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ABSTRACT In this study, the presence of antibiotics
(ANB) residues was evaluated in poultry meat purchased
from German and Lithuanian markets. In addition, the
antimicrobial activity of 13 lactic acid bacteria (LAB)
strains, 2 essential oils (EO) ( Thymus vulgaris and Orig-
anum vulgare L.), and their compositions were tested for
the purpose of inhibiting antibiotic-resistant Salmonella
spp. ANB residues were found in 3 out of the 20 analyzed
poultry meat samples: sample no. 8 contained enro-
floxacin (0.46 pg/kg), sample no. 14 contained both
enrofloxacin and doxycycline (0.05 and 16.8 pg/kg,
respectively), and sample no. 18 contained enrofloxacin
(2.06 ng/kg). The maximum residue limits (MRLs) for the
sum of enrofloxacin and ciprofloxacin and for doxycycline
in the poultry muscle are 100 pg/kg. Finally, none of the
tested poultry meat samples exceeded the suggested
MRLs; however, the issue of ANB residues still requires
monitoring of the poultry industry in Germany, Poland,
and Lithuania, despite the currently established low ANB
concentrations. These findings can be explained by the

increased use of alternatives to ANB in the poultry in-
dustry. Our results showed that an effective alternative to
ANB, which can help to reduce the occurrence of
antibiotic-resistant salmonella, is a composition contain-
ing 1.0% of thyme EO and the following LAB strains:
Lactobacillus plantrum LUHS122, Enteroccocus pseu-
doavium LUHS242, Lactobacillus casei LUHS210,
Lactobacillus paracasei LUHS244, Lactobacillus planta-
rum LUHS135, Lactobacillus coryniformins LUHST1,
and Lactobacillus uvarum LUHS245, which can be rec-
ommended for poultry industry as components of feed or
for the treatment of surfaces, to control the contamination
with Salmonella strains. However, it should be mentioned
that most of the tested LAB strains were inhibited by
thyme EO at the concentrations of 0.5 and 1.0%, except
for LUHS122, LUHS210, and LUHS245. Finally, it can be
noted that the agents responsible for the inhibitory effect
on Salmonella are not the viable LAB strains but rather
their metabolites, and further studies are needed to
identify which metabolites are the most important.
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INTRODUCTION

The European Union (EU) imposed a complete ban of
all antibiotics (ANB) as growth promoters (GP) in ani-
mal feed since January 2006, and according to the regu-
lations by Food and Drug Administration (FDA), ANB
cannot be used for growth-promoting purposes across
the United States of America (USA) from 2017. The
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restriction of ANB use in animal feed is a controversial
global issue because the presence of ANB in feed formu-
lations is known to promote the growth of broilers
(Gadde et al., 2018; Wealleans et al., 2018) which is
explained with the timely control of infections in
poultry farms (Singer and Hofacre, 2006). However,
the exposure to ANB can lead to the spread of drug-
resistant infections in humans and animals, which are
projected to cause 10 million human deaths the loss of
100 trillion USD by 2050 if the current trends in ANB
consumption will continue (O’Neill, 2014; Mellor et al.,
2019). The widespread clinical and agricultural use of
antimicrobials has facilitated the emergence of
antimicrobial resistance in bacteria (Laxminarayan
and Heymann, 2012). Some opportunistic and patho-
genic bacteria are more virulent than others. Thus,
over 100,000 cases of enterocolitis in the EU, causing
annual losses of €3 billion, are attributed to non-
typhoidal Salmonella infections, of which Salmonella
enterica subsp. enterica serovar Typhimurium is the sec-
ond most common serovar (EFSA, 2017). It has been re-
ported that poultry and its products are a potential
source of resistant Salmonella strains (de Oliveira
et al., 2005; Singh et al., 2010; Velasquez et al., 2018).
The control of Salmonella in poultry production is very
complicated, because birds can be exposed to
Salmonella not only from wild birds but also from flies
(Wales et al., 2010; Andrés et al., 2013). Also, it
should be mentioned that the presence of pathogenic
bacteria in the microbiota of broilers is an important
biosafety factor in the poultry industry (Clavijo et al.,
2019).

Salmonella is a common pathogen that can survive
and pass through the technological steps of poultry pro-
duction (Vinueza-Burgos et al., 2019). Human gastroin-
testinal infections caused by Salmonella usually are
associated with the consumption of poultry products;
therefore, the control of this type of pathogens is of great
importance (Wegener et al., 2003). Three possible routes
of Salmonella contamination in chicken meat have been
identified, including  initial = presence,  cross-
contamination from broilers carrying Salmonella that
have been slaughtered on the same day, and contamina-
tion from resident flora in the slaughterhouse, with the
last route being the most common (Shang et al., 2019).

