz, 0.3 A/rabbit/4 s), immediately hung 
by the hind legs on the processing line and quickly bled by 
cutting the jugular veins and the carotid arteries. Caecum 
and appendix were sampled to test microbial profile and 
enzymatic activity.

Microbial Isolation and Analysis

To test microbiota, the samples of feces and appendix con-
tent (1 g) were treated using the standard microbiological 
diluton method (International Organization for Standardi-
zation, ISO). The appropriate dilutions in Ringer solution 
(pH 7.0; Oxoid Ltd., Basingstoke, Hampshire, England) 
were plated onto following media: M-Enterococcus agar 
(NF-V04503, Difco Laboratories, Detroit, MI, USA) for 
enterococci, DeMann-Rogosa-Sharpe agar (ISO 15,214, 
Merck KGAA, Darmstadt, Germany) for lactic acid bacteria 
(LAB), mannitol salt agar for coagulase-negative staphylo-
cocci (CoNS, ISO 6888, Difco), Baird-Parker agar enriched 
with egg yolk tellurite supplement (ISO 21,527–1, Difco) 
for coagulase-positive staphylococci and S. aureus (CoPS), 
Clostridium difficile agar with the supplement SR0096E 7% 
(v/v; Oxoid) defibrinated horse blood (SR0050, ISO 15,883, 
Oxoid) for Clostridium species (anaerobic cultivation), and 
MacConkey agar (ISO 7402, Oxoid) for coliforms. Pseu-
domonas were isolated on Pseudomonas agar (Biomark 
Laboratories, Dhayari, Pune, Maharashtra, India). Culti-
vation was performed at 30 °C and/or 37 °C for 24–48 h 
depending on the bacterial genera. The bacterial counts 
were expressed in log 10 of colony forming units per gram 
(log 10 CFU/g ± SD). Randomly picked up representants of 

Table 1   Ingredients and chemical composition of granulated diet

DDGS dried distiller grains with solubles
* Premix contains per kg: calcium 6.73 g; phosphorous 4.13 g; magne-
sium 1.90 g; sodium 1.36 g; potassium 11.21 g; iron 0.36 g; zinc 0.13 
g; copper 0.03 g; and selenium 0.2 mg. Vitamin mixture provided per 
kg of diet: Vitamin A 1,500,000 IU; Vitamin D3 125,000 IU; Vita-
min E 5000 mg; Vitamin B1 100 mg; Vitamin B2 500 mg; Vitamin 
B6 200 mg; Vitamin B12 0.01 mg; Vitamin K3 0.5 mg; biotin 10 
mg; folic acid 25 mg; nicotinic acid 4000 mg; and choline chloride 
100,000 mg
a  - g/kg feed
b  - mg/kg feed

Feed ingredients (%) Chemical composition, minerals 
and vitamins 

Dehydrated lucerne meal 36.0 Dry mattera 882.1
Extracted sunflower meal 5.5 Crude proteina 164.2
Oats 13.0 Crude fibera 155.5
Wheat bran 9.0 Fata 33.3
Dry malting sprouts 15.0 Asha 73.0
Extracted rapeseed meal 5.5 Nitrogen free extracta 466.8
Barley 8.0 Organic compoundsa 809.1
DDGS 5.0 Acid detergent fibre (ADF)a 191.1
Sodium chloride 0.3 Neutral detergent fibre 

(NDF)a
339.5

Premix minerals* 1.7 Ligninea 42.3
Limestone 1.0 Hemicellulosea 148.5

Cellulosea 148.8
Starcha 127.2
Calciuma 6.0
Phosphorusa 5.9
Magnesiuma 2.3
Sodiuma 1.7
Potassiuma 7.5
Ironb 403.9
Zincb 166.4
Manganeseb 156.7
Copperb 22.9
Metabolic energy (MJ/kg) 11.0
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selected bacterial groups were confirmed by MALDI-TOF 
identfication system (Bruker Daltonics, Billerica, MA, 
USA).

