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ANIMAL       S CIENCE      S

INTRODUCTION

The occurrence of alimentary diseases is a serious 
threat for inhabitants of both developed (H a v e l a a r 
et al., 2010) and developing (B y a r u g a b a , 2004) 
countries connected primarily to inappropriate dealing 
with products of animal origin, their further modifica-
tions, and consumption. Since the undesirable bacterial 
contamination is one of the agents causing food-borne 
diseases (L e v i n ,  A n t i a , 2001), its eradication is 
sought already at the beginning of food-production 
process: in animal breeding. This can be achieved 
by using various antimicrobials, such as antibiotics. 
These are anti-effective drugs discovered from natural 
and chemical products and derived semi-synthetically 
with phenotypic methods during the second half of the 

20th century (P o w e r , 2006). Generally, three peri-
ods of bacterial diseases’ therapy are distinguished: 
pre-antibiotic, antibiotic, and period of antibiotic 
resistance’s development that is happening right now 
(with possible transition back to the principles of pre-
antibiotic period in certain countries). Antibiotics have 
been used to decrease the infectious pressure causing 
difficulties in animal husbandry and across human 
population since their discovery (A m i n o v , 2010). 
Antibiotics for treating diseases, and in prevention as 
prophylactic agents against bacterial infections and as 
antibiotic growth promoters (AGPs) have been used in 
animal production (Table 1) since the very beginnings 
of antibiotic therapy with the aim to maximise produc-
tion and to get the highest possible profit (M o o r e  et 
al., 1946; J u k e s  et al., 1950). Using AGPs for longer 
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term may lead to the natural selection of surviving 
resistant bacteria and strains able to transport such 
an ability to other bacterium and make them resistant 
(A a r e s t r u p , 1999). The ability of microorganisms 
to conquer antibiotic treatment by different mecha-
nisms is called antibiotic resistance (R o n q u i l l o , 
H e r n a n d e z , 2017). This property is not a novel 
phenomenon – contrariwise is true: healthcare systems 
worldwide are facing this situation both in human and 
veterinary medicine since the very beginnings of anti-
biotic’s treatment applications (B a r b o s a ,  L e v y , 
2000). For example, just two years after penicillin 
has been introduced in 1941 as an anti-staphylococcal 
treatment, the resistance level increased to 6% and after 
a decade even to 50% in hospital-acquired infections 
(B a r b e r ,  R o z w a d o w s k a - D o w z e n k o , 1948). 
This makes antibiotic resistance an issue targeting not 
only medicine, but different fields – politics, econom-
ics, biology, sociology and ecology – with unknown 
result and solution (B a l s a l o b r e  et al., 2014).

Increasing number of inhabitants and economic 
prosperity is globally connected with rising demand 
for proteins of animal origins resulting in the esti-
mated increase of animal production by 70% to feed 
the population of 9.6 billion of people living on the 
Earth by 2050 (G e r b e r  et al., 2013). The rise of 
animal production is logically connected (especially 
in developing countries) with higher production and 
usage of antimicrobials in food-producing species 
according to its above mentioned (sub)therapeutical 
and growth-promotory activity. This occurrence is 
supposed to lead to the estimated growth of antibi-
otic production by 67%, meaning 105.596 (± 3.605) t  
by 2030. Approximately 2/3 of increase is expected 
to be due to higher numbers of reared animals, and 
1/3 because of the shift towards intensified animal 
breeding (Va n  B o e c k e l  et al., 2015). Nowadays, 
approximately 60% of nation’s annual consumption 

of medically important antimicrobials in the USA are 
used for disease prevention and growth promotion in 
food-producing animals (F D A , 2017). According to 
previously stated data of production and consumption 
of antibacterial compounds (more than 1 t per day in 
various European countries), it is rational to mention 
that the progression of bacterial resistance against 
antibiotics is going to evolve further, and is one of 
the best documented cases of biological evolution in 
progress even nowadays (B a q u e r o ,  B l a z q u e z , 
1997). 

To understand the resistance of bacteria against 
antimicrobials, it is necessary to know the bacterial 
mechanisms of resistance and to clarify the impact 
of resistant bacteria on humans. This is going to be 
described further in next paragraphs altogether with 
the summary of possible precautions that can be made 
in order to preserve the ability of antibiotics to effec-
tively act against bacteria in the future.