However, the treatment of poultry with ANB is not an
acceptable solution, as the use of ANB promotes the
resistance of pathogenic strains, as well as ANB residues
can directly affect the human immune system, growth,
and metabolism processes (Muhammad et al., 2019).
To reduce the health risks due to ANB use, a search
for alternatives continues. It has been suggested that
xylanase and amylase produced by Aspergillus niger
during solid state fermentation of apple pomace can be
used as alternatives to ANB GP in poultry feed
(Suresh et al., 2019). Also, the use of probiotics (PRO)
has been suggested to reduce the presence of ANB in
poultry farming (Patterson and Burkholder, 2003;
Gaggia et al., 2010). Most PRO are bacteria that
already exist in the digestive tract of animals and have
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the properties of bacterial community stabilizers or
antimicrobials against undesirable bacterial species (de
Vrese and Schrezenmeir, 2008; Kabir, 2009). Our
previous studies have shown that lactic acid bacteria
(LAB) can inhibit methicillin-resistant Staphylococcus
aureus (Bartkiene et al., 2019). In addition, LAB has
various properties, which are desirable in poultry farms.
For example, phosphatase excreted by LAB can lead to
improvement of phosphate digestion (Neveling et al.,
2020). The LAB, possessing PRO properties, showed
ability to attach to intestinal epithelial cells and to
reduce pathogens colonization, as well as to increase
growth performance and improve the immune system
of the poultry (Soomro et al., 2019; Mohammadreza
et al., 2020; Salehizadeh et al., 2020). In addition to
aforementioned probiotic properties, LAB can reduce
mycotoxins in feed (Haquea et al., 2020).

Also, our previous studies showed strong antimicro-
bial properties of some essential oils (EQ), which do
not inhibit LAB, while inhibiting pathogenic bacteria
(Bartkiene et al., 2018a, 2019). Essential oils typically
contain a combination of volatiles that produce
cumulative antimicrobial effects. Essential oils have a
great potential as alternatives to ANB in poultry
industry and are generally favoured as natural
antimicrobials that are less toxic and free from residues
(Zhai et al., 2018).

Finally, although LAB and EO are well known for
their antimicrobial properties in the poultry industry,
studies regarding the antimicrobial activity of these
very different agents are scarce. For this reason, we set
out to test our hypothesis that these antimicrobials
with different mechanisms of action can produce a syner-
gic antimicrobial effect. In this study, the presence of
ANB residues was evaluated in poultry meat purchased
from the German and Lithuanian markets. In addition,
the antimicrobial activity of 13 different LAB strains,
2 Eos, and their compositions against ANB-resistant
Salmonella spp. was tested.

MATERIALS AND METHODS

Poultry Meat Samples, Salmonella and
Lactic Acid Bacteria Strains, Essential Oils

A total of 20 poultry meat samples were purchased
from different hypermarkets and central markets in Ger-
many and Lithuania (Table 1). The obtained meat sam-
ples originated from different countries: Germany
(purchased in Germany), Lithuania, Latvia, Poland,
and France (purchased in Lithuania).

The Salmonella strains were isolated from raw poultry
products (chicken) in the Northern region of Kazakhstan
in years 2018-2019 (the project was supported by the
Ministry of Education and Science of the Republic of
Kazakhstan, Project number AP05131447). All isolates
belonged to the Enteritidis serotype of Salmonella enter-
ica. Susceptibility testing was performed using disk-
diffusion method at the Kostanay State University
(Kazakhstan) according to clinical breakpoints set by
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Table 1. Poultry meat samples.

No. Type of poultry Country of origin The country of retail purchase
1

2

3

4

5

6 Germany

7 Germany
8

9

10 Chicken

11 Latvia

12 Lithuania

13 Poland

14 Poland

15 Lithuania Lithuania
16 Lithuania

17 Lithuania

18 Lithuania

19 Lithuania

20 France

EUCAST (whenever possible) and the applicable na-
tional standard. The Salmonella resistance profiles are
given in Table 2.

The LAB strains (Leuconostoc mesenteroides
LUHS225, Lactobacillus plantarum LUHS122, Enteroc-
cocus pseudoavium LUHS242, Lactobacillus caset
LUHS210, Lactobacillus curvatus LUHS51, Lactoba-
cillus farraginis LUHS206, Pediococcus pentosaceus
LUHS183, Pediococcus acidilactici LUHS29, Lactoba-
cillus paracasei LUHS244, L. plantarum LUHS135,
Lactobacillus coryniformis LUHST1, Lactobacillus bre-
vis LUHS173, and Lactobacillus wvarum LUHS245)
were acquired from the Lithuanian University of Health
Sciences collection (Kaunas, Lithuania). The LAB
strains were selected according to their inhibiting prop-
erties against pathogenic and opportunistic bacterial
strains (Bartkiene et al., 2018b, 2019; Lele et al.,
2018). The tested LAB strains were grown in the MRS
medium (Biolife, Italy) at 30°C. Two percent of the
MRS solution (v/v) in which the strains were
multiplied were inoculated into fresh medium and
propagated for 18 h. The multiplied LAB samples were
used for the determination of their antimicrobial
activities against the aforementioned Salmonella strains.

The EO of thyme (Thymus vulgaris) and oregano
(Origanum wvulgare L.) were purchased from Sigma-
Aldrich (Saint-Louis, MO, USA).