Organic Acid Analyses and Measurement 
of Enzymatic Activity

Lactic acid (g/100 g) and volatile fatty acid (VFA) values 
(acetic, propionic, butyric, iso-butyric, valeric, iso-valeric, 
and caproic acids) were determined (mmol/L) using Perkin 
Elmer Autosystem XL Gas Chromatograph (Perkin Elmer 
Inc., Waltham, MA, USA) from samples of caecal content 
(15 g) on days 21 and 42. A glass column (average diam-
eter 3 mm, length 180 cm) was filled with N2 (30 mL), H2 
(20 mL) and air (240 mL) and a sample (1 µL) for diffusion. 
As the standard column was used, isocapron acid (SP 1200 
H3PO4) on Chromosorbe WAW (Restek Corporation, Belle-
fonte, PA, USA) was separated at 130 °C and at 125 °C on 
Chromatone N-AW-DMCS (Fabrimat, Paris, France). The 
value of pH was measured with a Jenway 3310 pH meter 
(Jenway, Essex, England).

The degradation of plant carbohydrates (cellulose, starch, 
inulin, pectin, xylan) was determined using the method pre-
viously described by Miltko et al. [30].

Statistical Analysis

Statistical analysis of tested parameters was performed 
using two-way analysis of variance (ANOVA), followed 
by a Bonferroni post-hoc test for pair-wise comparisons, 

where appropriate. The statistical model included the time 
and treatment effects and their interactions. The results are 
quoted as means ± SD. The results were compared between 
groups within the same days of samples collections to check 
the changes during the experiment within individual experi-
mental groups. Differences between the mean values of the 
different dietary treatments were considered statistically sig-
nificant at P < 0.05. All statistical analyses were performed 
using GraphPad Prism statistical software (GraphPad Prism 
version 6.0, GraphPad Software, San Diego, CA, USA).

Results

The animals remained in good health condition throughout 
the trial. All tested bacterial counts in feces were influenced 
by time, except Clostridium-like sp. (Table 2). Significant 
reduction in coliforms was noted after both Ent M and Ent 
ED26E/7 addition (day 21; E, D, E + D: P < 0.001) and in 
pseudomonas during durancin Ent ED26E/7 application 
(D: P < 0.05), compared to control data. The tendency to 
reduce several bacterial strains was also recorded 3 weeks 
after treatment cessation (day 42): decrease in CoPS (E vs. 
D, C: P < 0.01, E vs. E + D: P < 0.001), LAB (D vs. E + D: 
P < 0.001, D vs. C: P < 0.01) and coliforms (E + D vs. E, D: 
P < 0.05) was found.

In caecal samples, slightly (numerical, not significant) 
reduced counts of coliforms, pseudomonas, and clostridia 
were recorded during enterocin addition, both separately and 
in combination (Table 3).

Table 2   Bacterial counts (log 10 CFU/g ± SD) in the feces of rabbits during enterocin EntM (E), durancin EntED26E/7 (D), and their combina-
tive (E + D) application

Mean values within lines with different superscript letters are significantly different (p < 0.05) using by Bonferroni’s post hoc test
LAB lactic acid bacteria, CoNS coagulase-negative staphylococci, CoPS coagulase-positive staphylococci, sp. species

Parameter Day E D E+D C Significance of effects

Treatment Time Treatment × time

Enterococcus sp. 21 3.54 ± 0.35 2.67 ± 1.10 3.49 ± 0.23 3.61 ± 0.73 0.1428 0.0008 0.0693
42 3.07 ± 1.36a 2.49 ± 0.29ab 2.00 ± 1.62b 2.00 ± 0.39b

LAB 21 3.62 ± 0.32 3.26 ± 0.14 3.19 ± 0.32 3.23 ± 0.89 0.0293 0.0280 0.0043
42 3.50 ± 0.26ab 3.05 ± 0.14a 3.99 ± 0.59b 3.77 ± 1.13b

CoNS 21 3.07 ± 0.87 2.47 ± 0.19 2.42 ± 0.98 3.05 ± 0.89 0.1212 <0.0001 0.2847
42 3.75 ± 0.21a 3.90 ± 0.40b 3.31 ± 0.87c 3.61 ± 0.22b

CoPS 21 3.45 ± 0.51 3.16 ± 0.29 3.42 ± 0.39 3.25 ± 0.42 0.0006 <0.0001 0.0002
42 2.18 ± 0.37a 2.73 ± 0.23b 3.31 ± 0.17c 2.82 ± 0.21b

Coliform bacteria 21 1.56 ± 0.14a 1.67 ± 0.77b 2.13 ± 0.61b 4.79 ± 0.69c <0.0001 <0.0001 <0.0001
42 1.64 ± 0.70a 1.56 ± 0.45b 0.94 ± 0.09c 1.20 ± 0.57b

