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Abstract

:

The use of antimicrobials is beneficial for livestock health; however, their overuse and misuse may increase resistance to these compounds. Thus, the aim of the present study was the phenotypic and molecular examination of the presence of Escherichia coli antibiotic-resistant strains in broiler and laying hen farms. The resistance of E. coli strains was examined against various antibiotics, including several families of compounds such as penicillin class medications (ampicillin), cephalosporins (cefotaxime, cefoxitin, cefpodoxime and ceftazidime), sulfonamides (co-trimoxazole), quinolones (enrofloxacin and nalidixic acid), aminoglycosides (gentamicin), β-lactams (imipenem), aminoglycoside (streptomycin), and polymyxin (colistin). In total, 106 strains were investigated, sampled during the years 2016–2019 from 91 poultry farms, including 75 broiler farms and 16 laying hen farms, originating from three Regional Units in Greece. The examined isolates revealed the highest resistance rates to sulfamethoxazole (81.1%), nalidixic acid (73.6%), tetracyclin (70.8%), and streptomycin (70.8%). On the other hand, the resistance of the isolates to third generation cephalosporins was found to be at lower levels for ceftazidime (2.8%), ceftriaxone (3.7%) cefoxitin (4.7%), and cefotaxime (4.7%). Phenotypic tests showed that 13.6% and 10.2% of the isolates produced ESBL, while 2.7% and 1% produced AmpC b-lactamase, for broiler and laying hens, respectively. The prevalence of the mcr-1 gene was found to be 22.7%, detected only in broiler isolates. Based on our results, E. coli antibiotic resistance represents a critical control point in poultry production that, apart from farm animals, may affect public health as well.
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1. Introduction


As the use of antimicrobial substances in the primary sector is increasing, it leads to extensive human exposure to bacteria with antimicrobial resistance (AMR), indirect gene transfer among bacteria species, and the spread of antimicrobial-resistant bacteria into the environment [1]. In particular, the use of antibiotics in compound feeds has been a substantial part of poultry production, not only for infectious bacterial disease prevention, but also for the improvement of animal growth rates [2].



E. coli is a Gram-negative, facultative anaerobic, rod-shaped bacterium and a member of Enterobacteriaceae family, typically 2–3 μm long with a 0.5 μm diameter [3]. Its genome consists of a circular, double-stranded DNA molecule which is more than 1000 μm long and typically also has one or more plasmids, a number of which contain genes, approximately 4000–5000, with only 2000 of them being common among different strains [4]. Most E. coli strains are harmless; however, there are some pathogenic strains that are responsible for important public health issues [5].



E. coli strains were initially classified in four major phylogenetic groups, designated as A, B1, B2, and D [6]. However, three additional phylogenetic groups were later added—namely, C, E, and F—along with one cryptic clade, I, increasing the total number to eight [7]. More recently, one extra phylogenetic group (phylogroup G) was also characterized [8]. The phylo-group F represents a sister group to phylo-group B2, while phylo-group C is closely related to phylo-group B1 [9]. The phylo-group E is now also well recognized, with its best-known member being the O157:H7 [10].



E. coli constitutes an incredibly versatile and diverse species both genetically and morphologically, which can be further subdivided into the following categories: intestinal non-pathogenic commensal isolates, intestinal pathogenic isolates, and extraintestinal pathogenic E. coli (ExPEC) isolates. Extraintestinal pathogenic E. coli (ExPEC) belongs mainly to group B2 and, to a lesser extent, to group D, while intestinal commensal symbiotic isolates mainly belong to groups A and B1 [11].



Much like with other bacterial taxa, AMR in E. coli is considered a main public health threat, often observed in the form of multidrug resistance [12]. The mechanism of AMR development in E. coli may be intrinsic or acquired, i.e., located in the bacterial chromosome or routed by other bacteria, respectively [13]. Briefly, these include the enzymatic inactivation of the drug, the modification of the drug target, the setting of limitation mechanism in drug uptake, and the activation of the efflux pump to prohibit the insertion of the antibiotic through the cell membrane.



Resistance rates are generally relatively high worldwide, reaching 50, 60%, or higher levels, depending on the antibiotic agent [14]. In Greece, rates of resistant E. coli strains have been detected in human patients, varying approximately between 20 and 45% for the different antibiotics [15]. Concerning farm animals, recently, Papadopoulos et al. [16] determined very high levels of multidrug resistance in swine, reaching more than 80% of the tested samples.



