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Screening and characterization of AR genes 

Approximately 150 μ l of stored culture from each library were spread on a single 

LB agar plate containing 50 ug/ml of kanamycin combined with the antibiotic of interest at 

theappropriate concentration (Table 3), which is equal to 2× the minimum inhibitory 

concentration (MIC) of TOP10 containing empty vector pZE21-MCS for the corresponding 

antibiotic. A total of 3-15 ml of stored culture from each library was used for screening 

transformants with resistance to a specific selected antibiotic. Plates were incubated at 37 °C 

for 16 hrs. 

Colonies grown on agar plates containing combined antibiotics were selected 

randomly and inoculated into 5ml of LB broth supplemented with the same combination of two 

antibiotics. The culture was grown overnight and the plasmid was extracted from the culture 

using QIAprep
® 

spin miniprep kit (Qiagen). The inserted fragment in the plasmid was then 

sequenced bidirectionally using primers pZE-F and pZE-R (Table 2). Plasmids from 

false-positive colonies (no insertion) and plasmids from the potential redundant colonies (same 

size of insertion within a library) were not subjected to sequencing. 

To analyze the sequence, the open reading frame (ORF) of each inserted fragment 

was identified using ORFfinder (www.ncbi.nlm.nih.gov/projects/gorf/). Identified ORFs were 

compared to Genbank database using tblastx, which computes alignment based on the amino 

acid sequence of the gene, translated in all 6 frames. For each query, the gene of the top 

scoring hit in the database was recorded for their origin, annotation, and percentage sequential 

similarity.  
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of 10
6
 bacterial cells/ml as described previously (Lin, Michel et al. 2002). Minimum inhibitory 

concentrations (MICs) were determined by the lowest concentration of specific antibiotic 

showing complete inhibition of bacterial growth after two days of incubation at 42
0
C.   

 

Generation of a phylogenetic tree for different beta-lactamases.  

Phylogenetic analysis of FRAmp1.1 was performed together with 25 presently 

identified beta-lactamases representing 21 different families. Amino acid sequences were 

aligned in ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/) using the GONNET 

proteinweight matrix. Unrooted phylogenetic trees were generated from ClustalW2 alignments, 

using the neighbor‐joining algorithm based on the principle of minimum evolution. Tree 

branch lengths are proportional to relative sequence identity, and the scale bar was in fixed 

amino acid substitutions per sequence position. Pairwise scores were calculated as the number 

of identities in the best alignment divided by the number of residues compared. 
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RESULTS 

High-quality genomic DNA was extracted from chicken fecal samples.  

Total genomic DNA was successfully extracted from fecal samples of two free range 

chickens and two conventionally raised chickens (FIG. 1A). For free range chickens, 5 ml of 

genomic DNA with a concentration about 24 ng/μl were obtained from 5 g of each cecal 

sample; the A260/A280 of both samples was about 1.70. However, the yield (2.0 ng/μl) and 

purity (A260/A280 = 1.34) of the DNA extracted from the ileal content were lower than those 

from cecal content (Fig. 1A). For conventionally raised chickens, 5 ml of genomic DNA were 

obtained from two 5g cecal samples with a final concentration of 52.3 ng/μl and 99.5 ng/μl, 

respectively. The A260/A280 ratio of the two DNA samples were 1.83 and 1.93.  

 

Construction of the metagenomic libraries 

Cecal genomic DNA (Fig. 1A) was sheared to small fragments ranging from 1,000 to 

4,000 bp (Fig. 1B). Four libraries corresponding to cecal content samples from two free-range 

chickens and two conventionally raised chickens were successfully constructed. The randomly 

selected transformants contained plasmids bearing the inserted fragment, leading to increased 

plasmid size as compared to parent plasmid pZE21-MCS (FIG. 1C). Libraries were hereafter 

referred to as FR1 (from #1 Free Range chicken), FR2 (from #2 Free Range chicken), CR1 

(from #1 Conventionally Raised chicken) and CR2 (from #2 Conventionally Raised chicken). 
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The total number of transformants obtained in the 1 ml SOC recovered cell culture was 

2.0×10
4
 for FR1, 7.0×10

4 
for FR2, 1.2×10

5
 for CR1 and 8.0×10

4
 for CR2. Given the average 

fragment size estimated to be 2,000 bp (Fig. 1B), the total sizes of each of the four 

metagenomic libraries ranged from 0.4×10
8
 to 2.4×10

8
 bp.  

 

Screening AR genes from the metagenomic libraries 

Colonies grew on ampicillin-containing agar plates for cultures from all four libraries 

(Table 4). In terms of tetracycline, only cultures from library CR2 contained 

tetracycline-resistant transformants. The chloramphenicol-resistant colonies were observed 

only from libraries CR1 and CR2 while spectinomycin-resistant colonies were observed only 

from libraries FR1 and CR2 (Table 4). No single resistant colony was selected on the plates 

supplemented with norfloxacin or ciprofloxacin from any of the four libraries (Table 4). The 

AR colonies were randomly picked for plasmid extraction (the number of colonies picked from 

each library for all six antibiotics is listed in Table 4), and the successful insertion of fragments 

was confirmed by gel electrophoresis as shown in FIG. 1C. Inserted fragments in plasmids 

from selected clones were then sequenced bidirectionally (number of clones subjected for 

sequencing is listed in Table 5).  

ORF was identified from the inserted sequence and compared to the sequence 

available in public database in Genbank (http://www.ncbi.nlm.nih.gov/genbank/). A total of 15 

AR genes were identified from the four libraries with 3 from two free-range chicken libraries 

(Table 6) and 12 from conventionally raised chicken libraries (Table 7). Among the 15 
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identified genes, 8 shared low sequence similarities (58% - 76% at amino acid level) with the 

corresponding AR genes previously identified using culture-dependent approaches (Table 6 & 

7). Notably, among the 8 novel genes, 4 were unique in this study, which shared low sequence 

similarities (59% - 76% at amino acid level) with recently identified novel AR genes in human 

gut (Sommer, 2009) (Table 6 & 7).  

Each gene identified in this study was named with a two letter code corresponding to 

the source (FR – Free-Range chickens and CR – Conventionally Raised chickens) followed by 

a three letter code referring to the three initial letter of the antibiotic used for screening 

(Amp-ampicillin, Spe-spectinomycin, Chl-chloramphenicol, Tet-tetracycline), and then the 

digit corresponding to the number of the library (1 or 2 for free range chickens and 1 or 2 for 

conventionally raised chickens), and a final digit used to distinguish each unique gene against 

the specific antibiotic and from the specific chicken. 

 

FRAmp1.1 was distantly related with identified beta-lactamases.  

