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Abstract

:

Recently, we investigated the spread of antimicrobial drug-resistant (AMR) microorganisms in five dairy sheep farms in Greece to identify indicators for improved field surveillance. The high percentage of samples of feeds and milk positive to Escherichia coli and Staphylococci, including AMR isolates, recorded in this previous study generated the interest to further investigate the parameters likely to affect positivity of these certain indicators in the same farms. For this reason, 76 samples were collected, comprising milk collected from the raw milk tank (n = 5), swabs from milking shells (n = 48), feeds (n = 6), and home-grown feeds (n = 17). Samples were processed for the detection of the pathogens mentioned above and the assessment of AMR using conventional microbiology and the polymerase chain reaction. The overall percentage of positive samples was 71.1%. The percentage of isolates that were characterised as AMR of those detected was 27.8% (30% Staphylococci, 21.4% E. coli). The results indicate that AMR testing in milking shell swabs is advisable for improving AMR stewardship and should be regarded as complimentary to testing samples from the raw milk tank, because these may not depict the microbial burden of milking shells. Furthermore, the spread and antimicrobial resistance of tested bacteria in feeds are characterised by considerable variability and should therefore be assessed longitudinally.
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1. Introduction


Monitoring animal health is recognised as a factor of key significance in improving antimicrobial stewardship [1]. To this direction, in-farm surveillance using indicators of the spread of antimicrobial drug resistance (AMR) can prove significant in improving animal health and welfare, and in effect, public health protection. Interestingly, the relevant information available in connection with dairy sheep is limited. Recently, we investigated the spread of AMR bacteria in five dairy sheep farms in Greece to identify indicators for improved field surveillance [2]. This investigation, which was to the best of our knowledge, the first to be conducted on this subject, relied on the detection of two common foodborne pathogens that have proven suitable for monitoring AMR transfer between animals and humans, namely Staphylococcus aureus and E. coli [3]. The study farms, referred to as Farms A–E, were selected based on location, accessibility, size (small, medium, large), breeding practice (indoor intensive, semi-intensive, and semi-extensive), and the availability of reliable farm records, which was confirmed onsite through a method of inspection and personal interview. That certain investigation concluded that the spread of AMR isolates in the study population is considerable. This finding was clearly reflected in milk, particularly with regards to the AMR and multidrug-resistant (MDR) S. aureus that was detected in samples collected both from the udder and the bulk milk tank. Notably, the latter proved suitable for the cost-effective assessment of AMR, dispensing with the need to collect samples from individual animals. The assessment that was conducted to assess potential sources of the AMR spread within farms was targeted to bedding, faeces, drinking water, and feeds. The latter, particularly the samples collected from the farms’ feeders, were found positive to E. coli, which was identified in several cases as AMR or MDR, at a percentage that was statistically significantly higher compared to all other types of samples (b = 3.602; p-value < 0.01). Notably, the presence of AMR isolates of S. aureus in feeds was found to increase the probability of milk positivity to AMR S. aureus by 3.25 times, which was regarded as indicative that feeds may be a factor of key significance in the spread of AMR inside the farm [2].



Based on the findings reported above, it was considered advisable to further our previous investigation to the parameters likely to affect AMR positivity of milk and feeds in the study farms to identify potential indicators of their spread and improve field surveillance.




2. Materials and Methods


In total, 76 samples were collected, consisting of milk (n = 53) and feeds (n = 23) from Farms A to E (Table 1). Sample collection was performed between June and August 2021, i.e., one year after our previous investigation [2].



In connection with milk, we collected 5 samples from the farms’ raw milk tanks (1 from each of the Farms A–E) and 48 swabs (12 from each farm, excluding Farm B, which applies manual milking) from the interior surface of the shells (teatcups) of each milking machine, after routine disinfection. Four (n = 4) of the swabs collected from each farm were taken from the bottom of different shells, and the rest (n = 8) from the area close to the shell’s ring.