Further, E. coli isolates can develop multidrug resistance to various antibiotics such as β-lactams, mainly through the production of β-lactamase (ESBL) and/or plasmid-mediated AmpC β-lactamases (AmpC) [17]. ESBLs confer resistance to the majority of β-lactams but especially to third-generation cephalosporins (such as cefotaxime, ceftriaxone, and ceftazimidime) and aztreonam, though not to carbapenems and cephamycins (cefotetan and cefoxitin) [18]. Bacteria exhibiting resistance towards β-lactams were first observed in humans, but since then, an increase in the detection of ESBL/AmpC-producing E. coli in animals, such as pigs [19], cattle, cats, dogs [20], fish [21] horses [22], and mainly broiler chickens [19,23], has been reported.



Colistin, also known as polymyxin E, was discovered in the 1940s and is a circular, polypeptide antibiotic produced by Paenibacillus polymyxa var. colistinus, with its compounds targeting the bacterial cell membrane, as it binds to the lipopolysaccharide (LPS) component of the outer membrane of the Gram-negative bacteria [24]. During the 1970s, there was a significant reduction in the clinical use of colistin due to its side effects, while during the 1980s, it was almost completely abandoned [25]. Nowadays, colistin is widely used in intensive poultry production; thus, the emergence of plasmid-mediated enzymatic resistance is a serious concern globally. Some of the genes associated with resistance are found in the plasmid, a feature that provides them mobility [26]. Mobilized resistance to colistin is increasing globally and represents a major threat to public health. In total, nine colistin resistance genes (mcr-1 to mcr-9) and the variants of these genes have been described in Enterobacteriaceae [27]. These inferences have increased the level of public health concern associated with the spread of mobile colistin resistance and pointed out the necessity of extensive screenings in Enterobacteriaceae. Poultry and livestock represent a major reservoir for colistin resistance and the transmission of resistance genes [26,28]. Similarly, resistance to other antibiotics such as quinolones are also genetically associated and have been observed when point mutations occur in specific portions of GyrA and ParC, known as the quinolone resistance-determining regions (QRDR) [29]. Generally, quinolone resistance has been reported in E. coli isolated from retail chicken products [30]. Furthermore, resistance to quinolones has emerged following their widespread use in poultry farms, and as a result, quinolone-resistant E. coli isolates can be spread through poultry production [31].



Greece is a country with a traditionally intensively developed poultry sector, which has played a particular role in the national economy [32]. However, data regarding the screening of resistant E. coli strains in Greek poultry are rather scarce. Hence, the aim of the present study was to estimate the E. coli resistance rates of broiler and laying hen farms by applying phenotypic and molecular identification methodologies.




2. Materials and Methods


2.1. Sample Collection and Isolation of Bacteria


Fecal samples were collected from 75 poultry farms of broilers and 16 farms of egg-producing hens during the years 2016–2019. The samples were received via a walk-through of the broiler or the hen house unit. The premises were traversed in such a way as to obtain representative samples of the entire ward. For this purpose, each ward was divided into 9 isomeric sections, from each of which a separate feces sample was obtained from the litter in the case of broiler chickens or from the manure removal belts located under the cages in the case of egg-producing hens.



For each visit, biosecurity measures were taken, including a plastic apron and disposable plastic foot pads. The broiler farms included in the study originated from the Region of Epirus (34 out of the 75), Central Macedonia (39 out of the 75), and Attiki (12 out of the 75), while 10 and 6 of the laying hen farms originated from Central Macedonia and Epirus, respectively. The flocks included in the study had an average number of 19,000 animals, while six chambers were sampled from each farm on average. From every flock, 9 fecal samples were collected from the chamber inside the poultry house. Fecal samples from the litter material were taken with a sterile cotton swab, which was stored in Stuart transport medium and transported to the laboratory within 24 h. In total, 954 samples were collected and were pooled per unit for each farm, finally forming 106 (90 broilers and 16 egg laying hen flocks) different sample pools that were included in the analysis, whereas from the 16 broiler farms, two different flocks were sampled.