Mechanisms of resistance

Both mutation and selection for the growth when 
higher concentrations of antibiotics are used, con-
tribute to the increase in profound ability of micro-
organisms to resist the antimicrobial effect of various 
compounds, as well as acquiring other factors of re-
sistance (B e r g e r - B a c h i , 2005). Rich variability 
of mechanisms that cause resistance gains an ability 
to defeat antibiotics in microorganisms, increases 
their chance to survive in environment containing 
antibiotics, and allows researchers even to predict a 
probability of resistance’s origins itself. The resist-
ance is believed to be originating out of so-called 
‘pre-resistant molecules’ that arose during different 
evolutionary processes – e.g. appearance of thirty 
genes able to modify aminoglycosides (P a y i e  et 
al., 1995), or seventeen genes for resistance against 

Table 1. Types of antimicrobials use in food animals (M c E w e n ,  F e d o r k a - C r a y , 2002)

Type of antibiotic  
use

Purpose
Route or vehicle  
of administration

Administration to  
individuals or group

Diseased animals

Therapeutic therapy injection, feed, water individual or group
diseased individuals; in groups,  
may include some animals that  

are not diseased or are subclinical

Metaphylactic
disease prophylaxis,  

therapy
injection (feedlot calves),  

feed, water
group some

Prophylactic disease prevention feed group
none evident, although some  
animals may be subclinical

Subtherapeutic

growth promotion feed group none

feed efficiency feed group none

disease prophylaxis feed group none
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tetracycline that has developed among diverse bacterial 
species (J o h n s o n ,  A d a m s , 1992). Basically, five 
targets of antibiotic therapy include: cell wall synthesis, 
protein synthesis, DNA synthesis, DNA-directed RNA 
polymerase, and essential metabolic enzymes (C o a t e s 
et al., 2002). Bacterial resistance to antibiotics is 
caused by various mechanisms that can be divided into 
two groups: (A) direct attribute of the bacterial cell 
causing antibiotics resistance: (a) genetic modifica-
tion – e.g. ADP-ribosyl transferases mutation making 
bacteria resistant to rifampicin (M a z e l ,  D a v i e s , 
1999), (b) enzymatic modification – e.g. methylation 
of adenine residuals in 23S rRNA causing resistance 
to macrolides (Z a l a c a i n ,  C u n d l i f f e , 1990), (c) 
replacement – e.g. ribosomal protection to antibiotic 
binding through Tet(O) protein causing tetracycline 
resistance (L i  et al., 2013), (d) protection on cellular 
or population level – e.g. ability to secrete big amount 
of exopolysaccharides that creates a barrier impeding 
antibiotic binding (N w o d o  et al., 2012); and (B) 
bacterium initiated change of antibiotic causing its 
deactivation: (a) antibiotic modification – e.g. ami-
noglycoside’s acetylation (R a m i r e z ,  T o l m a s k y , 
2010), (b) antibiotic destruction – e.g. beta-lactamases 
influence on beta-lactam antibiotics (S a n d a n a y a k a , 
P r a s h a d , 2002), and (c) elimination of antibiotic out 
of the cell – e.g. elimination by efflux pump (S o t o , 
2013). Generally, this categorisation is artificial, and 
not every mechanism is possible to sort into mentioned 
groups. As an example, so-called ‘kin selection’ can be 
used. This mechanism of resistance roots in an ability 
of drug resistant mutants of bacteria to shield the less 
resistant isolates by production of certain metabolite 
under antibiotic stress (L e e  et al., 2010). Therefore, 
kin selection can cause difficulties when trying to 
eradicate populations of diverse bacterial strains or 
species as in biofilms.

Health-threatening bacteria

Nowadays, there are no commercially available 
antibiotics at disposal that do not exhibit any bacterial 
resistance pattern against at least a single microorgan-
ism ( B r a c h m a n ,  A b r u t y n , 2009; C u s h n i e , 
L a m b , 2011). The European Centre for Disease 
Control and Prevention (ECDC) oversees resistant 
microorganisms within the EARS-Net Surveillance 
Network on Antibiotic Resistance (EARS-Net) in the 
European Union. ECDC sets sensitivity/resistance 
criteria of microorganisms to antibiotics and settles 
rules for detection methods of resistance for these 
microorganisms: Acinetobacter spp., Enterococcus 
faecalis, Enterococcus faecium, Escherichia coli, 
Klebsiella pneumoniae, Pseudomonas aeruginosa, 
Staphylococcus aureus, and Streptococcus pneumoniae 
(E C D C , 2016). Multidrug-resistant microorgan-
isms represent the most serious threat to public health 
(N i c a s i o  et al., 2008; K u m a r a s a m y  et al., 2010) 