With regards to feeds, this investigation was focused to own home-grown feeds stored in each farm’s respective storage (n = 6, 1 in Farms A, B, D, and E, and 2 from Farm C), and to those of the ingredients produced by the respective farms (n = 17, 3 from Farm A, 1 from Farm B, 6 from Farm C, 3 from Farm D, and 4 from Farm E) (Table 1).



Samples were processed for the detection of E. coli, S. aureus, and coagulase-negative Staphylococci (CoNS), as well as the assessment of drug resistance, using conventional microbiology and the polymerase chain reaction (PCR), as previously described [2]. In brief, sample processing for the isolation of targeted pathogens was conducted based on standard procedures using a 7% sheep blood agar base (Oxoid Ltd., Basingstoke, UK) for milk samples, MacConkey agar (Oxoid Limited, UK) for milk and feed samples, and Baird-Parker agar (Oxoid Limited, UK) for feed samples. Colonies phenotypically consistent with Staphylococci and E. coli were subcultured on Plate Count Agar (PCA, Oxoid Limited, UK) or Tryptone Soya Agar (TSA, Oxoid Limited, UK) and Tryptone Bile Xglucuronide agar (TBX agar, Oxoid Limited, UK), respectively. Selected colonies were tested with PCR targeting the tuf gene for Staphylococcus spp., the nuc gene for S. aureus and the rfbE gene for E. coli [2].



Staphylococci isolates were tested for susceptibility to cefoxitin (FOX: 30 μg), clindamycin (DA: 2 μg), erythromycin (ERY: 15 μg), gentamicin (CN: 10 μg), norfloxacin (NOR: 10 μg), penicillin G (P: 1 unit), tetracycline (TE: 30 μg), and trimethoprim-sulphamethoxazole (SXT: 25 μg). The isolates of E. coli were tested for susceptibility to amoxicil-lin-clavulanic acid (AMC: 30 μg), ampicillin (AM: 10 μg), cefotaxime (CTX: 5 μg), cefoxitin (FOX: 30 μg), ceftazidime (CAZ: 10 μg), ciprofloxacin (CIP: 5 μg), gentamicin (CN: 10 μg), meropenem (MEM: 10 μg), and trimethoprim-sulphamethoxazole (SXT: 25 μg).



Isolates were characterised as AMR if not susceptible to at least one of the antimicrobials recommended by the European Committee on Antimicrobial Susceptibility Testing, at a concentration corresponding to the determined breakpoint [4], and as MDR when non-susceptible to at least one agent from three antimicrobial categories [5].




3. Results


The examined pathogens were found in 54 (71.1%) of the 76 tested samples. S. aureus, CoNS and E. coli were detected in 14.5% (11 of 76), 38.2% (29 of 76) and 18.4% (14 of 76) of the samples, respectively. In 3 cases (3.9%, 3 of 76), which corresponded to samples collected from milking shells, the result of the analysis was positive for both E. coli and CoNS. The percentage of positive samples in the study farms was 88.2% in Farm A (15 of 17), 33.3% in Farm B (1 of 3), 66.7% (14 of 21) in Farm C, 88.2% in Farm D (15 of 17), and 50% (9 of 18) in Farm E. The lowest percentage of samples positive to E. coli was recorded in Farm B (0%, 0 of 3), whereas the highest was recorded in Farm D (29.5%, 5 of 17). The relevant percentages recorded for Staphylococci was 33.3% (1 of 3) in Farm B and 76.5% (13 of 17) in Farm A (Table 1).