Pseudomonas-like sp. 21 4.94 ± 0.59ab 4.41 ± 0.36ab 4.55 ± 0.82a 5.14 ± 0.41b 0.0028 <0.0001 <0.0001
42 3.65 ± 0.17a 5.19 ± 1.19b 3.32 ± 0.45a 3.34 ± 0.10a

Clostridium-like sp. 21 4.20 ± 0.84 4.50 ± 0.39 5.12 ± 0.92 4.54 ± 0.69 0.1080 0.6213 0.3059
42 4.64 ± 0.65 4.96 ± 0.11 4.32 ± 1.16 4.84 ± 0.65
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No antimicrobial effects of tested Ent M and Ent 
ED26E/7 were noted in the appendix. Bacterial counts of 
coagulase-negative staphylococci (CoNS) were affected by 
the treatment, with significant increase in groups E and D 
compared to C (P < 0.05; Table 4). Time influenced LAB 
alone, while the treatment × time interaction was signifi-
cant only for coliforms. Surprisingly, the highest counts of 
coliforms were detected in E + D group (day 21; P < 0.05).

In general, increased enzymatic activity was noted in 
the caecal content of rabbits administered Ent M and Ent 
ED26E/7 alone (groups E and D), except for the amylolytic 
activity in group D (day 21; Table 5). The most significant 
changes were noted after EntM addition in pectinolytic (E vs. 
D, E + D: P < 0.01), amylolytic (E vs. D, E + D. P < 0.001; E 
vs. C: P < 0.01), and inulolytic (E vs. E + D: P < 0.01; E vs. 
C: P < 0.05) activity. Ent ED26E/7 supplementation mostly 

Table 3   Bacterial counts (log 10 CFU/g ± SD) in the caecum of rabbits during enterocin EntM (E), durancin EntED26E/7 (D), and their combi-
native (E + D) application

Mean values within lines with different superscript letters are significantly different (p < 0.05) using by Bonferroni’s post hoc test
LAB lactic acid bacteria, CoNS coagulase-negative staphylococci, CoPS coagulase-positive staphylococci, sp. species

Parameter Day E D E + D C Significance of effects

Treatment Time Treatment × time

Enterococcus sp. 21 2.16 ± 1.00 1.95 ± 0.14 1.91 ± 1.13 1.59 ± 0.97 0.9100 0.2433 0.3491
42 1.42 ± 0.73 1.20 ± 0.29 1.57 ± 0.65 2.10 ± 0.77

LAB 21 2.05 ± 0.99 1.45 ± 0.39 1.70 ± 1.01 2.17 ± 1.06 0.4952 0.0823 0.8994
42 2.28 ± 0.34 2.11 ± 0.16 2.35 ± 0.39 2.48 ± 0.50

CoNS 21 2.63 ± 0.17 2.59 ± 0.80 2.93 ± 0.73 2.44 ± 0.23 0.6269 0.1548 0.9317
42 2.43 ± 0.53 2.40 ± 0.35 2.43 ± 0.34 2.20 ± 0.21

CoPS 21 0.90 ± 0.00 1.59 ± 1.04 1.44 ± 0.19 0.99 ± 0.00 0.0699 0.0212 0.1755
42 1.61 ± 0.34a 1.66 ± 0.74ab 1.93 ± 0.38b 1.87 ± 0.66b

Coliform bacteria 21 0.98 ± 0.10 0.90 ± 0.00 1.26 ± 0.71 1.40 ± 0.93 0.0282 0.0161 0.0670
42 0.90 ± 0.00a 2.09 ± 0.33b 1.32 ± 0.53ab 2.07 ± 1.34ab

Pseudomonas-like sp. 21 3.12 ± 0.57 2.63 ± 1.23 2.92 ± 0.36 3.33 ± 0.45 0.9510 0.2109 0.5023
42 3.42 ± 0.92 3.52 ± 0.36 3.69 ± 1.33 2.98 ± 0.97

Clostridium-like sp. 21 1.63 ± 0.59 1.92 ± 0.19 2.86 ± 0.74 2.75 ± 1.35 0.0932 0.3536 0.3623
42 2.39 ± 0.99 2.40 ± 0.26 2.37 ± 0.26 2.96 ± 1.28