Table 2. The antibiotic—resistant profile of Salmonella.

Salmonella strains Antibiotics’

Salmonela K2 AMP, KAN, NEO, TET, DOXY, CIP
Salmonela K5 AMP, KAN, NEO, GEN, DOXY
Salmonela K43 AMP, DOXY, CIP, SXT, FUR
Salmonela K72 FUR

Salmonela K76 DOXY, FUR

TAMP = ampicillin; KAN = kanamycin; NEO = neomycin; GEN =
gentamicin; DOXY = doxycycline; CIP = ciprofloxacin; SXT = sulfa-
methoxazole/trimethoprim; FUR = nitrofurantoin.

Evaluation of Antibiotic Residues in Poultry
Meat Samples by UHPLC-MSIMS Method

The following antibiotics were analyzed in this study:
cephalosporins (cefacetrile, cefalexin, cefoperazone, cefa-
lonium, cefaprim, cefazolin, cefquinome, ceftiofur), pen-
icillins  (amoxicillin,  ampicillin,  benzylpenicillin,
cloxacillin, dicloxacillin, nafcillin, oxacillin, phenoxyme-
thylpenicillin, penicillin V), quinolones (ciprofloxacin,
danofloxacin, difloxacin, enrofloxacin, flumequine, mar-
bofloxacin, nalidixic acid, norfloxacin, orbifloxacin, oxo-
linic acid, sarafloxacin), sulfonamides
(sulfachloropyridazine, sulfadimethoxine, sulfadimidine,
sulfadoxine, sulfamerazine, sulfamethizole, sulfathiazole,
sulfamonomethoxine,  sulfanilamide), tetracyclines
(chlortetracycline, doxycycline, oxytetracycline, tetra-
cycline), macrolides and lincosamides (erythromycin A,
josamycin, kitasamycin, lincomycin, neospiramycin, pir-
limycin, spiramycin, tildipirosin, tilmicosin, tylosin A,
tulathromycin A), and other antibiotics (thiamphenicol,
bacitracin, novobiocin, rifaxamin, tiamulin, tylvalosin,
valnemulin, and trimethoprim).

The analyses were performed according to a previ-
ously published method by Reinholds et al., (2016). Ac-
cording to this method, a 2 g sample was weighed into a
15 mL centrifuge tube. Quality control samples were for-
tified with the appropriate volume of standard solution
to obtain levels corresponding to 10% of EU MRLs for
muscles. Then 3 mL of acetonitrile was added to each
sample. The samples were vigorously shaken for 20 min
and centrifuged for 15 min at 4,500 rpm. The superna-
tant was collected and loaded onto a Phree phospholipid
removal tube (1 mL) that was preconditioned with
0.5 mL of acetonitrile. The obtained extracts (2 mL)
were collected into clean sample tubes, while the Phree
tubes were washed with additional 0.3 mL of acetoni-
trile. The combined acetonitrile extracts were evapo-
rated to dryness under nitrogen stream at 55°C. The
residues were dissolved in 1 mL of 0.1% formic acid
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solution in water/methanol (90:10, v/v). The samples
were then filtered through 0.22 pm centrifuge filters at
3,000 rpm and transferred to autosampler vials for
further analysis. A 10 pL aliquot of each sample was
injected into the UHPLC-MS/MS system.

The obtained low-level concentrations of enrofloxacin
and ciprofloxacin were confirmed using the method
described by Pugajeva et al., 2018. According to that
method, a sample of muscle tissue (10 g) was spiked
with 50 pL of 0.01 pg L™' internal standard solution
(concentration in samples was 0.05 pg/kg). The analytes
were extracted by adding 20 mL of acetonitrile, then
shaken for 20 min, and sonicated for 10 min in ultrasonic
bath. After centrifugation at 4,000 rpm for 10 min,
15 mL of the supernatant was transferred into another
centrifuge tube and evaporated under nitrogen stream
at 50°C. The sample was reconstituted in 5 mL of water
and centrifuged for 10 min at 4,000 rpm at 4°C. The su-
pernatant was loaded into a Strata X cartridge (500 mg/
6 mL) previously conditioned with methanol (5 mL) and
deionised water (5 mL). The column was washed with
aqueous 50% methanol solution. The elution of analytes
was achieved with 5 mL of 1% ammonia solution in
methanol. The eluate was evaporated to dryness under
nitrogen stream at 50°C. The residue was dissolved in
aqueous 50% methanol solution (200 pL), then trans-
ferred into a vial for UHPLC-MS/MS analysis.

Chromatographic separation of target compounds
was achieved using an UltiMate 3,000 UHPLC system
(Thermo Scientific, Waltham, MA, USA). The separa-
tion was performed on a 100 mm X 2.1 mm id.,
1.9 pm Hypersil Gold analytical column (Thermo Scien-
tific). The mobile phase component A was water and the
component B was methanol, both containing 0.1% of for-
mic acid. The flow rate was 300 uL min~'. The effective
gradient began at the initial mobile phase composition of
90% A and 10% B. The percentage of mobile phase
component B was linearly raised from 10 to 30% until
4.0 min, then maintained for 1.0 min. From 5.0 min to
10 min, the percentage of component B was linearly
raised up to 95% and was held constant until 10.5 min.
Then the percentage of component B was sharply
decreased to 10% over 0.5 min and was kept at this level
until 15 min. The column and sample temperatures were
30°C and 10°C, respectively.