The percentage of isolates of the study pathogens that were characterised as AMR of those detected was 27.8% (15 of 54), corresponding to 30% (12 of 40) of Staphylococci [33.3% (4 of 12) S. aureus, 66.7% (8 of 12) CoNS] and 21.4% (3 of 14) of E. coli. None (n = 0) of the 3 E. coli AMR isolates and 6 of the 12 AMR Staphylococci isolates were characterised as MDR (50%) [25% (1 of 4) S. aureus, 62.5% (5 of 8) CoNS]. All the AMR Staphylococci isolates (100%, 12 of 12) and 2 of the 3 (66.7%) AMR E. coli isolates were detected in the milking shells. The other AMR E. coli isolate was detected in a sample of feed (33.3%, 1 of 3). The number of AMR Staphylococci isolates of the total number of Staphylococci detected per farm was 1 of 13 (7.7%) in Farm A, 0 of 1 (0%) in Farm B, 4 of 9 (44.4%) in Farm C, 6 of 10 (60%) in Farm D, and 1 of 7 (14.3%) in Farm E. The relevant percentages with regards to E. coli were 2 of 2 (100%) in Farm A, and 1 of 2 (50%) in Farm E (Table 2 and Table 3). The number of MDR Staphylococci isolates of the total number of those characterised as AMR per farm was 1 of 1 (100%) in Farm A, 1 of 4 (25%) in Farm C, 4 of 6 (66.7%) in Farm D, and 0 of 1 (0%) in Farm E. None of the E. coli AMR isolates were characterised as MDR (Table 2 and Table 3).




4. Discussion


As mentioned above, the interest for this study was generated by the findings of our previous investigation, which resulted in a high percentage of positive samples of feeds and milk to the targeted pathogens, including AMR and MDR isolates. Therefore, this investigation aimed to conduct a more thorough analysis of the certain types of samples, which in connection to feeds, referred additionally to the analysis of their ingredients produced by the respective farmers. With regards to milk, the analysis was targeted to the raw milk tank, which had proven a reliable sampling point for in-farm monitoring [2], and the milking machines that may provide favourable conditions for the formation of biofilms exhibiting strong resistance to antibiotics and antiseptics [6,7].



The analysis of the samples collected from the milk tank and the milking shells was positive to E. coli in only 3 of the samples that were tested (5.7%, 3 of 53). These three samples were swabs from milking machines: two from Farm A and one from Farm D (Table 1). Considering that the detection of the certain pathogen implies faecal contamination, the small percentage of E. coli-positive samples of this category (samples of milk tank and swabs of milking shells) can be considered an indication of good hygiene for Farms C and E. To the contrary of E. coli, Staphylococci were detected in all the samples collected from the milk tank (three farms positive to S. aureus and two to CoNS), a finding that can be considered consistent with staphylococcal mastitis being a common problem in the study farms, and the certain sampling point (milk tank) being suitable for its routine monitoring [2]. Another finding that further supports the proposed correlation between mastitis and positivity of milk to Staphylococci was that positive results were recorded for the same group of pathogens in the milking shell swabs, in all farms that use milking machines (Farms A, C, D, and E). Comparing these results to those from the milk tank, with regards both to the pathogens detected and the AMR profile, concludes that they are not consistent, which indicates that milking machines are infected with pathogens that do not always appear in the milk tank (Table 2 and Table 3). This finding could be associated with the milking machines providing a substrate which favours formation of microbial biofilms, harbouring pathogens that are less likely to be detected in other sites within the farm [8]. Notably, only 1 of the 14 (7.1%) AMR isolates of all the study pathogens that were detected in milk (Staphylococci and E. coli) appeared in the milk tank; the rest (92.9%, 13 of 14) were detected in the milking shells (Table 1 and Table 2). Based on the above, AMR testing in samples collected from the milking shells is rendered advisable for improving in-farm AMR monitoring and complimentary to that conducted in samples of milk. In support of this, it is perhaps worth reporting that the analysis conducted in the milking shells concluded to MDR isolates in 6 of the 12 AMR Staphylococci-positive samples (50%). Notably, 4 of the 6 MDR Staphylococci isolates (66.7%) were detected in one farm (Farm D), which hosted 50% (6 of 12) of all the detected AMR Staphylococci isolates. This can be considered to constitute a strong indication of poor antimicrobial stewardship in the certain farm, for which, as mentioned above, positivity of a milking shell swab to E. coli was proposed as an indication of poor hygiene.



In corroborating the use of milking sells as a sampling point to assess AMR emergence within a farm, it is perhaps worth referring to a CoNS AMR isolate in Farm A, which was not detected in the samples collected from the milk tank and was the only AMR Staphylococcus isolate detected to be resistant to cefoxitin, hence potentially being of particular significance in terms of animal and public health protection [9,10].