among which are listed, for example: vancomycin-
resistant Enterococcus (VRE), methicillin-resistant 
Staphylococcus aureus (MRSA), extended-spectrum 
β-lactamase (ESBL) producing Gram-negative bacteria, 
carbapenemases producing Klebsiella pneumoniae 
(KPC), and multi-drug resistant Gram-negative rod-
shaped bacteria: Acinetobacter baumannii, Enterobacter 
spp., Escherichia coli, Klebsiella pneumoniae, and 
Pseudomonas aeruginosa (B o u c h e r  et al., 2009). 
The nature of multiresistance (resistance of microor-
ganisms to more than three groups of antibiotics) is 
often derived from genetically mobile organelles, such 
as plasmids, transposons, and integrons (D e s s e n 
et al., 2001), therefore its reduction is a major chal-
lenge for researchers and an important concern for 
the community (B y a r u g a b a , 2010). According 
to the World Health Organization (WHO), many of 
these multi-drug resistant bacteria are pathogens of 
the digestive tract (W H O , 2015), causing consider-
able economic losses in animal breeding (G r a h a m 
et al., 2007). Above that, some resistant bacteria of 
animal origin may be indirectly transmissible to hu-
mans through the outside environment (G r a h a m  et 
al., 2009), and products of animal origin (P r i c e  et 
al., 2005), or directly by contact of farm workers with 
animals (S m i t h  et al., 2013) (Fig. 1). In the case 
of Clostridium perfringens, the world’s most wide-
spread pathogen, which produces many endotoxins and 
exotoxins, the acquisition of resistance properties is 
gradually being started, and this problem needs to be 
taken into consideration in a timely manner (R a i n e y 
et al., 2009). Another important factor contributing 
to the increase of bacterial resistance to antibiotics is 
the ability of some of the above-mentioned to form 
a biofilm (P a r s e k ,  S i n g h , 2003; K o n g  et al., 

Fig. 1. Formation and transmission of antimicrobial resistance in mi-
croorganisms (E F S A , 2016)
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2006) – a generic and species-diverse society of to 
the substrate adhered microorganisms surrounded by 
a layer of exopolysaccharides that are produced by 
these bacteria (D a v i e s , 2003). This phenomenon 
can be encountered not only in S. aureus, but also in 
other pathogens, e.g. in the oral cavity (J e n k i n s o n , 
L a m o n t , 2005).

Monitoring of resistance

Globally used antimicrobial  agents include  
27 antibacterial classes, 9 of which are used exclu-
sively in animals (P a g e l ,  G a u t i e r , 2012). Highest 
consumption of antibiotics can be observed in poultry 
and pig farms, but the increasing trend in aquaculture 
consumption cannot be overlooked. The consumption 
of antibiotics as growth promoters in the United States, 
Brazil and Argentina is also not negligible (G e l b a n d 
et al., 2015). Macrolides, penicillins and tetracyclines, 
which are the world’s best-selling antibiotic groups, 
are classified as critical in human medicine (W H O , 
2011). The highest resistance is described in poultry 
among the European Union – from 0.9% in the case of 
aminoglycosides, 6% in macrolides, and up to 59.6% 

in tetracyclines. The most significant is the resistance 
of salmonellas and campylobacters to tetracyclines 
(5.6–82.4% and 1–87.5%, respectively) and quinolo-
nes (3.6–94.1% and 3.96–96.3%, respectively) in 
broiler breeds (E F S A , 2016). In the United States, 
22% resistance to fluoroquinolones and 95.4% to 
gentamycin is reported in poultry with the highest 
numbers in salmonella strains resistant to tetracy-
clines (41–46%) being consistent with the EU, the 
decreasing trend of resistance is then reported in 
salmonellas with relation to cephalosporins (de-
crease from 38 to 18%) within chickens in the retail 
network (C D C , 2014). From 2011 to 2014, reported 
overall sales of veterinary antimicrobials (in mg/
PCU) decreased in 14 European countries and sales 
of the 3rd and 4th-generation cephalosporins and 
fluoroquinolones decreased in 10 and 11 European 
countries, respectively (E C D C  et al., 2017). Such a 
decline in sales of veterinary antimicrobials among 
EU countries correlates also with the average annual 
change (between years 2012–2016) showing a slight 
decline (–0.01) in consumption of antibiotics for 
systemic use in the community in EU/EEA countries 
(E C D C , 2017).

Table 2. Restrictions on the use of antibiotics in livestock in OECD countries (L a x m i n a r a y a n  et al., 2015)

OECD  
member country

Legislative status of country in terms of animal use of antibiotics

ban on antibiotic growth-promoters (AGPs)
prescription requirement  

to use antibiotics in animals

Australia

no, but some AGPs are banned (fluoroquinolones,  
avoparcin, virginiamycin, etc.) (A u s t r a l i a n  

C o m m i s s i o n  o n  S a f e t y  a n d  Q u a l i t y  
i n  H e a l t h  C a r e , 2013)

nearly all veterinary antibiotics can only  
be sold on a veterinarian prescription

Canada

no, the Canadian government released a notice in  
April 2014 to stakeholders mimicking the FDA approach  

to voluntarily phase out use of medically important  
antibiotics as growth promoters  

(G o v e r n m e n t  o f  C a n a d a , 2014)

no, plan to develop options to strengthen  
the veterinary oversight of antibiotic use  

in food animals in line with the FDA approach

EU member states yes, all AGPs banned in 2006 (E U , 2003) yes

Japan no yes

Mexico
yes, AGPs were banned in 2007 with some exceptions ( 

avoparcin, vancomycin, bacitracin, tylosin,  
virginiamycin, etc.) 