The UHPLC system was coupled to a Thermo Scien-
tific TSQ Quantiva mass spectrometer equipped with a
heated electrospray ionization probe used in the positive
ionization mode. Sample analysis was performed in the
selected reaction monitoring (SRM) mode, by selecting
one precursor and 2 product ions for each compound
with a dwell time of 100 ms per channel, using resolution
of 0.7 FWHM for Q1 and Q3 and setting the collision gas
(argon) pressure at 1.5 mTorr. The following general
ionization source parameters were applied: spray voltage
4.0 kV, vapouriser temperature 320°C, ion transfer tube
temperature 280°C, sheath gas (Ng) 40 arbitrary units
(arb), auxiliary gas (N3) 15 (arb), and sweep gas (Ns)
5 (arb). The data processing was carried out with Trace-
FinderEFS software (Thermo Fisher Scientific).
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Evaluation of Lactic Acid Bacteria and
Essential Oils Antimicrobial Properties
Against Salmonella Strains

An agar well diffusion assay was used for testing the
antimicrobial activity of LAB. For this purpose, 0.5
McFarland turbidity suspension of each Salmonella
strain was inoculated onto the surface of cooled Mueller
Hinton Agar (Oxoid, UK) using sterile cotton swabs.
Wells with 6 mm diameter were punched in the agar
and filled with 50 pL of the tested LAB suspension.
The antimicrobial activity against the tested bacteria
was determined by measuring the DIZ (mm). The exper-
iments were repeated 3 times and the average value of
DIZ was calculated.

In addition, the minimal inhibitory concentrations
(MIC) of the LAB and EO against the aforementioned
Salmonella strains were determined according to the
Clinical and Laboratory Standards Institute (CLSI)
microdilution method (CLST, 2015). Minimal inhibitory
concentration was defined as the concentration of LAB
or EO that inhibited visible microbial growth. Two con-
centrations of LAB and 4 concentrations of EO were
tested against the Salmonella strains (suspension of 0.5
McFarland turbidity): (i) 0.5 mL LAB + 0.1 mL of Sal-
monella suspension, (ii) 0.5 mL LAB + 0.01 mL of Sal-
monella suspension, (iii) 0.01 mL EO + 0.01 mL of
Salmonella suspension, (iv) 0.02 mL EO + 0.1 mL of Sal-
monella suspension, (v) 0.05 mL EO + 0.01 mL of Sal-
monella suspension, (vi) 0.1 mL EO + 0.1 mL of
Salmonella suspension. The experiments were performed
in triplicate.

Evaluation of Essential Oil Antimicrobial
Properties Against Lactic Acid Bacteria

The LAB strains selected for the highest antimicrobial
activity were multiplied in MRS broth (Biolife, Italy) at
30°C. Then, 500 uL of the selected LAB strains in 10 mL
of physiological solution were added. The LAB strains
diluted with physiological solution were tested as (I)
control; (II) with 50 pL of T. vulgaris EO; (III) with
100 pL of T. vulgaris EO. Count of LAB was determined
after 0 and 24 hr of cultivation at 30°C. The LAB counts
were determined on MRS agar (Liofilchem, Roseto degli
Abruzzi, Teramo, Italy) using standard plate count
techniques (ISO 15214:1998). The plates were incubated
at 30°C for 72 h under anaerobic conditions (using an
AnaeroGen atmosphere generation system, Oxoid).

RESULTS AND DISCUSSION

Antibiotic Residues in Poultry Meat
Samples

Antibiotic residues detected in poultry meat samples
are shown in Table 3. Among the different classes of anti-
microbials, some of them are used for broad applications.
For instance, fluoroquinolones and sulphonamides are



ANTIBIOTIC PREVENTION FOR POULTRY

Table 3. Antibiotic residues in poultry meat samples.

4069

Enrofloxacin Doxycycline
No. Type of poultry Country of origin The country of retail purchase ng/kg
8 Chicken Germany Germany 0.46 = 0.03 nd
14 Poland Lithuania 0.05 £ 0.01 16.80 = 0.13
18 Lithuania 2.06 = 0.05 nd

Values are mean = SD of 3 replicate analyses (n = 3).
Abbreviation: nd, not detected.