Phylogenetic analysis of different beta-lactamases showed high divergence between 

amino acid sequences of beta-lactamase from different groups (FIG. 2). The beta-lactamases 

identified by metagenomic-based functional cloning from the gut microflora, including 

FRAmp1.1 identified in this study, showed high divergence and tended to branch off early 

from the ancestor, while the common beta-lactamase groups well-characterized by 

culture-dependent methodologies were grouped into a major cluster (FIG. 2). The pairwise 

scores for all sequences range from 1.0 to 100.0 (the higher pairwise score the closer 
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evolutionary relationship; lower pairwise score the more distant phylogenetic relationship). 

Specifically, FRAmp1.1 was distantly related to all the beta-lactamases identified from human 

gut microflora (Sommer et al. 2009) using functional metagenomics (pairwise scores ranging 

from 4.0 to 36.0) (FIG. 2). In addition, FRAmp1.1 was also distantly related with all the 

well-characterized beta-lactamases in cultivated microorganisms, regardless of their particular 

origin (pairwise scores ranging from 2.0 to 34.0) (FIG. 2). Notably, FRAmp1.1 was very 

distantly related with the beta-lactamases characterized in Campylobacter (pairwise scores 

equal to 2.0).  

 

The identified novel AR genes confer increased resistance in C. jejuni.  

The expression vector pZW that was functional in C. jejuni was constructed correctly, 

which was confirmed by PCR amplification of the inserted flaA promoter (Fig 3A). Plasmids 

containing control KAN-2 gene and two novel AR genes (FRAmp1.1 and FRSpe1.1) were also 

successfully constructed using pZW as a parent plasmid; the correct insertion of desired AR 

gene was also confirmed by PCR amplification (FIG. 3B). All the new plasmids were 

conjugatively transferred into C. jejuni 81-176, generating strains JL854, JL855, JL856, and 

JL857 (Table 1). 

Antibiotic susceptibility test showed that JL857 (C. jejuni 81-176 with a KAN-2 

containing plasmid) displayed a dramatically enhanced resistance to kanamycin (MIC>128 

μg/ml) compared to the control strain JL854 (MIC=8 μg/ml). This finding strongly indicated 

that the cloned flaA promoter in pZW was functional and the plasmid pZW was an effective 
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expression vector for Campylobacter. When the novel FRAmp1.1 was inserted in the pZW and 

transferred to C. jejuni 81-187, the derivative JL855 displayed  an enhanced resistance to 

ampicillin (MIC=8 μg/ml) compared to control strain JL854 (MIC=1 μg/ml). Similarly, JL856, 

the strain containing plasmid bearing FRSpe1.1 gene showed enhanced resistance to 

spectinomycin (MIC=32 μg/ml) compared to control strain JL854 (spectinomycin MIC= 8 

μg/ml).  
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DISCUSSION 

In this study, novel AR genes were identified from the chicken gut microflora using a 

culture-independent functional cloning approach. Similar to what was observed in the human 

gut microflora (Sommer, 2009), novel AR genes constitute a substantial proportion (8 of 15) of 

all AR genes identified in this study. This confirmed our hypothesis that the animal gut 

microflora contains a large and diverse AR gene reservoir. Previous conventional 

culture-dependent work may only reveal a small subset of AR genes, leaving the majority 

underexplored. Notably, this study was the first to demonstrate that the selected novel AR 

genes can be expressed in C. jejuni, consequently leading to enhanced antibiotic resistance in 

this significant foodborne human pathogen. This finding suggests that these novel AR genes, 

although highly divergent from previously identified AR genes using culture-dependent 

approaches, are indeed utilizable by important zoonotic pathogens and may pose a significant 

threat to public health. 

The likelihood of identification of AR genes using the metagenomic-based functional 

cloning method is primarily affected by following two factors. First, the abundance of 

particular AR genes in the gut microflora will define their probability to be identified. The 

particular subsets of AR genes may be selected and enriched due to selective pressure through 

the usage of specific antibiotics (van den Bogaard 1997). In accord with this, in this study we 

identified more AR genes from conventionally raised chickens that were exposed to antibiotics 

than those from free-range chickens that were never treated with antibiotics. The number of 

AR genes identified in human gut microflora (Sommer et al. 2009) was also larger than what 

we identified in free range chicken gut microflora in this study, which could be due to the 
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selective effect of antibiotic usage in humans. Although the human subjects from whom feces 

were sampled (Sommer et al. ,2009) had not been treated by antimicrobial drugs in the past 

one year prior to sampling, the selected AR flora may be “resistant to elimination” (Salyers and 

Amabile-Cuevas 1997). As a result, it was questionable to which extent the reshaping affect of 

earlier antibiotic treatment on gut microflora could be eliminated in one year. Second, besides 

the abundance of AR genes in the reservoir, the size of the library is also a limiting factor of 

the likelihood of identifying AR genes. Each of our metagenomic libraries, which has a size 

about 10
8
 bp covered only a small proportion of the metagenome of the gut microflora (Qin, Li 

et al. 2010). The difference in size of the libraries used in the human study (~10
9
 bp per library) 

(Sommer et al. 2009) and in this study (~10
8
 bp per library) may explain the difference 

between the number of AR genes identified from the two sources (90 for human, 12 for 

conventionally raised chickens). 

The AR genes identified in this study encode beta-lactamases, aminoglycoside 

adenylyltransferases, ribosome protection proteins, and chloramphenicol acetyltransferases. 

Notably, among the 15 AR genes identified in this study, 4 genes are novel and displayed low 

similarity to AR genes discovered either using culture-dependent methodologies or using 

similar culture-independent approach for human gut microflora (Sommer et al. 2009). These 

four genes include one beta-lactamase, two spectinomycin adenylyltransferase and one 

chloramphenicol acetyltransferase. Specifically, a phylogenetic tree was constructed to analyze 

phylogenetic relationship of the novel beta-lactamase identified in this study (FRAmp1.1) to 

other diverse beta-lactamases identified to date. The FRAmp1.1 was distantly related with all 

the other beta-lactamases included in the analysis including isolates from human and animal 
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commensals (FIG. 2). Considering the fact that our library only covered a small proportion of 

the whole metagenome in chicken gut microflora, it is reasonable to speculate that more AR 

genes are harbored by the animal gut microflora that are not present in human gut microflora. 