yes

New Zealand
yes, for the critically and highly important antibiotics  

listed by both WHO and OIE (M A F  N e w  Z e a l a n d , 2011)
yes, for antibiotics identified with the potential  

or resistance problems

South Korea
yes, since 2011 AGP use has been discontinued until  

a veterinary oversight system can be put in place  
(U S D A , 2011)

yes, the veterinary oversight system  
is currently being developed

USA

no, the FDA released voluntary guidelines for the industry  
to withdraw the use of medically important antibiotics  

as growth promoters (U . S .  F o o d  a n d  D r u g  
A d m i n i s t r a t i o n , 2013)

no, under the new FDA guidance for industry, use  
of medically important antibiotics will be  

under the oversight of licensed veterinarians



Scientia agriculturae bohemica, 50, 2019 (1): 15–22	 19

Antimicrobial resistance precautions

It is well known that antibiotic pressure will boost 
the resistance because of the selection allowing only 
the fittest bacteria to survive even more in the future 
(M a r t i n e z  et al., 2007). Such a circumstance may 
have a negative impact on profound resistance in 
multi-drug resistant microorganisms. According to 
the above-mentioned danger of overuse of antibiotics, 
there is a need to act – one of the attempts to reduce 
their overuse has become the awareness of the use 
of antibiotics in human medicine, and in agriculture 
the ban on antibiotic growth stimulators (E U , 2003) 
(Table 2). Options to reduce the consumption of clas-
sical antibiotics and prevent the associated devel-
opment of resistance include alternative sources of 
substances with antibiotic effects, e. g. prebiotics (A b d  
E l - K h a l e k  et al., 2010), probiotics (M a r i n h o 
et al., 2007), enzymes (S h i m  et al., 2005), organic 
acids (M a r o u n e k  et al., 2007), synbiotics (B o m b a 
et al., 2002), bacteriocins, bacteriophages (C a l y  et 
al., 2015), plant extracts (J o u a n y ,  M o r g a v i , 
2007), zinc oxide (O u  et al., 2007), or clay minerals 
(P h i l l i p s  et al., 2002). In relation with the previous 
list of non-antibiotic growth promoters, it is necessary 
to mention, that also in this group of antimicrobials, 
restrictions of usage will apply in the future. As an 
example, the zinc oxide can be used: it has recently 
been stated that overall benefit–risk balance for vet-
erinary medicinal products containing zinc oxide to 
be administered orally to food-producing species is 
negative. This is due to the fact, that the zinc’s anti-
diarrhoeal effect value is not exceeding the value of its 
accumulation rate in the environment and its potential 
contribution in increase of the bacterial resistance. 
According to these findings, no more new marketing 
authorisations will be issued and the withdrawals of 
the existing marketing authorisations for veterinary 
medicinal products containing zinc oxide will be im-
plemented in the European Union (E M E A , 2017). 
Therefore, another possibility to reduce bacterial anti-
biotic resistance due to reduced dosage of antibiotics 
is the use of the combinatory effect of various plants 
(G a r v e y  et al., 2011; P e r v a i z  et al., 2016), or 
synthetic substances (L e f e b v r e  et al., 2016) both 
with each other and in combination with antibiotics. 
Synergistic reactions of two compounds are clearly 
beneficial for combating bacterial infections, bringing 
into treatment a perspective of not only reduction of 
antibacterial resistance, but also a potential in reduced 
dosage of individual substances used in the combina-
tion; extension of antimicrobial treatment; reduced 
side effects of individual substances; and lowered 
environmental burden (A k t a s ,  D e r b e n t l i , 2016). 
On the other hand, antagonistic interaction between 
two solely active agents is able to bring undesirable 
circumstances into treatment that can be even life-
threatening (C a s c o r b i , 2012). Nevertheless, by 

theoretical models, antagonism could be useful in 
reducing the potential for evolving resistance more 
than synergism that is enhancing it by the selection 
pressure allowing very strongly resistant bacteria to 
outlast (M i c h e l  et al., 2008).

CONCLUSION

Given the general concerns about the progress 
of antimicrobial resistance in microorganisms to an 
extent that is not compatible with available drugs, it 
is highly desirable to limit the consumption of these 
pharmaceuticals especially in food-producing animals 
such as poultry and pigs to the lowest acceptable level. 
Such a minimisation can be achieved not only through 
legislative interventions, but also by the prevention 
of disease or using alternative sources of antibacterial 
agents and also by the combinatory effect of various 
compounds.

REFERENCES

Aarestrup FM (1999): Association between the consumption 
of antimicrobial agents in animal husbandry and the occur-
rence of resistant bacteria among food animals. International 
Journal of Antimicrobial Agents, 12, 279–285. doi: 10.1016/
S0924-8579(99)90059-6.

Abd El-Khalek E, Kalmar I, De Vroey M, Ducatelle R, Pas-
mans F, Werquin G, Janssens G (2010): Indirect evidence 
for microbiota reduction through dietary mannanoligosac-
charides in the pigeon, an avian species without functional 
caeca. Journal of Animal Physiology and Animal Nutrition, 
96, 1084–1090. doi: 10.1111/j.1439-0396.2011.01223.x.