used as GP as well as drugs against a broad spectrum of
both gram-positive and gram-negative microorganisms
(Jiang et al., 2013). In this study, antibiotic residues
were found in 3 of the 20 poultry meat samples analyzed:
enrofloxacin (0.46 pg/kg) was found in the sample no. 8,
enrofloxacin and doxycycline (0.05 and 16.8 pg/kg,
respectively) were found in the sample no. 14, and enro-
floxacin (2.06 pg/keg) was found in the sample no. 18.
Our previous studies showed that 37 of 40 samples con-
tained residues of enrofloxacin in the concentration range
of 3.3-1,126 ng/kg (Pugajeva et al., 2018). Because
finding that ANB can promote the growth of animals,
various ANBs have been added to animal feed at subther-
apeutic doses. Although this practice has been beneficial
for animal productivity, there is a concern about long-
term effects or the environment and the public health.
The frequent use of ANB in animal feed has led to the
dissemination of ANB-resistant strains of poultry patho-
gens, such as Salmonella, Campylobacter, and Fscheri-
chia coli (Suresh et al., 2018). Also, the use of ANB as a
GP in animal feed, which leads to their residues in
meat, can cause allergic reactions, as well as technological
problems during fermentation of certain meat products
(Pavlov et al., 2005). The European Centre for Disease
Prevention and Control (ECDC) states that ANB resis-
tance continues to be a serious public health threat world-
wide, and the European Commission (EC) decided in
2006 to ban all commonly used ANB-GP in animal feed
due to concerns about the potential for ANB-resistant
strains of bacteria and ANB residues in meat products.
For this reason, there has been considerable interest in al-
ternatives to ANB. To reduce the risk of anti-bacterial
resistance, the European Union (EU) applied a “precau-
tionary principle” model by banning certain antimicro-
bial GP (Kriebel et al., 2001). For those ANB that are
not banned, maximum residue limits (MRL) of ANB
have been set by EU countries and the USA to ensure
the safety of consumers. According to the definition by
EU authorities, the MRL is the maximal legally accept-
able amount of pharmacologically active substances
and their metabolites in foodstuffs originating from ani-
mals. The MRLs are calculated with reference to the
acceptable daily intake (ADI), which includes a large
safety margin in the calculation, and the ADI for meat
is about 500 g per person (Mungroo and Neethirajan,
2014). The requirements of those regulations can be
met by relying on a withdrawal period, which is the
time period between the last doses of any pharmacologi-
cally active substance administered to the animal and the
time at which the residue level in tissues or products must

not exceed the MRL. Withdrawal periods promote con-
sumer safety by ensuring that the MRL is not exceeded
(European Commission, 2001; NOAH, 2016). Although
efforts have been made to harmonize MRLs worldwide
under the aegis of World Trade Organization (WTO)
and the Codex Alimentarius, MRLs still vary from one
geographical location to another. In fact, MRLs in a
particular animal product may differ from one country
to another depending on the local food safety
regulatory agencies and drug usage patterns (APVMA,
2014). Acceptable daily intake is also a key requirement
that is established on the basis of the no observable effect
level, as identified from toxicological studies, divided by a
safety factor (often 100) (European Commission, 2001).
The MRLs for the sum of enrofloxacin and ciprofloxacin
and for doxycycline in the poultry muscle are 100 pg/
kg. According to the results of this study, the problem
with ANB residues is still relevant in the poultry industry
of Germany, Poland, and Lithuania. However, in com-
parison with our previous results, ANB residues were
found at lower amounts. These findings can be explained
by improved control of food quality and the increased use
of alternatives to ANB in the poultry industry.

Lactic Acid Bacteria, Essential Oils, and
Their Composition of Antimicrobial
Properties Against Salmonella Strains

The inhibition zones (IZ) caused by LAB against the
tested Salmonella strains, as well as the MIC of the
tested LAB strains and Eos, and the IZ of their combina-
tions are shown in Tables 4-6, respectively.

When comparing the IZ caused by LAB against Salmo-
nella, the LAB strains L. mesenteroides LUHS225, L. cur-
vatus LUHS51, and L. brevis LUHS173 did not inhibit the
tested Salmonella strains. Furthermore, L. farraginis
LUHS206 did not exhibit antimicrobial activity against
Salmonella K43, while P. pentosaceus LUHS183 and P.
acidilactici LUHS29 did not exhibit antimicrobial activity
against the Salmonella strain K76 (Table 4). However,
the other tested LAB strains inhibited all of the tested
Salmonella strains and the highest IZ was caused by the
LAB strains LUHS122, LUHS135, and LUHS245 against
the Salmonella strain K2 (the average IZ diameter was
14.3 mm), LAB strains LUHS206 and LUHS245 against
the Salmonella strain K5 (the average IZ diameter was
14.2 mm), LAB strain LUHS245 against the Salmonella
strain K43 (the average IZ diameter was 14.0 mm),
LAB strain LUHS135 against the Salmonella strain K72
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§ ™ ?g "; ‘n‘é — éTE % @c\’\a lished that most of the LAB strains were inhibited by
) & | A1 z g = 5 thyme EO at 0.5 and 1.0% concentrations, except for
g J5R25] 28 8 Zr LUHS122, LUHS210, and LUHS245. By using 0.5% of
= — = = 2= . g .
o = T ¢ SE thyme EO, the counts of LAB strains LUHS122,
§ - %Sg%‘gg = LUHS210, and LUHS245 were reduced by 26.5, 16.7,
g N|EEEEE| 2 oz £ and 27.8%, respectively. When using 1.0% of thyme
= £ 28553 EO, the counts of LAB strains LUHS122, LUHS210,
= 2 cE=TEsE d LUHS245 duced by 29.2, 44.7, and 43.2%
i E cEEEEC an were reduced by 29.2, 44.7, an 2%,
E g if i s§¢ respectively. Finally, it could be assumed Salmonella in-
17 ST 2] 1 e, . .
g = o= g 3 E = hibition was not caused directly by the the viable cells of
< & gé}_’ w5 E LAB strains, but rather their metabolites and further
:'%: é T SEN le studies will be needed to identify which metabolites are
= CAEEEe 83 the most important.
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Table 5. The minimal inhibitory concentrations (MIC) of the lactic acid bacteria (LAB) strains
and essential oils (EO) against the tested Salmonella strains.