These “heterologous” AR genes could pose a potential threat to public health because it is 

possible that, after transmission to zoonotic human pathogens, they can confer resistance 

against antimicrobial drugs commonly applied to human patients, thus compromising 

effectiveness of clinical antibiotic usage  

Horizontal gene transfer (HGT) that facilitates the spreading of AR genes has three 

major mechanisms including transfection, transformation, and conjugation. Because HGT 

occurs more frequently in densely packed cells like commensal bacteria in the intestinal tract 

(Marshall 2009), novel AR genes harbored by animal gut microflora have the potential to be 

transmitted into zoonotic pathogens through HGT. As a result, it is of concern if these novel 

AR genes can function in zoonotic pathogens when HGT actually happens. In this study, we 

tested the functionality of two sequentially novel AR genes (FRAmp1.1 conferring ampicillin 

resistance and FRSpe1.1 conferring spectinomycin resistance) in the zoonotic human pathogen 

C. jejuni. Concerning sequential difference, the two selected genes shared low sequential 

similarity to the major determinants of ampicillin resistance (Cj0229) (Griggs, Peake et al. 

2009) and spectinomycin resistance (AadE) (Pinto-Alphandary, Mabilat et al. 1990) in 

Campylobacter. The Cj0229 and all other beta-lactamases identified in Campylobacter are the 

most distantly related with FRAmp1.1 among all the beta-lactamases used for phylogenetic 

analysis (FIG 2). With respect to FRSpe1.1, this putative adenylyltransferase shared only 67% 

similarity at the amino acid level with O6-adenylyltransferase AadE. Despite their significant 
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sequence difference with the identified AR gene products in Campylobacter, both FRAmp1.1 

and FRSpe1.1 could express in Campylobacter and confer increased resistance to ampicillin 

and spectinomycin, respectively. The successful function of both AR genes demonstrated in 

this study strongly supports the concept that, if successfully transferred into a zoonotic 

pathogen, the novel AR genes may be expressed and subsequently confer enhanced AR 

resistance in the pathogen. This may pose a significant challenge for antibiotic therapy and 

diagnosis of antibiotic resistance. Particularly, because the resistance phenotype and spectrum 

of the novel AR genes are still largely unknown, we should be aware of the possibility that 

antibiotics presently used may become ineffective when novel AR genes are acquired by 

pathogens.    

Characterization of novel AR genes from animal microbiota is important in several 

ways. First, the sequentially divergent genes can help to assemble a more complete image of 

the evolutionary history of AR genes. Second, further functional and structural study of novel 

AR genes would improve our understanding of the relationship between sequence diversity and 

the spectrum and level of resistance (Wolter, Kurpiel et al. 2009). Third, since the selected 

novel AR genes can express and function in zoonotic pathogens, thorough examination of 

novel AR genes in food animals and even other agriculture systems (e.g. manure management) 

will greatly enhance the power of molecular diagnostic tools for AR in zoonotic pathogens 

(Shamputa, Rigouts et al. 2004) and provide insights into the development and transmission of 

AR. Finally, considering the fact that genes for antibiotic biosynthesis were sometimes 

clustered with AR genes, identification of novel AR genes may lead to discovery of potentially 

novel antibiotics (Riesenfeld, Goodman et al. 2004).  
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In this study, a culture-independent functional cloning approach was used to identify 

AR genes in the gut microflora of both free-range and conventionally raised chickens. Despite 

the significant findings from this study, following limitations should be addressed for future 

large-scale identification of AR genes using a similar approach. First, restricted by the 

efficiency of molecular cloning, the size of the libraries constructed in this study was not large 

enough to cover genetic diversity of the whole gut microbial community. Thus, improving 

cloning efficiency would greatly increase library size and provide a greater chance to identify 

more novel AR genes. For instance, Shrimp Alkaline Phosphatase (SAP) may be used as an 

alternative to Calf Intestinal Alkaline Phosphatase (CIAP) to dephosphorylate the cloning 

vector, since it can be easily inactivated and will less likely affect downstream cloning 

procedures. Second, samples from four chickens may be inadequate to infer correlations 

between the uses of antibiotics with the change of prevalence and abundance of AR genes. On 

one hand, the antibiotics used in poultry were not uniform (Gyles 2008). Results from a small 

subset of chickens are not suitable to be used to draw solid conclusions regarding the 

relationship between antibiotic usage and profiles of AR reservoir in the gut. On the other hand, 

the effects of antibiotics on microbial communities are complex. Besides direct selection of 

corresponding AR strains, antibiotics may also affect the microbiota indirectly, or even 

function as signaling molecules that further complicate the system (Yim, Wang et al. 2007). 

More chickens treated with different combinations of antibiotics need to be sampled to better 

elucidate the consequences of the application of particular antibiotics on the emergence of AR 

genes in the chicken gut microflora. Finally, as a pilot study, we only used chickens as a model 

to analyze gut AR reservoir in this work. As mentioned above, the functional cloning method 

can be extended into the investigation of AR gene reservoir in other habitats, including gut 
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microbiota in other food animals, microbiota in other parts of the animal body, and microbiota 

in other targeted ecosystems of agriculture, such as soil, water, lagoon, etc. Similar functional 

cloning approaches have been used to identify specific AR genes, and these studies further 

demonstrated the power of the methodology in revealing natural AR gene reservoir that may 

exhibit much  higher level of diversity than previously expected (Riesenfeld, Goodman et al. 

2004; Allen, Moe et al. 2009; Donato, Moe et al. 2010).  



41 

REFERENCES 



42 

 

Alene, G. D. and S. Bennett (1996). "Chloroquine resistance of Plasmodium falciparum malaria 

in Ethiopia and Eritrea." Trop Med Int Health 1(6): 810-815. 

Allen, H. K., L. A. Moe, et al. (2009). "Functional metagenomics reveals diverse 

beta-lactamases in a remote Alaskan soil." ISME J 3(2): 243-251. 

Altekruse, S. F., N. J. Stern, et al. (1999). "Campylobacter jejuni--an emerging foodborne 

pathogen." Emerg Infect Dis 5(1): 28-35. 

Anonymous (2000). "World growth continues." Poultry International 39(1): 7. 

Baysarowich, J., K. Koteva, et al. (2008). "Rifamycin antibiotic resistance by ADP-ribosylation: 

Structure and diversity of Arr." Proc Natl Acad Sci U S A 105(12): 4886-4891. 

Bjorksten, B., E. Sepp, et al. (2001). "Allergy development and the intestinal microflora during 

the first year of life." J Allergy Clin Immunol 108(4): 516-520. 

Bradford, P. A. (2001). "Extended-spectrum beta-lactamases in the 21st century: 

characterization, epidemiology, and detection of this important resistance threat." Clin 

Microbiol Rev 14(4): 933-951, table of contents. 