The analysis of the samples of feeds and of their ingredients provided positive results for E. coli in Farms C–E, and for Staphylococci in Farm A. The certain category of samples (feeds and their ingredients) was negative to the targeted pathogens only in Farm B (Table 2 and Table 3). Contrary to our previous investigation that indicated heavy contamination of feeds with AMR isolates of the targeted pathogens, in this study, the positivity of the certain indicator was negligible, with only one positive E. coli isolate in Farm E. In speculating the cause of the improved AMR profile of the feeds tested in this study compared to those of our previous one, it is worth noting that to avoid seasonal positivity variations, sample collection was conducted in both studies between June and August. In the year that passed between the previous study and this investigation, the study farms were instructed to adopt measures to improve storage conditions of feeds, including infrastructure improvements for better ventilation and pest control. These suggestions were followed to a level that cannot fully justify the inconsistency between the two studies.




5. Conclusions


Based on the above, it would be safer to conclude that the findings reported in this study and our previous study [2] indicate that the spread and AMR emergence of the targeted pathogens in feeds are parameters of considerable variability and should therefore be assessed longitudinally.
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Table 1. The total (T) number of samples tested per type, in Farms A–E, and the percentage of samples that reacted positively to either or both (B) of E. coli (Ec) and Staphylococci (St), i.e., S. aureus (denoted with an asterisk) and coagulase-negative Staphylococci (CoNS).






Table 1. The total (T) number of samples tested per type, in Farms A–E, and the percentage of samples that reacted positively to either or both (B) of E. coli (Ec) and Staphylococci (St), i.e., S. aureus (denoted with an asterisk) and coagulase-negative Staphylococci (CoNS).