On arrival at the laboratory, the fecal pool samples were directly inoculated in brain heart infusion broth (Oxoid, Basingstoke, UK) supplemented with ampicillin (10 mg/L). After overnight enrichment at 37 °C, a full loop from the enrichment culture was streaked onto the surface of selective Tryptone Bile X-glucuronide agar plates (TBX; Oxoid, Basingstoke, UK) and incubated at 44 °C for 24 to 48 h, as recommended by the manufacturer for the selective growth of E. coli. Plates containing blue/green colonies were counted as presumptive E. coli (ISO 16649-2:2001). Oxydase and indole tests were also performed to verify the identity of the bacterial strains as E. coli. Briefly, moistened filter papers were utilized, on which tetramethyl-ρ-phenylenediaminedihydrochloride (Merck, Darmstadt, Germany) was dropped. Afterwards, cultured cells were inoculated on these papers, and purple violet coloration indicated positive E. coli. For indole tests, Tryptone plates were inoculated with pure cultures and incubated at 37 °C for 24 h. Then, Kovács reagent (Merck, Darmstadt, Germany) was added, and positive E. coli were identified by the formation of a reddish color. E. coli presence was confirmed in all 106 pools.




2.2. Examination of Phenotypic Antimicrobial Susceptibility


Antimicrobial susceptibility testing was performed using the Kirby Bauer disc diffusion method on Mueller–Hinton agar plates (Merck, Darmstadt, Germany), according to the Clinical and Laboratory Standard Institute (CLSI) guidelines [33]. The isolates were tested for the following antibiotics: ampicillin (AMP; 10 μg), cefotaxime (CTX; 30 μg), cefoxitin (FOX; 30 μg), cefpodoxime (CPD; 10 μg), ceftazidime (CAZ; 30 mg), chloramphenicol (CHL; 30 mg), co-trimoxazole (STX; 1.25/23.75 μg), enrofloxacin (ENR; 5 μg), gentamicin (GMN; 10 μg), imipenem (IMP; 10 μg), nalidixic acid (NAL; 30 μg), streptomycin (SMN; 10 μg), and tetracycline (TET; 30 μg) (Oxoid Ltd., Basingstoke, UK). Colistin resistance was determined using the broth microdilution method, according to the European Committee on Antimicrobial Susceptibility Testing guidelines [34]. Results were interpreted with a resistance breakpoint of 2 μg/mL. Phenotypic characterization of the analyzed strains as susceptible, intermediate, or resistant was based on the breakpoint, i.e., the lowest concentration on which no bacterial growth was observed, according to [35,36].



The isolates were tested for ESBL production via a combination disk test (CDT), according to the CLSI guidelines. To perform a CDT, disks were used, including cefotaxime (30 µg), cefotaxime/clavulanic acid (30/10 μg), ceftazidime (30 µg), and ceftazidime/clavulanic acid (30/10 μg). The test was performed on Mueller–Hinton agar using a 0.5 McFarland inoculum, followed by incubation at 37 °C for 18 h. An increase in the diameter of the inhibition zone ≥ 5 mm in the presence of clavulanic acid is indicative of ESBL production.



The screening of strains for the production of AmpC β-lactamases was based on a resistance or reduced susceptibility to cefoxitin or imipenem, which acts as an inducer of antibiotic resistance. Cefotaxime (30 μg) and ceftazidime (30 μg) were placed around a strain and at a distance of 25 mm from the center of the disk. The test is positive when the repulsion of the edge of the zone of inhibition in cefotaxime or ceftazidime is induced on the side of the disc towards the inducer, according to Dunne and Hardin [36].




2.3. E. coli Phylogeny


Genomic DNA was extracted from 106 cultures using the NucleoSpin Microbial DNA Kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s instructions. The concentration and purity of the eluted DNA were determined using a Q5000 microvolume spectrophotometer (Quawell, Thmorgan, Beijing, China). To assign the phylogeny of E. coli strains, all isolates were subjected to a polymerase chain reaction (PCR), targeting the chuA and yjaA genes, which can reliably identify the phylogenetic group of the E. coli strain, according to the methodology developed by Clermont et al. [34]. PCRs were performed in reactions with a total volume of 20 μL, containing 10 μL FastGene Taq 2X Ready Mix (NIPPON Genetics, Tokyo, Japan), 0.3 pmoL of each forward and reverse primer (Table 1), and distilled water up to the total volume. The conditions of each reaction were 95 °C for 3 min, 95 °C for 30 s, annealing temperature (Table 1) for 40 s, 72 °C for 45 s, and a final extension step at 72 °C for 5 min. The amplified products were examined by electrophoresis in agarose gel stained with ethidium bromide and photographed using a photo documentation system.