Bradford, P. A., S. Bratu, et al. (2004). "Emergence of carbapenem-resistant Klebsiella species 

possessing the class A carbapenem-hydrolyzing KPC-2 and inhibitor-resistant TEM-30 

beta-lactamases in New York City." Clin Infect Dis 39(1): 55-60. 

Brown, M. G., E. H. Mitchell, et al. (2008). "Tet 42, a novel tetracycline resistance determinant 

isolated from deep terrestrial subsurface bacteria." Antimicrob Agents Chemother 

52(12): 4518-4521. 

Burdett, V. (1991). "Purification and characterization of Tet(M), a protein that renders 

ribosomes resistant to tetracycline." J Biol Chem 266(5): 2872-2877. 

Bush, K. (1988). "Beta-lactamase inhibitors from laboratory to clinic." Clin Microbiol Rev 1(1): 

109-123. 

Bush, K., G. A. Jacoby, et al. (1995). "A functional classification scheme for beta-lactamases 

and its correlation with molecular structure." Antimicrob Agents Chemother 39(6): 

1211-1233. 

Cavallo, J. D., P. Plesiat, et al. (2002). "Mechanisms of beta-lactam resistance in Pseudomonas 

aeruginosa: prevalence of OprM-overproducing strains in a French multicentre study 

(1997)." J Antimicrob Chemother 50(6): 1039-1043. 

CDC. (2010). "National Center for Immunization and Respiratory Diseases:  Division of 

Bacterial Diseases." from 

http://www.cdc.gov/ncidod/dbmd/diseaseinfo/foodborneinfections_g.htm#riskiestfoods. 

Champney, W. S. (2001). "Bacterial ribosomal subunit synthesis: a novel antibiotic target." Curr 

Drug Targets Infect Disord 1(1): 19-36. 

Chow, J. W. (2000). "Aminoglycoside resistance in enterococci." Clin Infect Dis 31(2): 

586-589. 

Collier, R. (2009). "Drug development cost estimates hard to swallow." CMAJ 180(3): 279-280. 

Davies, J. (1994). "Inactivation of antibiotics and the dissemination of resistance genes." 

Science 264(5157): 375-382. 

Dibner, J. J. and J. D. Richards (2005). "Antibiotic growth promoters in agriculture: history and 

mode of action." Poult Sci 84(4): 634-643. 

http://www.cdc.gov/ncidod/dbmd/diseaseinfo/foodborneinfections_g.htm#riskiestfoods


43 

Dixson, S., W. Brumfitt, et al. (1985). "In vitro activity of six antibiotics against multiresistant 

staphylococci and other gram-positive cocci." Eur J Clin Microbiol 4(1): 19-23. 

Donato, J. J., L. A. Moe, et al. (2010). "Metagenomic analysis of apple orchard soil reveals 

antibiotic resistance genes encoding predicted bifunctional proteins." Appl Environ 

Microbiol 76(13): 4396-4401. 

Eckburg, P. B., E. M. Bik, et al. (2005). "Diversity of the human intestinal microbial flora." 

Science 308(5728): 1635-1638. 

Engel, J. and D. J. Prockop (1991). "The zipper-like folding of collagen triple helices and the 

effects of mutations that disrupt the zipper." Annu Rev Biophys Biophys Chem 20: 

137-152. 

Forsman, M., B. Haggstrom, et al. (1990). "Molecular analysis of beta-lactamases from four 

species of Streptomyces: comparison of amino acid sequences with those of other 

beta-lactamases." J Gen Microbiol 136(3): 589-598. 

Frank, D. N., A. L. St Amand, et al. (2007). "Molecular-phylogenetic characterization of 

microbial community imbalances in human inflammatory bowel diseases." Proc Natl 

Acad Sci U S A 104(34): 13780-13785. 

Gellert, M., K. Mizuuchi, et al. (1977). "Nalidixic acid resistance: a second genetic character 

involved in DNA gyrase activity." Proc Natl Acad Sci U S A 74(11): 4772-4776. 

Giakkoupi, P., A. Xanthaki, et al. (2003). "VIM-1 Metallo-beta-lactamase-producing Klebsiella 

pneumoniae strains in Greek hospitals." J Clin Microbiol 41(8): 3893-3896. 

Griggs, D. J., L. Peake, et al. (2009). "Beta-lactamase-mediated beta-lactam resistance in 

Campylobacter species: prevalence of Cj0299 (bla OXA-61) and evidence for a novel 

beta-Lactamase in C. jejuni." Antimicrob Agents Chemother 53(8): 3357-3364. 

Guarner, F. and J. R. Malagelada (2003). "Gut flora in health and disease." Lancet 361(9356): 

512-519. 

Gyles, C. L. (2008). "Antimicrobial resistance in selected bacteria from poultry." Anim Health 

Res Rev 9(2): 149-158. 

Hayashi, H., M. Sakamoto, et al. (2002). "Fecal microbial diversity in a strict vegetarian as 

determined by molecular analysis and cultivation." Microbiol Immunol 46(12): 819-831. 

Hooper, L. V., M. H. Wong, et al. (2001). "Molecular analysis of commensal host-microbial 

relationships in the intestine." Science 291(5505): 881-884. 

Huang, W., Z. Beharry, et al. (2003). "A broad-spectrum peptide inhibitor of beta-lactamase 

identified using phage display and peptide arrays." Protein Eng 16(11): 853-860. 

Huang, Z., Mi, Z., Qin, L. the beta-lactamase gene of OXA in Pseudomonas aeruginosa. 

Itokazu, G. S., J. P. Quinn, et al. (1996). "Antimicrobial resistance rates among aerobic 

gram-negative bacilli recovered from patients in intensive care units: evaluation of a 

national postmarketing surveillance program." Clin Infect Dis 23(4): 779-784. 

Jo, J. T., F. S. Brinkman, et al. (2003). "Aminoglycoside efflux in Pseudomonas aeruginosa: 

involvement of novel outer membrane proteins." Antimicrob Agents Chemother 47(3): 

1101-1111. 

Kahn, C. M., Line, S., Aiello, S.E. (2006). "Infectious Bronchitis: Introduction." The Merck  

Veterinary Manual, from 

http://www.merckvetmanual.com/mvm/index.jsp?cfile=htm/bc/206500.htm. 

http://www.merckvetmanual.com/mvm/index.jsp?cfile=htm/bc/206500.htm


44 

Koh, T. H., L. H. Sng, et al. (2001). "Carbapenem-resistant Klebsiella pnuemoniae in Singapore 

producing IMP-1 beta-lactamase and lacking an outer membrane protein." Antimicrob 

Agents Chemother 45(6): 1939-1940. 