Aktas G, Derbentli S (2016): In vitro activity of daptomycin 
combined with dalbavancin and linezolid, and dalbavancin 
with linezolid against MRSA strains. Journal of Antimicro-
bial Chemotherapy, 72, 441–443. doi: 10.1093/jac/dkw416.

Aminov RI (2010): A brief history of the antibiotic era: Lessons 
learned and challenges for the future. Frontiers in Microbiol-
ogy, 1, 134. doi: 10.3389/fmicb.2010.00134.

Balsalobre LC, Dropa M, Matte MH (2014): An overview of 
antimicrobial resistance and its public health significance. 
Brazilian Journal of Microbiology, 45, 1–6. doi: 10.1590/
S1517-83822014005000033.

Baquero F, Blazquez J (1997): Evolution of antibiotic resist-
ance. Trends in Ecology and Evolution, 12, 482–487. doi: 
10.1016/S0169-5347(97)01223-8.

Barber M, Rozwadowska-Dowzenko M (1948): Infection by 
penicillin-resistant staphylococci. The Lancet, 252, 641–644. 
doi: 10.1016/S0140-6736(48)92166-7.

Barbosa TM, Levy SB (2000): The impact of antibiotic use on 
resistance development and persistence. Drug Resistance 
Updates, 3, 303–311. doi: 10.1054/drup.2000.0167.



20	 Scientia agriculturae bohemica, 50, 2019 (1): 15–22

Bbosa GS, Mwebaza N (2013): Global irrational antibiotics/
antibacterial drugs use: A current and future health and 
environmental consequences. In: Mendez-Vilas A (ed.): 
Microbial pathogens and strategies for combating them: 
Science, technology and education. Formatex Research 
Center, Badajoz, 1645–1655.

Berger-Bachi B (2005): Resistance mechanisms of Gram-posi-
tive bacteria. International Journal of Medical Microbiology, 
292, 27–35. doi: 10.1078/1438-4221-00185.

Bomba A, Nemcova R, Gancarcikova S, Herich R, Guba P, 
Mudronova D (2002): Improvement of the probiotic effect 
of micro-organisms by their combination with maltodextrins, 
fructo-oligosaccharides and polyunsaturated fatty acids. British 
Journal of Nutrition, 88, S95–S99. doi: 10.1079/BJN2002634.

Boucher HW, Talbot GH, Bradley JS, Edwards JE, Gilbert D, 
Rice LB, Scheld M, Spellberg B, Bartlett J (2009): Bad 
bugs, no drugs: no ESKAPE! An update from the Infectious 
Diseases Society of America. Clinical Infectious Diseases, 
48, 1–12. doi: 10.1086/599017.

Brachman PS, Abrutyn E (2009): Bacterial infections of humans: 
epidemiology and control. Springer, Berlin.

Byarugaba D (2004): Antimicrobial resistance in developing 
countries and responsible risk factors. International Jour-
nal of Antimicrobial Agents, 24, 105–110. doi: 10.1016/j.
ijantimicag.2004.02.015.

Byarugaba DK (2010): Mechanisms of antimicrobial resistance. 
In: Sosa A, Byarugaba DK, Amabile C, Hsueh PR, Kariuki 
S, Okeke IN (eds): Antimicrobial resistance in developing 
countries. Springer, New York, 15–26. doi: 10.1007/978-
0-387-89370-9.

Caly DL, D’Inca R, Auclair E, Drider D (2015): Alternatives to 
antibiotics to prevent necrotic enteritis in broiler chickens: 
A microbiologist’s perspective. Frontiers in Microbiology, 
6: 1336. doi: 10.3389/fmicb.2015.01336.

Cascorbi I (2012): Drug interactions – principles, examples and 
clinical consequences. Deutsches Ärzteblatt International, 
109, 546–555. doi: 10.3238/arztebl.2012.0546.

CDC (2014): NARMS Integrated Report: 2014. CDC, Atlanta.
Coates A, Hu Y, Bax R, Page C (2002): The future challenges 

facing the development of new antimicrobial drugs. Nature 
Reviews Drug Discovery, 1, 895–910. doi: 10.1038/nrd940.

Cushnie TT, Lamb AJ (2011): Recent advances in understand-
ing the antibacterial properties of flavonoids. International 
Journal of Antimicrobial Agents, 38, 99–107. doi: 10.1016/j.
ijantimicag.2011.02.014.

Davies D (2003): Understanding biofilm resistance to antibac-
terial agents. Nature Reviews Drug Discovery, 2, 114–122. 
doi: 10.1038/nrd1008.

Dessen A, Di Guilmi A, Vernet T, Dideberg O (2001): Molecu-
lar mechanisms of antibiotic resistance in Gram-positive 
pathogens. Current Drug Target – Infectious Disorders, 1, 
63–77. doi: 10.2174/1568005013343272.