MIC

LAB strains'

0.5 mL LAB +0.01 mL pathogen

[

Salmonella strains 225 122 242 210 5

1

206

183 29 244

K2
K5

K43
K72
K76

K2
K5

K43
K72
K76

0.1% Eos +
0.01 mL
pathogen

0.01 mL
pathogen

0.2% Eos +

0.5% Eos +
0.01 mL
pathogen

1% Eos +
0.01 mL
pathogen

Thy Ore Thy

Ore

Thy Ore Thy Ore

K2
K5
K43
K72
K76

++++
++

++ A+ +

+ 4+t
+ 4+ ++

Values are mean = SD of 3 replicate analyses (n = 3).

(-) — the pathogens did not grow, (+) — the pathogens grow.

1995 = Leuconostoc mesenteroides LUHS225; 122 = Lactobacillus plantrum LUHS122; 242 = Enter-
occocus pseudoavium LUHS242; 210 = Lactobacillus casei LUHS210; 51 = Lactobacillus curvatus LUHS51;
206 = Lactobacillus farraginis LUHS206; 183 = Pediococcus pentosaceus LUHS183; 29 = Pediococcus
acidilactici LUHS29; 244 = Lactobacillus paracasei LUHS244; 135 = Lactobacillus plantarum LUHS135; 71
= Lactobacillus coryniformins LUHST1; 173 = Lactobacillus brevis LUHS173; 245 = Lactobacillus uvarum
LUHS245; Thy = Thymus vulgaris; Ore = Origanum vulgare L.

The desirable properties of probiotics (PRO) in
poultry have been recognized since the study by
Rantala and Nurmi (1973), who observed that the bac-
teria from the gut of mature birds can be used for the
protection of young chicks from infection. Baba et al.
(1991) published their findings that the composition of
several PRO strains is more effective at reducing Salmo-
nella colonization in chicks than any individual PRO
strain. Later, it was published that PRO comprising 29
bacterial strains also reduced the amount of recoverable
Salmonella from chicks (Corrier et al., 1990). Further-
more, anaerobic PRO extracted from ceca suppressed
Salmonella (Impey et al., 1984) or Salmonella and
Campylobacter (Blankenship et al., 1993; Stern et al.,
2001; Higgins et al., 2007).

Thomas et al. (2019) published that culture superna-
tants from Lactobacillus ingluviei strain UMNPBX19
and Lactobacillus salivarius strain UMNPBX2 exhibited
antimicrobial activity against Salmonella. A study by
Adetoye et al. (2018) demonstrated in vitro suppression
of Salmonella by intestinal LAB from cattle (Lactoba-
cillus amylovorus C94 and L. salivarius C86). The data
published by Burkholder et al. (2019) suggested a pro-
tective effect of L. acidophilus, L. rhamnosus, and L.
casei against Salmonella enterica Javiana. Ahmed
et al. (2019) concluded that Lactobacillus species with

PRO properties can be used in poultry feed formulation
for their health benefits to combat gastrointestinal infec-
tions. In their study, 6 of 21 Lactobacillus strains showed
good antimicrobial activities against S. aureus, Salmo-
nella typhimurium, and E. coli. Our results are in agree-
ment with the aforementioned studies that
demonstrated the ability of some LAB strains to sup-
press Salmonella. However, the antimicrobial activity
mechanisms of LAB can be explained in different ways.
The data published by Zhu et al. (2019) indicate that
the main mechanism of LAB activity against Salmonella
infection is mediated by short-chain fatty acids excreted
by the Lactobacillus johnsonii L531 strain used. Other
authors have described how the surface proteins of
Lactobacillus kefiri strains 8,321 and 83,113 and L. plan-
tarum strain 83,114 can be used as alternative means for
the control of Salmonella biofilm formation in the
poultry industry (Merino et al., 2019). Also, LAB can
produce various inhibitory compounds such as bacterio-
cins, organic acids, hydrogen peroxide, diacetyl, and car-
bon dioxide that are known to inhibit pathogenic
microorganisms (Vieco-Saiz et al., 2019). Enzymes
excreted by LAB improve the rates of nutrient absorp-
tion, as well as stimulate the immune system of animals.
It was demonstrated that nisin and beta-lactams
excreted by LAB can inhibit the Salmonella enterica
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Table 6. The inhibition zones (mm) of the lactic acid bacteria (LAB) strains and thyme (Thy) essential oil (EO) compositions against the

tested Salmonella strains.