Langendijk, P. S., F. Schut, et al. (1995). "Quantitative fluorescence in situ hybridization of 

Bifidobacterium spp. with genus-specific 16S rRNA-targeted probes and its application 

in fecal samples." Appl Environ Microbiol 61(8): 3069-3075. 

Lapara, T. M., Firl, S.J., Onan, L.J., Ghosh, S., Yan, T., Sadowsky, M.J. (2006). Municipal 

Wastewater Treatment: A Novel Opportunity to Slow the Proliferation of 

Antibiotic-Resistant  Bacteria?, Cura reporter. 36: 18-22. 

Larsen, J. C., C. Szymanski, et al. (2004). "N-linked protein glycosylation is required for full 

competence in Campylobacter jejuni 81-176." J Bacteriol 186(19): 6508-6514. 

Lauretti, L., M. L. Riccio, et al. (1999). "Cloning and characterization of blaVIM, a new 

integron-borne metallo-beta-lactamase gene from a Pseudomonas aeruginosa clinical 

isolate." Antimicrob Agents Chemother 43(7): 1584-1590. 

Lederberg, J. (1997). "Infectious disease as an evolutionary paradigm." Emerg Infect Dis 3(4): 

417-423. 

Leslie, A. G. (1990). "Refined crystal structure of type III chloramphenicol acetyltransferase at 

1.75 A resolution." J Mol Biol 213(1): 167-186. 

Levy, S. B. (1998). "Multidrug resistance--a sign of the times." N Engl J Med 338(19): 

1376-1378. 

Ley, R. E., D. A. Peterson, et al. (2006). "Ecological and evolutionary forces shaping microbial 

diversity in the human intestine." Cell 124(4): 837-848. 

Li, X. Z., D. Ma, et al. (1994). "Role of efflux pump(s) in intrinsic resistance of Pseudomonas 

aeruginosa: active efflux as a contributing factor to beta-lactam resistance." Antimicrob 

Agents Chemother 38(8): 1742-1752. 

Lin, J., L. O. Michel, et al. (2002). "CmeABC functions as a multidrug efflux system in 

Campylobacter jejuni." Antimicrob Agents Chemother 46(7): 2124-2131. 

Lin, J., Y. Wang, et al. (2009). "Systematic identification of genetic loci required for polymyxin 

resistance in Campylobacter jejuni using an efficient in vivo transposon mutagenesis 

system." Foodborne Pathog Dis 6(2): 173-185. 

Lin, J., M. Yan, et al. (2007). "Effect of macrolide usage on emergence of 

erythromycin-resistant Campylobacter isolates in chickens." Antimicrob Agents 

Chemother 51(5): 1678-1686. 

Liu, B. and M. Pop (2009). "ARDB--Antibiotic Resistance Genes Database." Nucleic Acids Res 

37(Database issue): D443-447. 

Lorian, V. (1996). "Antibiotics in Laboratory Medicine." Williams & Wilkins Press: 589-590. 

Luo, N., O. Sahin, et al. (2003). "In vivo selection of Campylobacter isolates with high levels of 

fluoroquinolone resistance associated with gyrA mutations and the function of the 

CmeABC efflux pump." Antimicrob Agents Chemother 47(1): 390-394. 

Lutz, R. and H. Bujard (1997). "Independent and tight regulation of transcriptional units in 

Escherichia coli via the LacR/O, the TetR/O and AraC/I1-I2 regulatory elements." 

Nucleic Acids Res 25(6): 1203-1210. 

Mandar, R. and M. Mikelsaar (1996). "Transmission of mother's microflora to the newborn at 

birth." Biol Neonate 69(1): 30-35. 



45 

Marshall, B. M., Ochieng, D.J., Levy, S.B. (2009). "Commensals: Underappreciated reservoirs 

of resistance." Microbe 4(5): 8. 

Martinez-Salas, E., Saiz, M., Sobrino, F. (2008). Foot-and-Mouth Disease Virus. Animal  

Viruses: Molecular Biology, Caister Academic Press: 1-38. 

McGowan, J. E., Jr. (2001). "Economic impact of antimicrobial resistance." Emerg Infect Dis 

7(2): 286-292. 

Mead, P. S., L. Slutsker, et al. (1999). "Food-related illness and death in the United States." 

Emerg Infect Dis 5(5): 607-625. 

Miller, D. J. S. (1993). Present state and heads in the use of veterinary drugs. Proceedings of 

Euroresidue II conference, Veldhoven, The Netherlands. 

Miller, W. G., A. H. Bates, et al. (2000). "Detection on surfaces and in Caco-2 cells of 

Campylobacter jejuni cells transformed with new gfp, yfp, and cfp marker plasmids." 

Appl Environ Microbiol 66(12): 5426-5436. 

Mingeot-Leclercq, M. P., Y. Glupczynski, et al. (1999). "Aminoglycosides: activity and 

resistance." Antimicrob Agents Chemother 43(4): 727-737. 

Nachamkin, I., Szymanski, C.M., Blaser, M.J. (2008). Campylobacter. Washington, DC, ASM 

press: 191-192. 

Ng, E. Y., M. Trucksis, et al. (1994). "Quinolone resistance mediated by norA: physiologic 

characterization and relationship to flqB, a quinolone resistance locus on the 

Staphylococcus aureus chromosome." Antimicrob Agents Chemother 38(6): 1345-1355. 

Nikaido, H. (1996). "Multidrug efflux pumps of gram-negative bacteria." J Bacteriol 178(20): 

5853-5859. 

Nordmann, P. and L. Poirel (2005). "Emergence of plasmid-mediated resistance to quinolones 

in Enterobacteriaceae." J Antimicrob Chemother 56(3): 463-469. 

Ochiai, K., Yamanaka, T., Kimura, K., Sawada, O. (1959). "Inheritance of drug resistance (and 

its transfer) between Shigella strains and Between Shigella and E. coli strains." Hihon Iji 

Shimpor 1861: 34. 

Osano, E., Y. Arakawa, et al. (1994). "Molecular characterization of an enterobacterial metallo 

beta-lactamase found in a clinical isolate of Serratia marcescens that shows imipenem 

resistance." Antimicrob Agents Chemother 38(1): 71-78. 

Overbye, K. M. and J. F. Barrett (2005). "Antibiotics: where did we go wrong?" Drug Discov 

Today 10(1): 45-52. 

Parkhill, J., B. W. Wren, et al. (2000). "The genome sequence of the food-borne pathogen 

Campylobacter jejuni reveals hypervariable sequences." Nature 403(6770): 665-668. 

Paterson, D. L. and R. A. Bonomo (2005). "Extended-spectrum beta-lactamases: a clinical 

update." Clin Microbiol Rev 18(4): 657-686. 