ECDC (2016): Antimicrobial resistance reporting protocol 2016. 
EARS-Net Documents, Stockholm.

ECDC (2017): Summary of the latest data on antibiotic con-
sumption in the European Union. ESAC-Net surveillance 
data, Stockholm. https://ecdc.europa.eu/sites/portal/files/doc-
uments/Final_2017_EAAD_ESAC-Net_Summary-edited%20
-%20FINALwith%20erratum.pdf. Accessed 8 March, 2018.

ECDC, EFSA BIOHAZ Panel, CVMP (2017): ECDC, EFSA and 
EMA Joint Scientific Opinion on a list of outcome indica-
tors as regards surveillance of antimicrobial resistance and 
antimicrobial consumption in humans and food-producing 
animals. EFSA Journal, 15: 1. doi: 10.2903/j.efsa.2017.5017.

EFSA (2016): Scientific report of EFSA and ECDC – The Eu-
ropean Union summary report on antimicrobial resistance 
in zoonotic and indicator bacteria from humans, animals 
and food in 2014. EFSA Journal, 14: 207. doi: 10.2903/j.
efsa.2016.4380. 

EMEA (2017): Questions and answers on veterinary medicinal 
products containing zinc oxide to be administered orally to 
food-producing species: Outcome of a referral procedure 
under Article 35 of Directive 2001/82/EC (EMEA/V/A/118). 
European Medicines Agency, London.

EU (2003): Regulation (EC) No 1831/2003 of the European Par-
liament and of the Council on additives for use in animal nu-
trition. Official Journal of the European Union, L268, 29–43.

FDA (2017): CVM 2016 summary report on antimicrobials 
sold or distributed for food-producing animals. Rockville, 
FDA. https://www.fda.gov/downloads/ForIndustry/UserFees/
AnimalDrugUserFeeActADUFA/UCM588085.pdf. Accessed 
8 March, 2018.

Garvey MI, Rahman MM, Gibbons S, Piddock LJ (2011): 
Medicinal plant extracts with efflux inhibitory activity 
against Gram-negative bacteria. International Journal of 
Antimicrobial Agents, 37, 145–151. doi: 10.1016/j.ijanti-
micag.2010.10.027.

Gelband H, Miller-Petrie MK, Pant S, Gandra S, Levinson J, 
Barter D, White A, Laxminarayan R (2015): The state of the 
world’s antibiotics 2015. Wound Healing Southern Africa, 
8, 30–34. doi: 10520/EJC180082.

Gerber PJ, Steinfeld H, Henderson B, Mottet A, Opio C, Dijk-
man J, Falcucci A, Tempio G (2013): Tackling climate change 
through livestock: A global assessment of emissions and 
mitigation opportunities. Food and Agriculture Organization 
of the United Nations, Rome.

Graham JP, Boland JJ, Silbergeld E (2007): Growth pro-
moting antibiotics in food animal production: An eco-
nomic analysis. Public Health Reports, 122, 79–87. doi: 
10.1177/003335490712200111.

Graham JP, Evans SL, Price LB, Silbergeld EK (2009): Fate of 
antimicrobial-resistant enterococci and staphylococci and 
resistance determinants in stored poultry litter. Environmental 
Research, 109, 682–689. doi: 10.1016/j.envres.2009.05.005.

Havelaar AH, Brul S, De Jong A, De Jonge R, Zwietering MH, 
Ter Kuile BH (2010): Future challenges to microbial food 
safety. International Journal of Food Microbiology, 139, 
S79–S94. doi: 10.1016/j.ijfoodmicro.2009.10.015.



Scientia agriculturae bohemica, 50, 2019 (1): 15–22	 21

Jenkinson HF, Lamont RJ (2005): Oral microbial communi-
ties in sickness and in health. Trends in Microbiology, 13, 
589–595. doi: 10.1016/j.tim.2005.09.006.

Johnson R, Adams J (1992): The ecology and evolution of 
tetracycline resistance. Trends in Ecology and Evolution, 7, 
295–299. doi: 10.1016/0169-5347(92)90226-2.

Jouany JP, Morgavi D (2007): Use of ‘natural’ products as alter-
natives to antibiotic feed additives in ruminant production. 
Animal, 1, 1443–1466. doi: 10.1017/S1751731107000742.

Jukes TH, Stokstad E, Tayloe R, Cunha T, Edwards H, Meadows 
G (1950): Growth-promoting effect of aureomycin on pigs. 
Archives of Biochemistry, 26, 324–325.

Kong KF, Vuong C, Otto M (2006): Staphylococcus quorum 
sensing in biofilm formation and infection. Internation-
al Journal of Medical Microbiology, 296, 133–139. doi: 
10.1016/j.ijmm.2006.01.042.