Inhibition zone, mm

Salmonella LAB strains LAB strains and Thy EO LAB strains and Thy EO LAB strains and Thy EO  LAB strains and Thy EO
strains composition composition (0.1% EO) composition (0.2% EO) composition (0.5% EO) composition (1% EO)
K2 nd nd nd 13.0 £ 0.2 14.2 = 0.3

K5 10.0 = 0.3 nd nd 12.5 = 0.3 15.0 = 0.2

K43 11.0 £ 0.1 nd nd 112 £ 0.1 154 £ 0.5

K72 10.5 = 0.4 nd nd 12.0 £ 0.3 14.1 £ 0.3

K76 10.0 = 0.2 10.0 = 0.1 10.0 = 0.3 13.5 = 0.2 14.0 = 0.4
Images

1—LAB strains and Thy EO composition Salmonella K2 Salmonella Kb

(0.5% EO); 2—LAB strains and Thy EO

composition (1.0% EO); 3—LAB strains

and Thy EO composition (0.2% EO); 4—

LAB strains and Thy EO composition

(0.1% EO); 5—LAB strains composition

Salmonella K43 Salmonella K72 Salmonella K76

Lactic acid bacteria composition consists of LUHS122, LUHS242, LUHS210, LUHS244, LUHS135, LUHS71, LUHS245 strains (122 = Lactobacillus
plantarum LUHS122; 242 = Enteroccocus pseudoavium LUHS242; 210 = Lactobacillus casei LUHS210; 244 = Lactobacillus paracasei LUHS244; 135 =
Lactobacillus plantarum LUHS135; 71 = Lactobacillus coryniformins LUHS71; 245 = Lactobacillus wvarum LUHS245).

Values are mean = SD of 3 replicate analyses (n = 3).
Abbreviation: nd, not detected.

serovar Typhimurium (Rishi et al., 2014; Singh et al.,
2014). It should be mentioned that the
heterofermentative = LAB  can  produce  other
metabolites: organic acids, ethanol, diacetyl, hydrogen
peroxide (H505), and so on (Schniirer and Magnusson,
2005; Elshaghabee et al., 2016). Results of this study
showed that not the viable LAB strains but their
metabolites were the most important in Salmonella
inhibition, and further studies are needed to identify
which metabolites are the most important.

Organic acids excreted by LAB reduce pH, creating
unfavorable local microenvironment for pathogens,
resulting in their inhibition and death (Surendran
et al., 2017; Zhitnitsky et al., 2017; Dittoe et al.,
2018). As demonstrated by Wang et al. (2015), lactic
acid concentrations of 0.5% (v/v) could completely
inhibit the growth of Salmonella spp. However, these

acids do not affect animal epithelial cells (Allen and
Flemstrom, 2005). The presence of ethanol excreted
from LAB was shown to result in bacterial cell death
due to plasma membrane leakage (Ingram, 1989). It
was described that Lb. plantarum, Lb. helveticus, Lb.
bulgaricus, Ent. faecalis, and mainly Leuc. mesenter-
oides and Lc. lactis biovar diacetylactis are the most
common LAB species producing diacetyl (Garcia-
Quintans et al., 2008; Singh, 2018), which interferes
with arginine utilization by reacting with the
arginine-binding protein of gram-negative bacteria
(Lindgren and Dobrogosz, 1990). Also, LAB can
create anaerobic environment by excreting CO,, and
aerobic bacteria cannot propagate in such environ-
ment (Singh, 2018). Some strains of LAB are able to
produce hydrogen peroxide (Hy05), which can inhibit
pathogens devoid of catalase at low quantities via



nd
nd

LUHS 173

nd
nd

LUHS 206

nd
nd

LUHS 225

LUHS 29
nd
nd

LUHS 51
nd
nd

nd
nd

LUHS 183

LAB strains'
LUHS 71
nd
nd

nd
nd

LUHS 135

LUHS 245
5.27 = 0.01
4.15 £ 0.03

nd
nd

LUHS 242

LUHS 210
6.22 * 0.06
4.13 £ 0.04

nd
nd

LUHS 244

8.26 £ 0.03 832 =*0.04 7.47x0.02 7.99 +0.07 7.30=*0.06 7.09*0.05 7.35*0.04 7.59*0.01 7.62*0.06 7.50*0.02 7.61=*0.03 6.22*0.02 7.93*0.04

6.07 = 0.6
5.85 * 0.06

LUHS 122

-1

composition (0.5% EO)

0.5 mL LAB + Thy EO
composition (1.0% EO)

0.5 mL LAB
0.5 mL LAB + Thy EO

Table 7. The effect of Thymus vulgaris (Thy) essential oil (EO) influence on lactic acid bacteria (LAB) inhibition.

logo cfu mL
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superoxide anion chain reaction enhancing toxic
oxidation (Mitchell et al., 2015). However, the anti-
bacterial activity of HyO, depends on its concentra-
tion, pH, temperature, and other factors (Surendran
et al., 2017).