Paulsen, I. T., M. H. Brown, et al. (1996). "Proton-dependent multidrug efflux systems." 

Microbiol Rev 60(4): 575-608. 

Piddock, L. J. (2006). "Multidrug-resistance efflux pumps - not just for resistance." Nat Rev 

Microbiol 4(8): 629-636. 

Pinto-Alphandary, H., C. Mabilat, et al. (1990). "Emergence of aminoglycoside resistance genes 

aadA and aadE in the genus Campylobacter." Antimicrob Agents Chemother 34(6): 

1294-1296. 

Porter, R. E., Jr. (1998). "Bacterial enteritides of poultry." Poult Sci 77(8): 1159-1165. 



46 

Pryde, S. E., S. H. Duncan, et al. (2002). "The microbiology of butyrate formation in the human 

colon." FEMS Microbiol Lett 217(2): 133-139. 

Qin, J., R. Li, et al. (2010). "A human gut microbial gene catalogue established by metagenomic 

sequencing." Nature 464(7285): 59-65. 

Riesenfeld, C. S., R. M. Goodman, et al. (2004). "Uncultured soil bacteria are a reservoir of new 

antibiotic resistance genes." Environ Microbiol 6(9): 981-989. 

Robicsek, A., J. Strahilevitz, et al. (2006). "Fluoroquinolone-modifying enzyme: a new 

adaptation of a common aminoglycoside acetyltransferase." Nat Med 12(1): 83-88. 

Rosen, G. D. (1995). Antibacterials in poultry and pig nutrition. Biotechnology in animal feeds 

and feeding. R. J. Wallace, Chesson, A., Weinheim: VCH Verlagsgesellschaft. 47: 

143-172. 

Ruiz, J. (2003). "Mechanisms of resistance to quinolones: target alterations, decreased 

accumulation and DNA gyrase protection." J Antimicrob Chemother 51(5): 1109-1117. 

Salyers, A. A. and C. F. Amabile-Cuevas (1997). "Why are antibiotic resistance genes so 

resistant to elimination?" Antimicrob Agents Chemother 41(11): 2321-2325. 

Sanchez-Pescador, R., J. T. Brown, et al. (1988). "Homology of the TetM with translational 

elongation factors: implications for potential modes of tetM-conferred tetracycline 

resistance." Nucleic Acids Res 16(3): 1218. 

Sanders, C. C. (1996). "In vitro activity of fourth generation cephalosporins against 

enterobacteriaceae producing extended-spectrum beta-lactamases." J Chemother 8 

Suppl 2: 57-62. 

Seputiene, V., M. Linkevicius, et al. (2010). "Molecular characterization of extended-spectrum 

beta-lactamase-producing Escherichia coli and Klebsiella pneumoniae isolates from 

hospitals in Lithuania." J Med Microbiol 59(Pt 10): 1263-1265. 

Shakil, S., R. Khan, et al. (2008). "Aminoglycosides versus bacteria--a description of the action, 

resistance mechanism, and nosocomial battleground." J Biomed Sci 15(1): 5-14. 

Shamputa, I. C., Rigouts, et al. (2004). "Molecular genetic methods for diagnosis and antibiotic 

resistance detection of mycobacteria from clinical specimens." APMIS 112(11-12): 

728-752. 

Shaw, W. V., L. C. Packman, et al. (1979). "Primary structure of a chloramphenicol 

acetyltransferase specified by R plasmids." Nature 282(5741): 870-872. 

Sommer, M. O., G. Dantas, et al. (2009). "Functional characterization of the antibiotic 

resistance reservoir in the human microflora." Science 325(5944): 1128-1131. 

Sougakoff, W., Goussarda, S., Courvalina, P. (1988). "The TEM-3 β-lactamase, which 

hydrolyzes broad-spectrum cephalosporins, is derived from the TEM-2 penicillinase by 

two amino acid substitutions." FEMS Microbiology Letters 56(3): 6. 

Speer, B. S., L. Bedzyk, et al. (1991). "Evidence that a novel tetracycline resistance gene found 

on two Bacteroides transposons encodes an NADP-requiring oxidoreductase." J 

Bacteriol 173(1): 176-183. 

Speer, B. S., N. B. Shoemaker, et al. (1992). "Bacterial resistance to tetracycline: mechanisms, 

transfer, and clinical significance." Clin Microbiol Rev 5(4): 387-399. 

Swartz, M. N. (1994). "Hospital-acquired infections: diseases with increasingly limited 

therapies." Proc Natl Acad Sci U S A 91(7): 2420-2427. 



47 

Swidsinski, A., V. Loening-Baucke, et al. (2005). "Spatial organization of bacterial flora in 

normal and inflamed intestine: a fluorescence in situ hybridization study in mice." 

World J Gastroenterol 11(8): 1131-1140. 

Taylor, L. H., S. M. Latham, et al. (2001). "Risk factors for human disease emergence." Philos 

Trans R Soc Lond B Biol Sci 356(1411): 983-989. 

Torok, V. A., Ophel-Keller, K., Hughes, R.J., Forder, R., Ali, M., Macalpine, R. (2007). 

Environment and age: impact on poultry gut microflora Proceedings of the 19th 

Australian Poultry Science Symposium. Sydney, New South Wales, Australia: 149-152. 

Totir, M. A., M. S. Helfand, et al. (2007). "Sulbactam forms only minimal amounts of 

irreversible acrylate-enzyme with SHV-1 beta-lactamase." Biochemistry 46(31): 

8980-8987. 

USDA (1997) "An Update: Escherichia coli O157:H7 in Humans and Cattle." 

Vacharaksa, A. and B. B. Finlay (2010). "Gut microbiota: metagenomics to study complex 

ecology." Curr Biol 20(13): R569-571. 

van den Bogaard, A. E. (1997). "Antimicrobial resistance--relation to human and animal 

exposure to antibiotics." J Antimicrob Chemother 40(3): 453-454. 

van den Bogaard, A. E. and E. E. Stobberingh (1999). "Antibiotic usage in animals: impact on 

bacterial resistance and public health." Drugs 58(4): 589-607. 

Van Immerseel, F., J. De Buck, et al. (2004). "Clostridium perfringens in poultry: an emerging 

threat for animal and public health." Avian Pathol 33(6): 537-549. 

Vecchione, J. J., B. Alexander, Jr., et al. (2009). "Two distinct major facilitator superfamily 

drug efflux pumps mediate chloramphenicol resistance in Streptomyces coelicolor." 

Antimicrob Agents Chemother 53(11): 4673-4677. 