Table 4   Bacterial counts (log 10 CFU/g ± SD) in the appendix of rabbits during enterocin EntM (E), durancin EntED26E/7 (D), and their com-
binative (E + D) application

Mean values within lines with different superscript letters are significantly different (p < 0.05) using by Bonferroni’s post hoc test
LAB lactic acid bacteria, CoNS coagulase-negative staphylococci, CoPS coagulase-positive staphylococci, sp. species

Parameter Day E D E + D C Significance of effects

Treatment Time Treatment × time

Enterococcus sp. 21 3.84 ± 1.72 4.47 ± 0.56 3.90 ± 0.91 3.33 ± 1.70 0.6601 0.0814 0.9892
42 2.85 ± 1.63 3.54 ± 1.17 2.99 ± 2.10 2.68 ± 1.10

LAB 21 4.03 ± 0.96 4.49 ± 0.54 4.00 ± 1.14 3.45 ± 1.50 0.2337 0.0250 0.2724
42 2.01 ± 0.25 3.54 ± 0.84 3.18 ± 1.45 3.16 ± 0.91

CoNS 21 3.97 ± 1.31a 3.78 ± 1.20a 3.00 ± 0.90ab 2.15 ± 0.39b 0.0038 0.0531 0.2478
42 4.00 ± 1.16a 2.17 ± 0.50b 1.88 ± 0.74b 2.12 ± 0.59b

CoPS 21 4.11 ± 0.75 4.19 ± 0.98 3.33 ± 1.83 3.20 ± 1.74 0.7980 0.2326 0.8997
42 3.15 ± 1.72 3.15 ± 1.06 3.06 ± 1.83 3.00 ± 1.08

Coliform bacteria 21 1.50 ± 1.07ab 1.43 ± 1.05ab 2.97 ± 1.84a 0.90 ± 0.00b 0.1052 0.6375 0.0465
42 1.13 ± 0.47a 1.08 ± 0.35 2.13 ± 2.01ab 3.25 ± 1.86b

Pseudomonas-like sp. 21 4.25 ± 0.99 4.57 ± 0.68 3.64 ± 1.53 4.41 ± 1.25 0.7067 0.8082 0.8548
42 4.14 ± 0.87 3.95 ± 1.06 3.96 ± 1.19 4.44 ± 0.39

Clostridium-like sp. 21 2.67 ± 1.00 3.31 ± 0.90 4.21 ± 1.60 3.19 ± 1.45 0.1661 0.0064 0.9194
42 1.66 ± 0.60 2.38 ± 0.42 2.62 ± 1.11 2.19 ± 0.32
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influenced cellulolytic (D vs. E + D: P < 0.01) and inulolytic 
(D vs. E + D, C: P < 0.01) activity. After treatment cessa-
tion (day 42), higher activity of tested enzymes was noted 
for xylan, pectin (E vs. D: P < 0.01), and starch (E vs. D, 
C: P < 0.01; E vs. E + D: P < 0.001) degradation using Ent 
M. During Ent ED26E/7 administration, the lowest pectino-
lytic (D) and amylolytic (E + D) activity was detected in all 
experimental and control groups. Fermentation processes 

in the caecum were influenced only by time, in the case of 
ammonia (NH3) and lactic acid (LA) production (Table 6). 
While increased NH3 level was noted during Ent ED26E/7 
application (D, E + D), higher LA values were recorded 
when using the two additives separately (E, D). Lower lev-
els of most tested volatile fatty acids (VFA), namely, acetic, 
propionic, iso-butyric, valeric, and caproic acid, were found 
during Ent M and Ent ED26E/7 supplementation, while the 

Table 5   The effect of enterocin EntM (E), durancin EntED26E/7 (D), and their combinative (E + D) application on the digestion rate of carbohy-
drates in caecum of rabbits

Mean values within lines with different superscript letters are significantly different (p < 0.05) using by Bonferroni’s post hoc test

Parameter Day E D E + D C Significance of effects

Treatment Time Treatment × time

CMC (µmol glucose/g DM of 
ceacum digesta/min)

21 11.36 ± 2.82ab 13.22 ± 3.88a 8.64 ± 1.69b 8.40 ± 1.48b 0.1432  < 0.0001 0.0217
42 6.82 ± 0.47 5.92 ± 0.80 6.89 ± 0.74 6.83 ± 0.90