2.4. Molecular Investigation of Antimicrobial Resistance Genes and Phylogeny


The molecular investigation of resistance was characterized by targeting the colistin resistance genes mcr-1 and mcr-2, the ESBL resistant blaTEM gene, the tetracycline resistant tet(X) gene, and the quinolone resistance qnrA gene. PCRs were performed as described in Section 2.3 using the primer pairs mcr-1F–mcr-1R, mcr-2F–mcr-2R, blaTEM-F–blaTEM-R, tet(X)-F–tet(X)-R, and qnrA-F–qnrA-R, as described in Yuan et al. [37], and the annealing temperatures in Table 1. In samples considered positive, the amplified gene fragment proceeded to purification. After purification of the PCR products using the commercial NucleoSpin Gel and PCR Clean up kit (Macherey-Nagel, Düren, Germany), the purified products were bidirectionally sequenced by applying the Sanger methodology in a Prism 3730XL automatic capillary sequencer from the company CeMIA (Larissa, Greece), using both forward and reverse primers.
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Table 1. Primers used for the amplification of the target genes.
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Primer

	
Sequence (5′-3′)

	
Target Gene

	
Expected Band Size

	
Annealing Temperature

	
Reference






	
mcr-1F

	
AGTCCGTTTGTTCTTGTGGC

	
Colistin resistance gene 1

	
320 bp

	
55 °C

	
[38]




	
mcr-1F

	
AGATCCTTGGTCTCGGCTTG




	
mcr-2F

	
CAAGTGTGTTGGTCGCAGTT

	
Colistin resistance gene 2

	
715 bp

	
55 °C

	
[38]




	
mcr-2R

	
TCTAGCCCGACAAGCATACC




	
blaTEM-F

	
CATTTCCGTGTCGCCCTTATTC

	
Carbapenem resistance gene

	
800 bp

	
60 °C

	
[39]




	
blaTEM-R

	
CGTTCATCCATAGTTGCCTGAC




	
tet(X)-F

	
GGAAACCGGCTAATGGCAT

	
Tetracycline resistance genes

	
230 bp

	
55 °C

	
[40]




	
tet(X)-R

	
AATCCTACAAATGACAACGTCG




	
qnrA-F

	
AGAGGATTTCTCACGCCAGG

	
Quinolones resistance gene

	
580 bp

	
54 °C

	
[41]




	
qnrA-R

	
TGCCAGGCACAGATCTTGAC




	
ChuA.1

	
GACGAACCAACGGTCAGGAT

	
chuA

	
279 bp

	
55 °C

	
[34]




	
ChuA.2

	
TGCCGCCAGTACCAAAGACA




	
YjaA.1

	
TGAAGTGTCAGGAGACGCTG

	
yjaA

	
211 bp

	
55 °C

	
[34]




	
YjaA.2

	
ATGGAGAATGCGTTCCTCAAC




	
TspE4C2.1

	
GAGTAATGTCGGGGCATTCA

	
fragment TSPE4.C2

	
152 bp

	
55 °C

	
[34]




	
TspE4C2.2

	
CGCGCCAACAAAGTATTACG










2.5. Statistical Analysis


Statistical analysis of the data was carried out using the software package SPSS 23.0 (IBM Corporation, Armonk, NY, USA), using the inferential statistics method. A χ2 test was applied to compare the phenotypic and molecular findings. All hypothesis testing was conducted at a significance level of α = 0.05 (p < 0.05).





3. Results


3.1. Antimicrobial Susceptibility


From the 106 sample pools investigated, all of the obtained E. coli strains showed resistance to at least one antimicrobial substance. Specifically, 76.4% of the strains showed resistance to at least one of the examined β-lactam antibiotics, while 89.7% showed resistance to at least one quinolone.