Veras, D. L., L. C. Alves, et al. (2011). "Prevalence of the bla (SHV) Gene in Klebsiella 

pneumoniae Isolates Obtained from Hospital and Community Infections and from the 

Microbiota of Healthy Individuals in Recife, Brazil." Curr Microbiol. 

Walter, J., M. Mangold, et al. (2005). "Construction, analysis, and beta-glucanase screening of a 

bacterial artificial chromosome library from the large-bowel microbiota of mice." Appl 

Environ Microbiol 71(5): 2347-2354. 

Wegener, H. C. (2003). "Antibiotics in animal feed and their role in resistance development." 

Curr Opin Microbiol 6(5): 439-445. 

Wegener, H. C. (2003). "Ending the use of antimicrobial growth promoters is making a 

difference." Asm news 69: 6. 

Whitman, W. B., D. C. Coleman, et al. (1998). "Prokaryotes: the unseen majority." Proc Natl 

Acad Sci U S A 95(12): 6578-6583. 

WHO (2000). "Overcoming Antimicrobial Resistance." Geneva: WHO. 

Wilkinson, B. J., S. Maxwell, et al. (1980). "Classification and characteristics of 

coagulase-negative, methicillin-resistant staphylococci." J Clin Microbiol 12(2): 

161-166. 

Wilson, R. and W. H. Cockcroft (1952). "The problem of penicillin resistant staphylococcal 

infection." Can Med Assoc J 66(6): 548-551. 

Witte, W. (2000). "Ecological impact of antibiotic use in animals on different complex 

microflora: environment." Int J Antimicrob Agents 14(4): 321-325. 

Wolfe, N. D., C. P. Dunavan, et al. (2007). "Origins of major human infectious diseases." 

Nature 447(7142): 279-283. 



48 

Wolter, D. J., P. M. Kurpiel, et al. (2009). "Phenotypic and enzymatic comparative analysis of 

the novel KPC variant KPC-5 and its evolutionary variants, KPC-2 and KPC-4." 

Antimicrob Agents Chemother 53(2): 557-562. 

Wong-Beringer, A. (2001). "Therapeutic challenges associated with extended-spectrum, 

beta-lactamase-producing Escherichia coli and Klebsiella pneumoniae." 

Pharmacotherapy 21(5): 583-592. 

Woodford, N., P. M. Tierno, Jr., et al. (2004). "Outbreak of Klebsiella pneumoniae producing a 

new carbapenem-hydrolyzing class A beta-lactamase, KPC-3, in a New York Medical 

Center." Antimicrob Agents Chemother 48(12): 4793-4799. 

Woolhouse, M. E. and S. Gowtage-Sequeria (2005). "Host range and emerging and reemerging 

pathogens." Emerg Infect Dis 11(12): 1842-1847. 

Wright, G. D. (2007). "The antibiotic resistome: the nexus of chemical and genetic diversity." 

Nat Rev Microbiol 5(3): 175-186. 

Xu, J. and J. I. Gordon (2003). "Honor thy symbionts." Proc Natl Acad Sci U S A 100(18): 

10452-10459. 

Yao, R., R. A. Alm, et al. (1993). "Construction of new Campylobacter cloning vectors and a 

new mutational cat cassette." Gene 130(1): 127-130. 

Yigit, H., A. M. Queenan, et al. (2001). "Novel carbapenem-hydrolyzing beta-lactamase, KPC-1, 

from a carbapenem-resistant strain of Klebsiella pneumoniae." Antimicrob Agents 

Chemother 45(4): 1151-1161. 

Yim, G., H. H. Wang, et al. (2007). "Antibiotics as signalling molecules." Philos Trans R Soc 

Lond B Biol Sci 362(1483): 1195-1200. 

Zeng, X., F. Xu, et al. (2009). "Molecular, antigenic, and functional characteristics of ferric 

enterobactin receptor CfrA in Campylobacter jejuni." Infect Immun 77(12): 5437-5448. 

Zoetendal, E. G., E. E. Vaughan, et al. (2006). "A microbial world within us." Mol Microbiol 

59(6): 1639-1650. 

 

 

 



49 

 

 

 

 

 

APPENDIX 

 

 

 



50 

Table 1. Bacterial strains and plasmids used in this study. 

Strain or Plasmid Description Source 

 

 

 

E.coli 
 

DH5α E.coli, F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 

endA1 hsdR17 (rK–, mK+) phoA supE44 λ– thi-1 gyrA96 

relA1 

Invitrogen 

TOP10 E.coli, F– mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 

ΔlacX74 recA1 araD139 Δ(ara leu) 7697 galU galK rpsL 

(StrR) endA1 nupG 

Invitrogen 

JL519 DH5α containing pZE21-MCS This study 

JL48 Conjugation helper strain, DH5α containing pRK2013 (Zeng, Xu 

et al. 2009) 

JL860 Top10 containing pZE21-MCS- FRAmp1.1 This study 

JL861 Top10 containing pZE21-MCS- FRSpe1.1 This study 

JL850 DH5α containing pZW This study 

JL851 DH5α containing pZW1 This study 

JL852 DH5α containing pZW2 This study 

JL853 DH5α containing pZW3 This study 

 

 

C. jejuni 

 

JL241 NCTC 11168, human isolate (Parkhill, 

Wren et al. 

2000) 

JL242 C. jejuni 81-176, human isolate (Black et 

al. 1988) 

JL854 JL242 containing pZW This study 

JL855 JL242 containing pZW1 This study 

JL856 JL242 containing pZW2 This study 

JL857 JL242 containing pZW3 This study 

 

 

Plasmids 

 

pZE21-MCS Cloning and expression vector, Kan
r
 Lutz 1997 

pRY111 E. coli-C. jejuni shuttle vector, Cm
r
 (Yao, Alm 

et al. 1993) 

pRK2013 a helper plasmid for triparental mating (Miller, 

Bates et al. 

2000) 

pZE21-MCS- 

FRAmp1.1 

pZE21-MCS with metagenomic fragment containing 

FRAmp1.1 

This study 

pZE21-MCS- 

FRSpe1.1 

pZE21-MCS with metagenomic fragment containing 

FRSpe1.1 

This study 

pZW pRY111 containing flaA promoter This study 

pZW1 pZW containing ampicillin resistant gene FRAmp1.1 This study 

pZW2 pZW containing spectinomycin resistant gene FRSpe1.1 This study 

pZW3 pZW containing kanamycin resistant gene KAN-2 This study 
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Table 2. PCR primers used in this study. 