	
Type of Sample

	
Farm A

	
Farm B

	
Farm C

	
Farm D

	
Farm E

	
Total




	
T

	
St

	
Ec

	
B

	
T

	
St

	
Ec

	
B

	
T

	
St

	
Ec

	
B

	
T

	
St

	
Ec

	
B

	
T

	
St

	
Ec

	
B

	
T

	
St

	
Ec

	
B

	
Sum Positive






	
Milk tank

	
1

	
1

	
-

	
-

	
1

	
1 *

	
-

	
-

	
1

	
1 *

	
-

	
-

	
1

	
1 *

	
-

	
-

	
1

	
1

	
-

	
-

	
5

	
2 + 3 *

	
-

	
-

	
5




	
Outer shell 1

	
8

	
7

	
1

	
1

	
-

	
-

	
-

	
-

	
8

	
5

	
-

	
-

	
8

	
2 + 4 *

	
1

	
1

	
8

	
5

	
-

	
-

	
32

	
19 + 4 *

	
2

	
2

	
25




	
Inner shell 1

	
4

	
4

	
1

	
1

	
-

	
-

	
-

	
-

	
4

	
3 *

	
-

	
-

	
4

	
2 + 1 *

	
-

	
-

	
4

	
1

	
-

	
-

	
16

	
7 + 4 *

	
1

	
1

	
12




	
Concentrated feed

	
1

	
-

	
-

	
-

	
1

	
-

	
-

	
-

	
2

	
-

	
2

	
-

	
1

	
-

	
1

	
-

	
1

	
-

	
1

	
-

	
6

	
-

	
4

	
-

	
4




	
Maize

	
1

	
-

	
-

	
-

	
1

	
-

	
-

	
-

	
1

	
-

	
-

	
-

	
1

	
-

	
1

	
-

	
1

	
-

	
1

	
-

	
5

	
-

	
2

	
-

	
2




	
Rapeseed

	
1

	
1

	
-

	
-

	
-

	
-

	
-

	
-

	
1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
1

	
-

	
-

	
-

	
3

	
1

	
-

	
-

	
1




	
Soybean meal

	
1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
1

	
-

	
1

	
-

	
-

	
-

	
-

	
-

	
1

	
-

	
-

	
-

	
3

	
-

	
1

	
-

	
1




	
Sunflower seed cake

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
1

	
-

	
-

	
-

	
-




	
Cottonseed cake

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
1

	
-

	
1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
1

	
-

	
1

	
-

	
1




	
Wheat bran

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
1

	
-

	
1

	
-

	
-

	
-

	
-

	
-

	
1

	
-

	
-

	
-

	
2

	
-

	
1

	
-

	
1




	
Alfalfa hay pellet

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
2

	
-

	
2

	
-

	
-

	
-

	
-

	
-

	
2

	
-

	
2

	
-

	
2




	
Total

	
17

	
13 76.5%

	
2

11.8%

	
2

11.8%

	
3

	
1

33.3%

	
0

	
0

	
21

	
9

42.8%

	
5

23.8%

	
0

	
17

	
10

58.3%

	
5

29.5%

	
1

5.9%

	
18

	
7

38.3%

	
2

11.1%

	
0

	
76

	
29 + 11 *

52.6%

	
14

18.4%

	
3

3.9%

	
54

71.1%








1. Samples collected from the ring (outer) or the bottom (inner) of the milking shell.
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Table 2. Antibiotic resistance of the AMR Staphylococci isolates (S. aureus and CoNS) that were detected per type of sample (the asterisk denotes those positive to S. aureus), indicating the relevant antibiotics and the isolates characterised as MDR.
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Farm

	
Positive Samples

per Type

	
Antibiotic 2

	
MDR




	
P

	
FOX

	
ERY

	
DA

	
SXT

	
NOR

	
CN

	
TE

	






	
A

	
Milk tank

	

	

	

	

	

	

	

	

	




	

	
Outer shell 1 1

	

	

	

	

	

	

	

	

	




	

	
Outer shell 2

	

	

	

	

	

	

	

	

	




	

	
Outer shell 3

	

	
+

	

	

	

	

	
+

	
+

	
+




	

	
Outer shell 4

	

	

	

	

	

	

	

	

	




	

	
Outer shell 5

	

	

	

	

	

	

	

	

	




	

	
Outer shell 7

	

	

	

	

	

	

	

	

	




	

	
Outer shell 8

	

	

	

	

	

	

	

	

	




	

	
Inner 1 shell 1

	

	

	

	

	

	

	

	

	




	

	
Inner shell 2

	

	

	

	

	

	

	

	

	




	

	
Inner shell 3

	

	

	

	

	

	

	

	

	




	

	
Inner shell 4

	

	

	

	

	

	

	

	

	




	

	
Rapeseed

	

	

	

	

	

	

	

	

	




	

	
Total Farm A

	
0 of 13

	
1 of 13

	
0 of 13

	
0 of 13

	
0 of 13

	
0 of 13

	
1 of 13

	
1 of 13

	
1 of 13




	
B

	
Milk tank *

	

	

	

	

	

	

	

	

	




	

	
Total Farm B

	
0 of 1

	
0 of 1

	
0 of 1

	
0 of 1

	
0 of 1

	
0 of 1

	
0 of 1

	
0 of 1

	
0 of 1




	
C

	
Milk tank *

	
+

	

	

	

	

	

	

	

	




	

	
Outer shell 1

	

	

	

	

	

	

	

	
+

	




	

	
Outer shell 2

	

	

	

	

	

	

	

	
+

	




	

	
Outer shell 5

	

	

	

	

	

	

	

	

	




	

	
Outer shell 6

	

	

	

	

	

	

	

	

	




	

	
Outer shell 8

	

	

	

	

	

	

	

	

	




	

	
Inner shell 1 *

	

	

	

	

	

	

	

	

	




	

	
Inner shell 2 *

	

	

	

	

	

	

	

	

	




	

	
Inner shell 3 *

	
+

	

	
+

	
+

	

	

	

	

	
+




	

	
Total Farm C

	
2 of 9

	
0 of 9

	
1 of 9

	
1 of 9

	
0 of 9

	
0 of 9

	
0 of 9

	
2 of 9

	
1 of 9




	
D

	
Milk tank *

	

	

	

	

	

	

	

	

	




	

	
Outer shell 1

	

	

	
+

	
+

	

	

	

	
+

	
+




	

	
Outer shell 2 *

	

	

	

	

	

	

	

	
+

	




	