The highest rates of resistance were observed in sulfamethoxazole, followed by nalidixic acid, tetracycline, piperacillin, streptomycin, and enrofloxacin. In contrast to the high rates of resistance to quinolones, resistance to third-generation cephalosporins was particularly low for aztreonam, ceftazidime, ceftriaxone, cefoxitin, and cefotaxime (Table 2). No strain showed resistance to imipenem. Eleven strains (10.3%) were resistant to colistin (MIC > 2 µg/L).




3.2. Phenotypic Tests for the Detection of ESBLs and AmpC-β-Lactamases


We detected phenotypic evidence for both ESBL and AmpC β-lactamase production. In particular, phenotypic tests revealed that 13.6% and 10.2% of the isolates produced ESBL, while 2.7% and 1% produced AmpC b-lactamase, for broiler and laying hens, respectively.




3.3. Molecular Identification


All of the E. coli strains belonged to the B1 phylogenetic group. The mcr-1 gene was detected in 22 out of the 106 isolates (Figure 1), all originating from broilers. The results were confirmed using Sanger sequencing, with the haplotype derived in complete homology with the reference sequence with the GenBank accession number OM839890, which was then used as a positive control. As far as the mcr-2 gene is concerned, although a band was amplified after the PCR reaction, it failed to be confirmed after sequencing for both poultry groups. No other bands were amplified in any of the remaining examined genes. No statistical association was observed between the phenotypic and molecular data.





4. Discussion


The animal production sector, and in particular poultry production, represents one potential source of multidrug-resistant bacteria, which possess plasmid-mediated resistance genes [42]. Under this prism, to the best of our knowledge, this is the first systematic study to assess the prevalence and the patterns of antimicrobial resistance in broilers and laying hens in Greece.



Increased rates of E. coli-resistant strains to quinolones isolated from farm animals have been previously reported [43], in line with the high resistance percentage to quinolones among strains both from broilers and laying hens detected in the current study. The above observations are in accordance with a report from the European Food Safety Authority (EFSA) for 2016 on antimicrobial resistance to microbial indicators in humans, food, and animals [44]. According to the EFSA, data collected from broilers among 30 countries on non-pathogenic Escherichia coli strains indicated higher resistance rates to quinolones, while resistance percentages to third-generation cephalosporins and colistin were lower. In laying hens, the same pattern was observed but with lower percentages, except for ceftazidime, cefotaxime, cefpodoxime, colistin, and sulfamethoxazole. Furthermore, other studies on poultry showed resistance levels to quinolone antibiotics ranging from 53% to 73% in the Czech Republic [45,46]. Nevertheless, the fact that, occasionally, resistance is only phenotypically observed, as was the case in the present study, indicates a phenotypic plasticity, in the sense that under environmental pressure such as the presence of antibiotics in microorganisms, resistant phenotypes are occasionally produced by non-resistant genotypes.



Data concerning laying hen poultry farms from Belgium, Germany, Italy, and Switzerland revealed lower resistance rates to quinolones, third-generation cephalosporins, and colistin than in the present study. More specifically, resistance to ciprofloxacin and nalidixic acid were 10.4% and 10.7, respectively; to cefpodoxime, 4.9%; and to colistin, 0.9% [47]. Similarly, resistance to quinolones was estimated at a level of 16.7%, while no resistance was found to colistin or cefpodoxime [48]. In Spain, resistance to ciprofloxacin and nalidixate were found to be 4.6% and 3%, respectively, while no resistance was revealed to colistin, ceftazidime, or cefotaxime [49]. The observed differences in antimicrobial resistance rates between broilers and laying hens may be due to the different antimicrobial substances used in each case.



Similarly, ESBL production from E. coli strains has been referred as a recent problem in poultry [50,51,52]. Although it is not very clear whether ESBL production from E. coli represents a major problem to the poultry sector, it might be a direct threat to public health. Keeping this in mind, the illustration of E. coli strains as producing ESBL/AmpC β-lactamases in the poultry sector in Greece is of high importance for β-lactam resistance screening.



In our study, none of the examined samples showed resistance to imipenem, which is most likely due to the prohibition of carbapenems in animals in Europe. A literature review covering the years 1980 to 2017 revealed that E. coli resistance to carbapenems remains low (<1%) among the European countries, while higher resistance rates are observed to carbapenems in Asian countries and Algeria, with the percentage resistance reaching 26% [53]. A study concerning laying hens (n = 276) in Germany showed an imipenem resistance of 1.8% [54]. These results are generally in agreement with our findings.