Xylan (µmol xylose/g DM of cea-
cum digesta/min)

21 14.62 ± 0.98ab 16.73 ± 2.64a 11.58 ± 1.86b 11.75 ± 3.13b 0.0200 0.4730 0.0160
42 16.05 ± 1.10 13.03 ± 0.82 14.20 ± 2.67 13.43 ± 1.20

Pectin (µmol xylose/g DM of cea-
cum digesta/min)

21 14.11 ± 1.19a 12.84 ± 2.69ab 11.17 ± 1.33b 10.94 ± 1.87b 0.0155 0.0002 0.0759
42 11.45 ± 2.02a 7.72 ± 1.28b 9.86 ± 1.00ab 9.90 ± 1.34ab

Starch (µmol xylose/g DM of cea-
cum digesta/min)

21 16.69 ± 3.55a 9.27 ± 1.84b 9.22 ± 2.34b 10.63 ± 1.93b  < 0.0001 0.5066 0.6115
42 16.41 ± 1.21a 10.13 ± 2.93b 7.06 ± 2.06b 10.07 ± 1.48b

Inulin (µmol xylose/g DM of cea-
cum digesta/min)

21 6.02 ± 2.58a 4.12 ± 1.49ab 3.41 ± 0.70b 3.73 ± 0.55b 0.2803 0.8682 0.0588
42 4.14 ± 0.14 4.22 ± 0.40 4.83 ± 0.70 4.37 ± 0.49

Table 6   The effect of enterocin EntM (E), durancin EntED26E/7 (D), and their combinative (E + D) application on organic acids concentrations 
and on the digestion rate of carbohydrates in caecum of rabbits

Parameter Day E D E + D C Significance of effects

Treatment Time Treatment × time

pH 21 5.83 ± 0.14 5.76 ± 0.11 5.69 ± 0.19 5.85 ± 0.21 1.0000 0.8117 0.9999
42 6.08 ± 0.06 6.15 ± 0.19 6.31 ± 0.20 6.21 ± 0.09

NH3 (mmol/L) 21 12.907 ± 1.741 13.645 ± 1.220 13.807 ± 3.095 12.249 ± 2.052 0.8322 0.0005 0.9629
42 22.032 ± 2.131 20.552 ± 5.237 22.525 ± 4.032 19.072 ± 2.262

Lactic acid (g/100 g) 21 28.675 ± 10.787 24.875 ± 10.498 17.057 ± 1.266 17.500 ± 2.440 0.5461 0.0006 0.1689
42 10.450 ± 0.660 10.675 ± 2.274 13.375 ± 3.452 12.300 ± 2.440

Acetic acid (mmol/100 mL) 21 12.399 ± 0.666 11.149 ± 1.345 11.579 ± 1.685 12.529 ± 3.258 0.9492 0.0074 0.9994
42 6.823 ± 1.104 6.087 ± 1.377 6.592 ± 1.070 7.471 ± 1.086

Propionic acid 
(mmol/100 mL)

21 0.721 ± 0.179 0.512 ± 0.119 0.540 ± 0.136 0.746 ± 0.404 0.9999 0.9119 0.9994
42 0.451 ± 0.051 0.447 ± 0.070 0.419 ± 0.104 0.452 ± 0.095

Iso-butyric acid 
(mmol/100 mL)

21 0.002 ± 0.001 0.004 ± 0.002 0.006 ± 0.005 0.012 ± 0.015 1.0000 0.9903 1.0000
42 0.026 ± 0.007 0.022 ± 0.010 0.029 ± 0.006 0.029 ± 0.015

Butyric acid (mmol/100 mL) 21 3.398 ± 0.554 3.276 ± 0.673 3.413 ± 0.657 2.956 ± 0.682 0.9989 0.3986 0.9999
42 1.934 ± 0.468 1.873 ± 0.434 1.777 ± 0.608 1.662 ± 0.659

Iso-valeric acid 
(mmol/100 mL)

21 0.284 ± 0.160 0.119 ± 0.064 0.056 ± 0.020 0.073 ± 0.025 1.0000 0.9906 1.0000
42 0.117 ± 0.017 0.111 ± 0.019 0.109 ± 0.019 0.115 ± 0.048