	
Outer shell 3 *

	

	

	

	

	

	

	

	

	




	

	
Outer shell 4 *

	

	

	

	

	

	

	

	

	




	

	
Outer shell 5

	

	

	

	
+

	

	

	
+

	
+

	
+




	

	
Outer shell 7 *

	

	

	

	

	

	

	

	

	




	

	
Inner shell 1

	

	

	
+

	
+

	

	

	

	
+

	
+




	

	
Inner shell 2

	

	

	
+

	
+

	

	

	

	
+

	
+




	

	
Inner shell 4 *

	

	

	

	

	

	

	

	
+

	




	

	
Total Farm D

	
0 of 10

	
0 of 10

	
3 of 10

	
4 of 10

	
0 of 10

	
0 of 10

	
1 of 10

	
6 of 10

	
4 of 10




	
E

	
Milk tank

	

	

	

	

	

	

	

	

	




	

	
Outer shell 1

	

	

	

	

	

	

	

	

	




	

	
Outer shell 3

	

	

	

	

	

	

	

	

	




	

	
Outer shell 5

	

	

	
+

	

	

	

	

	

	




	

	
Outer shell 6

	

	

	

	

	

	

	

	

	




	

	
Outer shell 7

	

	

	

	

	

	

	

	

	




	

	
Inner shell 4

	

	

	

	

	

	

	

	

	




	

	
Total Farm E

	
0 of 7

	
0 of 7

	
1 of 7

	
0 of 7

	
0 of 7

	
0 of 7

	
0 of 7

	
0 of 7

	
0 of 7




	
Total

	
2 of 40

5%

	
1 of 40

2.5%

	
5 of 40

12.5%

	
5 of 40

12.5%

	
0 of 40

0%

	
0 of 40

0%

	
2 of 40

5%

	
9 of 40

22.5%

	
6 of 40

15%








1 Samples collected from the ring (outer) or the bottom (inner) of the milking shell. 2 P: penicillin; FOX: cefoxitin; ERY: erythromycin; DA: clindamycin; SXT: trimethoprim-sulphamethoxazole; NOR: norfloxacin; CN: gentamicin; TE: tetracycline.
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Table 3. Antibiotic resistance of the E. coli isolates that were detected per type of sample, indicating the relevant antibiotics and the isolates characterised as MDR.






Table 3. Antibiotic resistance of the E. coli isolates that were detected per type of sample, indicating the relevant antibiotics and the isolates characterised as MDR.





	
Farm

	
Positive Samples

per Type

	
Antibiotic 2

	
MDR




	
SXT

	
CN

	
CIP

	
AM

	
AMC

	
FOX

	
CAZ

	
MEM

	
CTX






	
A

	
Outer shell 1 3

	

	
+

	

	

	

	

	

	

	

	




	

	
Inner shell 1

	

	

	

	

	
+

	

	

	

	

	




	

	
Total Farm A

	
0 of 2

	
1 of 2

	
0 of 2

	
0 of 2

	
1 of 2

	
0 of 2

	
0 of 2

	
0 of 2

	
0 of 2

	
0 of 2




	
C

	
Concentrated Feed 1

	

	

	

	

	

	

	

	

	

	




	

	
Concentrated Feed 2

	

	

	

	

	

	

	

	

	

	




	

	
Cottonseed cake

	

	

	

	

	

	

	

	

	

	




	

	
Soybean meal

	

	

	

	

	

	

	

	

	

	




	

	
Wheat bran

	

	

	

	

	

	

	

	

	

	




	

	
Total Farm C

	
0 of 5

	
0 of 5

	
0 of 5

	
0 of 5

	
0 of 5

	
0 of 5

	
0 of 5

	
0 of 5

	
0 of 5
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1 Samples collected from the ring (outer) or the bottom (inner) of the milking shell. 2 SXT: trimethoprim-sulphamethoxazole; CN: gentamicin; CIP: ciprofloxacin; AM: ampicillin; AMC: amoxicillin-clavulanic acid; FOX: cefoxitin; CAZ: ceftazidime; MEM: meropenem; CTX: cefotaxime.
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