Furthermore, in the present study, the mcr-1 gene was found to be present in broilers’ E. coli isolates. Twenty-two samples (20.8%) from our survey tested positive. Colistin is an antimicrobial substance widely used in veterinary medicine to treat infections of the digestive tract, particularly in poultry and pigs. In 2015, the plasmid-mediated resistance gene mcr-1 was first reported in poultry in China [55]. Since then, there has been an increase in research worldwide that has detected this specific gene in animals, in humans, and in foods of animal origin [56,57,58,59,60]. Thus far, it has mainly been detected in E. coli strains, as well as in other enterobacteroids belonging in the genera Salmonella, Shigella, Klebsiella, and Enterobacter [61]. Our results reveal that E. coli strains carrying the mcr-1 gene are circulating in poultry farms in Greece, threatening the use of colistin as a last-resort antibiotic and highlighting the need for the surveillance of antibiotic resistance. Despite the limitation of our study regarding the detection of only one resistance gene, the fact that colistin is one of the main antibiotics for the treatment of serious human infections makes these results worth mentioning. The monitoring, collection, and presentation of all relevant information on the mcr gene at a global scale are of major importance in order to prevent public health threats and apply proper measures.




5. Conclusions


In conclusion, the occurrence of resistance to antimicrobials in E. coli in Greek poultry constitutes an issue of high importance. Antibiotic resistance to several antimicrobial substances was observed in high prevalence in E. coli strains. Concerning one of these substances, resistance was also reflected with the identification of a resistance gene. Although phenotypic resistance rates were high for various antibiotic compounds, the most noteworthy finding of the present study, from a public health point of view, is probably the identification of the mcr-1 gene, which provides resistance to colistin. The circulation of this gene in Greek poultry poses risks for the transmission of resistance to other animals or to humans, as well. These results raise significant concerns regarding the use of antibiotics in Greek poultry, which traditionally plays an important role in the primary production sector. Based on these results, the proper use of antibiotics should be applied by the farm owners and operators.
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Figure 1. The PCR products of the 320 bp fragment after amplification with the mcr-1F–mcr-1R primer pair. Lanes 1–10: samples; P.C.: positive control, N.C.: negative control (no template DNA in the PCR). 
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Table 2. Microbial resistance results of E. coli strains isolated from poultry farms.
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Antimicrobial

	
Disk Composition

	
Thresholds (mm)

	
Resistant Strains–Broilers

	
Resistant Strains–Egg-Laying Hens

	
Resistant Strains–Total




	
Sensitive

	
Resistant






	
Sulfamethoxazole

	
23.75 μg

	
≥15

	
≤11

	
83 (91.1%)

	
3 (18.8%)

	
86 (81.1%)




	
Nalidixic acid

	
30 μg

	
≥19

	
≤13

	
71 (78%)

	
7 (43.8%)

	
78 (73.6%)




	
Tetracycline

	
30 μg

	
≥15

	
≤11

	
68 (74.7%)

	
7 (43.8%)

	
75 (70.8%)




	
Piperacillin

	
100 μg

	
≥21

	
≤17

	
55 (60.4%)

	
12 (75%)

	
67 (63.2%)




	
Streptomycin

	
10 μg

	
≥15

	
≤11

	
69 (75.8%)

	
6 (3.8%)

	
75 (70.8%)




	
Enrofloxacin

	
5 μg

	
≥21

	
≤15

	
54 (59.3%)

	
10 (6.3%)

	
64 (60.3%)




	
Aztreonam

	
30 μg

	
≥21

	
≤17

	
1 (1.1%)

	
-

	
1 (1%)




	
Ceftazidime

	
10 μg

	
≥21

	
≤17

	
3 (3.3%)

	
-

	
3 (2.8%)




	
Ceftriaxone

	
30 μg

	
≥23

	
≤19

	
4 (4.4%)

	
-

	
4 (3.7%)




	
Cefoxitin

	
30 μg

	
≥18

	
≤14

	
5 (5.5%)

	
-

	
5 (4.7%)




	
Cefotaxime

	
30 μg

	
≥26

	
≤22

	
5 (5.5%)

	
-

	
5 (4.7%)




	
Imipenem

	
10 μg

	
≥23

	
≤19

	
-

	
-
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