Valeric acid (mmol/100 mL) 21 0.091 ± 0.027 0.096 ± 0.014 0.097 ± 0.027 0.104 ± 0.030 1.0000 0.9929 1.0000
42 0.105 ± 0.005 0.108 ± 0.021 0.124 ± 0.016 0.111 ± 0.016

Caproic acid 
(mmol/100 mL)

21 0.080 ± 0.028 0.122 ± 0.024 0.072 ± 0.043 0.125 ± 0.077 1.0000 0.9740 1.0000
42 0.054 ± 0.020 0.043 ± 0.015 0.036 ± 0.017 0.045 ± 0.041
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concentrations of butyric and iso-valeric acids increased 
through the treatment period. The highest butyric and lowest 
iso-butyric levels were found after Ent M addition (E). Sur-
prisingly, the lowest iso-valeric concentration was noted dur-
ing combined addition of Ent M and Ent ED26E/7 (E + D), 
in contrast to their separate application (groups E and D).

In general, increased enzymatic activity was noted in 
the caecal content of rabbits administered Ent M and Ent 
ED26E/7 alone (groups E and D), except for the amylolytic 
activity in group D (day 21; Table 5). The most significant 
changes were noted after EntM addition in pectinolytic (E vs. 
D, E + D: P < 0.01), amylolytic (E vs. D, E + D. P < 0.001; E 
vs. C: P < 0.01) and inulolytic (E vs. E + D: P < 0.01; E vs. 
C: P < 0.05) activity. Ent ED26E/7 supplementation mostly 
influenced cellulolytic (D vs. E + D: P < 0.01) and inulolytic 
(D vs. E + D, C: P < 0.01) activity. After treatment cessa-
tion (day 42), higher activity of tested enzymes was noted 
for xylan, pectin (E vs. D: P < 0.01) and starch (E vs. D, 
C: P < 0.01; E vs. E + D: P < 0.001) degradation using Ent 
M. During Ent ED26E/7 administration, the lowest pectino-
lytic (D) and amylolytic (E + D) activity was detected in all 
experimental and control groups.

Fermentation processes in the caecum were influenced 
only by time, in the case of ammonia (NH3) and lactic acid 
(LA) production (Table 6). While increased NH3 level was 
noted during Ent ED26E/7 application (D, E + D), higher 
LA values were recorded when using the two additives sepa-
rately (E, D). Lower levels of most tested volatile fatty acids 
(VFA), namely, acetic, propionic, iso-butyric, valeric, and 
caproic acid, were found during Ent M and Ent ED26E/7 
supplementation, while the concentrations of butyric and 
iso-valeric acids increased through the treatment period. 
The highest butyric and lowest iso-butyric levels were found 
after Ent M addition (E). Surprisingly, the lowest iso-valeric 
concentration was noted during combined addition of Ent 
M and Ent ED26E/7 (E + D), in contrast to their separate 
application (groups E and D).

Discussion

The antimicrobial effect of bacteriocins is well known. The 
broad antimicrobial spectrum of enterocins against Gram-
negative but mostly Gram-positive bacteria has been already 
presented in many in vitro and in vivo studies, including 
experiments with rabbits [9–12, 16, 19], similarly to our pre-
sent results. Most studies report that Gram-positive bacteria 
tend to be more sensitive to enterocins than Gram-negative 
ones [31], because of the stronger membrane of the lat-
ter bacteria. These findings were also confirmed in previ-
ous experiments with enterocins Ent 7420, Ent 4231, Ent 
M, and nisin inclusion in rabbit diets, when the inhibition 
of staphylococci, enterococci and clostridia was reported 