Kumarasamy KK, Toleman MA, Walsh TR, Bagaria J, Fafhana 
B, Balakrishnan R, Chaudhary U, Doumith M, Giske CG, 
Irfan S, Krishnan P, Kumar AV, Maharjan S, Mushtaq S, 
Noorie T, Paterson DL, Pearson A, Perry C, Pike R, Rao B, 
Ray U, Sarma JB, Sharma M, Sheridan E, Thirunarayan MA, 
Turton J, Upadhyay S, Warner M, Welfare W, Livermore 
DM, Woodford N (2010): Emergence of a new antibiotic 
resistance mechanism in India, Pakistan, and the UK: a 
molecular, biological, and epidemiological study. The Lancet 
Infectious Diseases, 10, 597–602. doi: 10.1016/S1473-
3099(10)70143-2.

Laxminarayan R, Van Boeckel T, Teillant A (2015): The eco-
nomic costs of withdrawing antimicrobial growth promot-
ers from the livestock sector. OECD Food, Agriculture and 
Fisheries Papers No. 78, Paris. doi: 10.1787/18156797.

Lee HH, Molla MN, Cantor CR, Collins JJ (2010): Bacterial 
charity work leads to population-wide resistance. Nature, 
467, 82–85. doi: 10.1038/nature09354.

Lefebvre E, Vighetto C, Di Martino P, Garde VL, Seyer D 
(2016): Synergistic antibiofilm efficacy of various com-
mercial antiseptics, enzymes and EDTA: a study of Pseu-
domonas aeruginosa and Staphylococcus aureus biofilms. 
International Journal of Antimicrobial Agents, 48, 181–188. 
doi: 10.1016/j.ijantimicag.2016.05.008.

Levin BR, Antia R (2001): Why we don’t get sick: The within-
host population dynamics of bacterial infections. Science, 
292, 1112–1115. doi: 10.1126/science.1058879.

Li W, Atkinson GC, Thakor NS, Allas U, Lu CC, Chan KY, 
Tenson T, Schulten K, Wilson KS, Hauryliuk V, Frank J 
(2013): Mechanism of tetracycline resistance by ribosomal 
protection protein Tet(O). Nature Communications, 4: 1477. 
doi: 10.1038/ncomms2470.

Marinho M, Lordelo M, Cunha L, Freire J (2007): Microbial 
activity in the gut of piglets: I. Effect of prebiotic and pro-
biotic supplementation. Livestock Science, 108, 236–239. 
doi: 10.1016/j.livsci.2007.01.081.

Marounek M, Freire J, Castro-Solla L, Pinheiro V, Mourao J, 
Maertens L (2007): Alternatives to antibiotic growth pro-

moters in rabbit feeding: A review. World Rabbit Science, 
15, 127–140. doi: 10.4995/wrs.2007.597.

Martinez JL, Baquero F, Andersson DI (2007): Predicting anti-
biotic resistance. Nature Reviews Microbiology, 5, 958–965. 
doi: 10.1038/nrmicro1796.

Mazel D, Davies J (1999): Antibiotic resistance in microbes. 
Cellular and Molecular Life Sciences, 56, 742–754. doi: 
10.1007/s000180050021.

McEwen SA, Fedorka-Cray PJ (2002): Antimicrobial use and re-
sistance in animals. Clinical Infectious Diseases, 34, 93–106. 
doi: 10.1086/340246.

Michel JB, Yeh PJ, Chait R, Moellering RC, Kishony R (2008): 
Drug interactions modulate the potential for evolution of 
resistance. Proceedings of the National Academy of Sci-
ences, 105, 14918–14923. doi: 10.1073/pnas.0800944105.

Moore P, Evenson A, Luckey T, McCoy E, Elvehjem C, Hart 
E (1946): Use of sulfasuxidine, streptothricin, and strepto-
mycin in nutritional studies with the chick. The Journal of 
Biological Chemistry, 165, 437–441.

Nicasio AM, Kuti JL, Nicolau DP (2008): The current state of 
multidrug-resistant Gram-negative bacilli in North America. 
Pharmacotherapy, 28, 235–249. doi: 10.1592/phco.28.2.235.

Nwodo UU, Green E, Okoh AI (2012): Bacterial exopolysac-
charides: Functionality and prospects. International Journal 
of Molecular Sciences, 13, 14002–14015. doi: 10.3390/
ijms131114002.

Ou D, Li D, Cao Y, Li X, Yin J, Qiao S, Wu G (2007): Dietary 
supplementation with zinc oxide decreases expression of the 
stem cell factor in the small intestine of weanling pigs. Jour-
nal of Nutritional Biochemistry, 18, 820–826. doi: 10.1016/j.
jnutbio.2006.12.022.

Pagel SW, Gautier P (2012): Use of antimicrobial agents in 
livestock. Scientific and Technical Review of the Office 
International des Epizooties, 31, 145–88.

Parsek MR, Singh PK (2003): Bacterial biofilms: an emerging 
link to disease pathogenesis. Annual Review of Microbiology, 
57, 677–701. doi: 10.1146/annurev.micro.57.030502.090720.