According to Sadia Ashraf et al. (2018), phytochem-
icals also can provide alternative options for the treat-
ment of antibiotic-resistant Salmonella, and it was
concluded that Nigella sativa has the necessary
in vitro activity against S. enetrica and thus can be
used as a therapeutic agent. In a study with extracts
of natural compounds, it was shown that some phenolic
type natural products possessed evident antibacterial
ability against pathogenic bacteria, but not against
LAB. The most common phenolic compounds (carva-
crol, trans-cinnamaldehyde, p-coumaric acid, eugenol,
gallic acid, and rosmarinic acid) exhibit strong antibac-
terial effects against pathogenic bacteria that are
mainly responsible for the antibacterial activity of EO
(Chak-LunChan et al., 2018). It was reported that a
combination of EO obtained from Syzygium aromati-
cum and Cinnamomum zeylanicum inhibited both S.
Enteritidis and S. Typhimurium isolates. Such antimi-
crobial activity has been attributed to the main EO
compounds: cinnamaldehyde and eugenol (Tsmail
et al., 2017). Cinnamaldehyde and eugenol are able to
inhibit the production of essential bacterial enzymes
due to the presence of a carbonyl group that binds
and inactivates them and /or causes damage to the bac-
terial cell wall (Di Pasqua et al., 2007). The presence of
cinnamaldehyde and eugenol may enhance the antibac-
terial effect, as suggested by Burt (2004). Essential oils
from A. triphylla, Cinnamomum citratus, L. cubeba,
and M. piperita showed no relevant activity against
Salmonella; however, other authors have described
in vitro antibacterial activity of EO from S. aromati-
cumand C. zeylanicum against paratyphoid Salmonella
strains (Simitzis et al., 2014; Thanissery et al., 2014;
Abbes et al., 2018). It has been reported that the EO
of cinnamon (C. zeylanicum) and thyme (7. vulgaris)
produced the highest activity, with 22.5-38.5 mm
inhibition zones against 5 Salmonella serotypes
(Olaimat et al., 2019). In a different application, the
EO of thyme in combination with cold plasma treat-
ment led to a higher antibacterial activity of plasma-
treated nanofibers (Lin et al., 2019). Essential oils could
be applied for the purposes of facility disinfection, as
well as added to chicken feed to prevent intestinal colo-
nization with pathogens (Ebani et al., 2019). The anti-
microbial activity data for EO showed that thymol,
eugenol, and carvacrol exhibit strong antimicrobial ac-
tivity against both E. coli and S. typhimurium (Franz
and Baser, 2010; Hippenstiel et al., 2011; Bassole and
Juliani, 2012). Thymol, eugenol, and carvacrol have
similar chemical structures and exert synergic
antimicrobial effects (Bassole and Juliani, 2012), but
it is necessary to optimize their formulation (Zhai
et al., 2018). In conclusion, it must be pointed out
that although there are several viable approaches for
pathogen control on meat and eggs in the conventional

'LUHS122 = Lactobacillus plantrum; LUHS244 = Lactobacillus paracasei; LUHS210 = Lactobacillus casei; LUHS242 = Enteroccocus pseudoavium; LUHS245 = Lactobacillus wwarum; LUHS135 = Lacto-
bacillus plantarum; LUHST1 = Lactobacillus coryniformins; LUHS206 = Lactobacillus farraginis; LUHS29 = Pediococcus acidilactici; LUHS183 = Pediococcus pentosaceus; LUHS225 = Leuconostoc mesen-

teroides; LUHS173 = Lactobacillus brevis; LUHS51 = Lactobacillus curvatus.

Abbreviation: nd, not detected.
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poultry industry, the selection of acceptable antibacte-
rials is much more limited for organic poultry producers
(Arsi et al., 2019). The findings of this study provide
useful data regarding effective strategies for pathogen
control at organic farms.

CONCLUSIONS

The problem with ANB residues is still highly relevant
in the poultry industries of Germany, Poland, and
Lithuania, despite the fact that only low ANB concen-
trations were established (0.46 pg/kg of enrofloxacin in
sample no. 8, 0.05 and 16.8 pg/kg of enrofloxacin and
doxycycline, respectively, in sample no.14, and
2.06 pg/kg of enrofloxacin in sample no.18). For this
reason, there is an ongoing search for new alternatives
to ANB in the poultry industry. The most effective
composition for the control of Salmonella tested in this
study consists of thyme EO (1.0%) with the following
LAB strains: LUHS122, LUHS242, LUHS210,
LUHS244, LUHS135, LUHS71, and LUHS245. Howev-
er, it should be mentioned that most of the tested LAB
strains were inhibited by thyme EO at the concentra-
tions of 0.5 and 1.0%, except for LUHS122, LUHS210,
and LUHS245. Finally, it can be noted that further
studies are needed to identify the particular metabolites
of LAB that are the most effective agents for the control
of Salmonella spp.
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