[9, 10, 12, 19]. Kritas et al. [32] found lower frequency of 
Clostridium perfringens, but also of E. coli in probiotic-
treated rabbits. In the present study, stronger antimicrobial 
effect of both enterocin Ent M and durancin Ent ED26E/7 
against coliforms and pseudomonas was detected even dur-
ing their addition (day 21), similar to other trials [10, 12, 19], 
whereas the inhibition of Gram-positive bacteria, i.e., staphy-
lococci, clostridia, and lactic acid bacteria (LAB), was noted 
only after cessation of treatment (day 42). This observation 
confirms the antimicrobial potency of the tested enterocins; 
they represent a promising way of preventing possible gas-
trointestinal infections and dysbiosis caused by E. coli or 
clostridia, such as multifactorial epizootic rabbit enteropathy 
(ERE). To this day, the aetiology of ERE is still not exactly 
identified, and many factors remain unknown regarding the 
infection and its negative economic impact (high morbid-
ity, mortality, diarrhoea incidence, weight loss). In general, 
numerical (not significant) inhibition/reduction of clostridia, 
pseudomonas, and coliforms was detected in this study, simi-
lar to our previous results [9, 10]. Caecal microbiota and 
changes in bacterial counts can also influence fermentation 
processes in the caecum and help in nutrition digestion, due 
to the ability to synthesize bacterial enzymes for plant cell-
wall degradation and/or fibre hydrolyzation. Higher counts 
of the tested bacteria were detected in the appendix than in 
the caecum; these data again confirm our results recorded in 
our previous experiment with Ent M and its producer strain 
Enterococcus faecium AL41 application in rabbits [9]. In that 
trial, reduced bacterial counts were found in the appendix of 
treated animals compared to control, which also accords with 
results obtained during nisin treatment [10] and combined 
application of Ent M with sage extract [16]. We expected 
similar results in our present experiment with Ent M and Ent 
ED26E/7 as well, but surprisingly no inhibitory effect on 
tested bacteria was observed. While the antimicrobial activity 
of nisin, Ent M, and Ent ED26E/7 has already been presented 
and repeatedly confirmed under in vitro conditions, and nisin 
and Ent M have also been tested under in vivo conditions in 
the rabbit ecosystem, durancin Ent ED26E/7 itself was first 
applied to rabbits in this experiment, and further studies are 
needed to explain its effect within the gastrointestinal tract 
of rabbits. The appendix is closely related to rabbit immu-
nity via the development of gut-associated lymphoid tissue 
(GALT) and can be improved/enhanced by microbiota, which 
play an essential role in rabbit appendix development and 
diversity in the primary antibody repertoire [33]. Informa-
tion about the microbiota in the rabbit appendix is generally 
scarce. For this reason, monitoring microbiological changes 
during bioactive substance administration can help us better 
understand the complexity of digestion and immune response 
in rabbits.

The caecal microbial population changes in relation to age 
(before and after weaning) started from the second day of 
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treatment onwards, with quantified total bacteria (Firmicutes 
and Bacteroides-Prevotella groups) as well as archaea identi-
fied only from the seventh day onwards [22]. The authors fur-
ther noted that Firmicutes reached their maximum between 
days 14 and 21 (about 80–90%; [20, 34], while Bacteroides-
Prevotella sp. increased from day 14 to 21, remained stable 
until day 35 and then decreased until day 70 to a similar 
level as at day 14. In accord with these observations, stable 
counts of aerobic bacterial species from Firmicutes were 
noted during this experiment (between 35 and 77 days of 
age, 3 weeks of additive application and 3 weeks after treat-
ment cessation). However, we did not monitor the strictly 
anaerobic Bacteroides-Prevotella sp. counts, as we expected 
them to increase during the trial. The importance of cae-
cal bacteria lies mostly in their ability to produce hydrolyz-
ing enzymes and their role in degradation of plant cell-wall 
components, which cannot be decomposed by the host diges-
tive enzymes. Changes in caecal microbial composition are 
caused not only by ageing, but also by diet changing from 
milk to solid feed [25], whereas stable levels of bacterial 
community are reached during weaning [24]. Our results 
show no effect of age on caecal enzymatic activity (except 
for xylanolytic activity) at the end of the experiment, in 
contrast to data obtained previously during Ent M and sage 
extract application in rabbits [17]. Although the production 
of amylolytic and cellulolytic enzymes by Clostridium sp. 
has been described [35, 36], enzymes produced by strictly 
anaerobic Bacteroides and Bifidobacterium showed stronger 
xylanolytic, pectinolytic, cellulolytic, and amylolytic activ-
ity [35, 37]. Because we observed no significant changes in 
the counts of tested aerobic bacteria, including clostridia, 
we hypothesize higher fermentative activity by the anaerobic 
caecal microbiota. However, the diversity of the bacterial 
population in the rabbit caecum is very complex, and most of 
these bacteria are still attributed to a new uncultivated bacte-
rial species not found in the databases [20, 21, 23].