Payie KG, Rather PN, Clarke AJ (1995): Contribution of gen-
tamicin 2’-N-acetyltransferase to the O acetylation of pep-
tidoglycan in Providencia stuartii. Journal of Bacteriology, 
177, 4303–4310. doi: 10.1128/jb.177.15.4303-4310.1995.

Pervaiz A, Khan R, Anwar F, Mushtaq G, A Kamal M, Khan 
H (2016): Alkaloids: an emerging antibacterial modality 
against methicillin resistant Staphylococcus aureus. Current 
Pharmaceutical Design, 22, 4420–4429. doi: 10.2174/1381
612822999160629115627.

Phillips TD, Lemke SL, Grant PG (2002): Characterization of 
clay-based enterosorbents for the prevention of aflatoxi-
cosis. In: DeVries JW, Trucksess MW, Jackson LS (eds): 
Mycotoxins and food safety. Springer, Boston, 157–171. 
doi: 10.1007/978-1-4615-0629-4_16.

Power E (2006): Impact of antibiotic restrictions: The pharma-
ceutical perspective. Clinical Microbiology and Infection, 
12, 25–34. doi: 10.1111/j.1469-0691.2006.01528.x.



22	 Scientia agriculturae bohemica, 50, 2019 (1): 15–22

Price LB, Johnson E, Vailes R, Silbergeld E (2005): Fluoroqui-
nolone-resistant Campylobacter isolates from conventional 
and antibiotic-free chicken products. Environmental Health 
Perspectives, 113, 557–560. doi: 10.1289/ehp.7647.

Rainey FA, Hollen BJ, Small AM (2009): Genus Clostridium. 
In: Vos P, Garrity G, Jones D, Krieg NR, Ludwig W, Rainey 
FA, Schleifer KH, Whitman WB (eds): Bergey’s manual 
of systematics bacteriology: Volume 3: The Firmicutes. 
Springer, New York, 738–828.

Ramirez MS, Tolmasky ME (2010): Aminoglycoside modify-
ing enzymes. Drug Resistance Updates, 13, 151–171. doi: 
10.1016/j.drup.2010.08.003.

Ronquillo MG, Hernandez JCA (2017): Antibiotic and syn-
thetic growth promoters in animal diets: Review of impact 
and analytical methods. Food Control, 72, 255–267. doi: 
10.1016/j.foodcont.2016.03.001.

Sandanayaka VP, Prashad AS (2002): Resistance to β-lactam 
antibiotics: Structure and mechanism based design of 
β-lactamase inhibitors. Current Medicinal Chemistry, 9, 
1145–1165. doi: 10.2174/0929867023370031.

Shim S, Verstegen M, Kim I, Kwon O, Verdonk J (2005): Ef-
fects of feeding antibiotic-free creep feed supplemented with 
oligofructose, probiotics or synbiotics to suckling piglets 
increases the preweaning weight gain and composition of 
intestinal microbiota. Archives of Animal Nutrition, 59, 
419–427. doi: 10.1080/17450390500353234.

Smith TC, Gebreyes WA, Abley MJ, Harper AL, Forshey BM, 
Male MJ, Martin HW, Molla BZ, Sreevatsan S, Thakur S, 
Thiruvengadan M, Davies PR (2013):  Methicillin-resistant 
Staphylococcus aureus in pigs and farm workers on con-
ventional and antibiotic-free swine farms in the USA. 
PLoS ONE, 8, e63704. doi: 10.1371/journal.pone.0063704.

Soto SM (2013): Role of efflux pumps in the antibiotic re-
sistance of bacteria embedded in a biofilm. Virulence, 4, 
223–229. doi: 10.4161/viru.23724.

Van Boeckel TP, Brower C, Gilbert M, Grenfell BT, Levin 
SA, Robinson TP, Teillant A, Laxminarayan R (2015): 
Global trends in antimicrobial use in food animals. Pro-
ceedings of the National Academy of Sciences of the 
United States of America, 112, 5649–5654. doi: 10.1073/
pnas.1503141112.

WHO (2011): Critically important antimicrobials for human 
medicine. World Health Organisation, Geneva.

WHO (2015): WHO Estimates of the global burden of food-
borne diseases: Foodborne diseases burden epidemiology 
reference group 2007–2015. World Health Organisation, 
Geneve.

Zalacain M, Cundliffe E (1990): Methylation of 23S riboso-
mal RNA due to carB, an antibiotic-resistance determinant 
from the carbomycin producer, Streptomyces thermotoler-
ans. European Journal of Biochemistry, 189, 67–72. doi: 
10.1111/j.1432-1033.1990.tb15460.x.

Corresponding Author: 

Doc. MVDr. Eva S k ř i v a n o v á ,  Ph.D., Czech University of Life Sciences Prague, Faculty of Agrobiology, Food and Natural  
Resources, Department of Microbiology, Nutrition and Dietetics, Kamýcká 129, 165 00 Prague 6-Suchdol, Czech Republic,  
phone: +420 224 382 678, e-mail: skrivanovae@af.czu.cz