In general, higher enzymatic activity is detected in 
young rather than adult rabbits, mostly in rabbits receiving 
Ent M and Ent ED26E/7. These data contrast with our pre-
vious results obtained from Ent M and sage extract appli-
cation in rabbits [17], but they correspond to higher starch, 
pectin, xylan and cellulose fermentation with increasing 
age, as presented by Lavrenčič et  al. [38]. Marounek 
et al. [39] found lower amylolytic, but higher cellulolytic, 
xylanolytic, and inulolytic activity in younger rabbits, in 
accord with our results. In general, enhanced enzymatic 
activity noted in experimental rabbits receiving both Ent 
M and Ent ED26E/7 confirm that they induce a more sta-
ble caecal ecosystem, with the capability of better micro-
bial fermentation and nutrient utilization, also improving 
the growth rate and feed conversion (data not shown; [8]).

During fermentation processes, volatile fatty acids 
(VFA) are produced and continuously supply from 30 to 

50% of adult rabbits´ energy requirements. These VFA 
are detected in a specific ratio in rabbits, with a predom-
inance of acetate, followed by butyrate and propionate 
(respectively 77 mmol/100 mL; 17 mmol/100 mL and 
6 mmol/100 mL on average; [22]). Fibre content in feed 
can affect this ratio, with higher acetate and lower butyrate 
proportions noted with increasing fibre level. Fermentative 
parameters are also age-related: Combes et al. [21] found 
increased total VFA concentration with increasing age 
(between 28 and 70 days of age), and in parallel, reduced 
propionate to butyrate ratio (decrease in propionate and 
increase in butyrate level). In contrast to these findings, 
our data did not show any age-related changes in the main 
VFA proportions. On the other hand, we noted some 
treatment effect on the propionate/butyrate ratio, when 
increased butyrate and decreased propionate concentra-
tions were detected during enterocin addition, with lower 
levels of acetate. There are various studies describing 
the effects of bioactive compounds on VFA and organic 
acid production in the rabbit caecum; while some authors 
observed beneficial effects mostly of probiotics and herbal 
extracts on caecal fermentation processes [40], others 
describe no or negative impact of additives on their tested 
parameters [10, 41]. Until now, only a few studies have 
presented the effects of bacteriocins and/or enterocins on 
VFA and lactic acid production in the rabbit caecum; while 
enterocin Ent 4231 did not influence caecal VFA content 
[19], nisin and Ent M addition decreased the tested VFA 
and lactic acid levels [9, 10, 17]. Our results also confirm 
the previous findings, except for lactic, butyric, and iso-
valeric acid concentrations, which were found to be higher 
compared to control data. The highest butyric and lowest 
iso-valeric, caproic, and lactic acid levels measured in rab-
bits receiving Ent M and Ent ED26E/7 in combination may 
indicate the strengthening effect of both additives. It was 
also interesting to find that combined administration of 
Ent ED26E/7 and Ent M affected iso-valeric acid levels in 
the opposite way compared to their separate application. 
Further experiments are needed to determine possible syn-
ergistic and/or antagonistic effects of both additives on the 
tested parameters. Stimulation of caecal enzymatic activity 
increases caecal pH via higher VFA concentrations, thus 
indicating reduction in intestinal pathogens and beneficial 
influence on nutrient digestibility. Increased butyric, iso-
valeric, and lactic acid levels found in our experiment did 
not cause any reduction in caecal pH and bacterial popula-
tion, as also previously described by Phuoc and Jamikorn 
[40] during probiotic application and by Lauková et al. 
[10] after nisin administration to rabbits.

Antibacterial effects of enterocin Ent M and durancin 
Ent ED26/7 were found in the gastrointestinal tract of rab-
bits, demonstrated by reduced counts of coliforms and 
pseudomonas in faeces and lower levels of coliforms and 
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clostridia in the caecum. In the appendix, coagulase-negative 
staphylococci significantly increased. Chymus samples from 
young rabbits showed higher caecal enzymatic activity com-
pared to adult animals. Fermentation processes in the cae-
cum were stimulated by Ent M and Ent ED26ED/7 adminis-
tration. Synergistic/strengthening effects of enterocins were 
observed in rabbits receiving the combination of Ent M 
and Ent ED26E/7. Based on the experimental rabbits’ good 
health, the reduced potential pathogenic microbiota in their 
intestines, and their stimulated caecal enzymatic activity, we 
conclude that enterocin Ent M and durancin Ent ED26E/7 
could be used as promising novel feed additives in rabbit 
nutrition.
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