Name Sequence 

pZE-F 

pZE-R 

5‟-GAA TTC ATT AAA GAG GAG AAA GGT-3‟ 

5‟-TTT CGT TTT ATT TGA TGC CTC TAG-3‟ 

Sig28-F 

Sig28-R 

5‟-GCT CTA GAG CGT AAA ATT GAA GAT GAA AGA GAG-3‟(XbaI)* 

5‟-CGG GAT CCC GTT TTA AAT CCT TTT AAA TAA TTT C-3‟(BamHI) 

CAm-BamHIF 

CAm-EcoRIR 

5‟-CGG GAT CCC ATC GCA AGT GAA ATG ACA TCA GTA 

C-3‟(BamHI) 

5‟-CGG AAT TCC TCC TTA ACT CCT AAA ATT TAA CTT C-3‟(EcoRI) 

CSp-BamHIF 

CSp-EcoRIR 

5‟-CGG GAT CCC CCG AAT GTG AAT ATA TGT AC-3‟(BamHI) 

5‟-CGG AAT TCC ATT TTA AGC AAA ACT TTA CAG CC-3‟(EcoRI) 

CKa-F 

CKa-R 

5‟-CGG GAT CCG TAA TAC AAG GGG TGT TAT G-3‟(BamHI) 

5‟-CGG AAT TCA TTA GAA AAA CTC ATC GAG C-3‟(EcoRI) 

 

*: Restriction sites are underlined in the primer sequences and the corresponding names are in 

parentheses. 
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Table 3. Antibiotics used for functional screening. 

Antibiotic Concentration (μg/ml) 

Ampicillin 50 

Tetracycline 10 

Chloramphenicol 25 

Spectinomycin 75 

Norfloxacin 12.5 

Ciprofloxacin 10 
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Table 4. Number of colonies selected from various metagenomic libraries for plasmid 

extraction. 

Antibiotic Library
a
 Number of colonies selected for 

plasmid extraction 

 

Ampicillin 

FR1 18 

FR2 12 

CR1 10 

CR2 9 

 

Tetracycline 

 

FR1 0 

FR2 0 

CR1 0 

CR2 14 

 

Chloramphenicol 

FR1 0 

FR2 0 

CR1 2 

CR2 4 

Spectinomycin FR1 7 

FR2 0 

Spectinomycin CR1 0 

CR2 12 

 

a 
FR1: free-range chicken #1; FR2: free-range chicken #2; CR1: conventionally raised chicken 

#1; CR2: conventionally raised chicken #2. 
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Table 5. Number of clones in which plasmids were subjected to sequencing. 

Antibiotic Library Number of clones selected for 

sequencing analysis 

Ampicillin FR1 12 

FR2 6 

CR1 7 

CR2 6 

 

Tetracycline 

 

 

FR1 0 

FR2 0 

CR1 0 

CR2 7 

 

Chloramphenicol 

FR1 0 

FR2 0 

CR1 2 

CR2 2 

Spectinomycin FR1 3 

FR2 0 

Spectinomycin CR1 0 

CR2 5 
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Table 6. Antibiotic resistance genes identified in the cecal contents of free-range chickens. 

Antibiotic 
Gene 

name 

Chicken 

(FR) 

Length 

(bp) 
Annotation: 

% aa 

similarity 

with the 

genes from 

cultivated 

organisims* 

% aa similarity 

with genes from 

metagenomic 

study** 

Ampicillin 

FRAMP1.

1 
1 902 

Beta-lactamas

e 
59  

FRAMP2.

1 
2 861 

Ampicillin 

resistant gene 
100 - 

Tetracycline - - -  - - 

Chloramphenicol - - -  - - 

Spectinomycin FRSPE1.1 1 459 
Adenylyltrans

ferase 
67 - 

Norfloxacin - - -  - - 

Ciprofloxacin - - -  - - 

 

-: No genes identified or parameter not available. 

*: similarity comparing with the AR genes discovered in studies using culture-dependent approach. 

**: similarity comparing with the AR genes discovered by Sommer et al. (2009) using the same 

culture-independent, functional cloning approach. 
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Table 7. Antibiotic resistance genes identified in the cecal contents of conventionally raised 

chickens. 

Antibiotic Gene 

name 

Chicken 

(CR) 

Length 

(bp) 

Annotation

: 

% aa 

similarity 

with the 

genes from 

cultivated 

organisms* 

% aa similarity 

with genes from 

metagenomic 

study** 

Ampicillin CRAMP1.

1 

1 345 TEM 98  

CRAMP1.

3 

1 525 TEM 91 - 

CRAMP2.

1 

2 513 CbIA 58 100 

CRAMP2.

2 

2 642 HGF-1 63 99 

CRAMP2.

3 

2 510 CbIA 67 98 

CRAMP1.

4 

1 861 TEM 100 - 

CRAMP1.

5 

1 423 Drug efflux 

transporter 

77 97 

Tetracycline CRTET2.

1 

2 936 Tetw 99 - 

CRTET2.

2 

2 660 Tetw 99 - 

Chloramphenicol 

 

CRCHL2.

1 

1 804 CAT 92 - 

CRCHL2.

2 

1 639 CAT 76 - 

Spectinomycin CRSPE2.1 2 774 Adenylyl 

transferase 

99 - 

Norfloxacin - - - - - - 

Ciprofloxacin - - - - - - 

 

-: No genes identified or parameter not available. 

*: similarity comparing with the AR genes discovered in studies using culture-dependent methodology. 

**: similarity comparing with the AR genes discovered by Sommer et al. (2009) using the same 

culture-independent, functional cloning approach.
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FIG. 1. Extraction, shearing and cloning metagenomic DNA into the expression vector 

pZE21-MCS. (A) Extraction of total genomic DNAs from chicken fecal contents. Lane M, 1kb 

DNA ladder (Promega); Lane 1, 5 μl of extracted DNA from ileal content of a free range 

chicken; Lane 2, 5 μl of extracted DNA from cecal content of a free range chicken B) Shearing 

of the extracted genomic DNA from cecal contents. Lane M, 1kb DNA ladder (Promega); Lane 

1 and 2, 7 μl of sheared genomic DNAs of cecal samples from two different conventionally 

raised chickens; (C) Cloning of sheared metagenomic DNA fragments into pZE21-MCS. Lane 

M, 1kb DNA ladder (Promega); Lane 0, 5 μl of pZE21-MCS; Lane 1-6, 5 μl of plasmids 

extracted from different transformants randomly selected from one library.  
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     FIG. 2. Phylogenetic relationship of beta-lactamases from different sources. Unrooted 

phylogenetic trees were generated from ClustalW2 alignments using the neighbor-joining algorithm. 

FRAmp1.1 discovered in this study was analyzed together with 25 identified beta-lactamases. *: the 

beta-lactamases representing the novel beta-lactamase families (HOA and HGA, HGB, HGC, HGD, 

HGE, HGF, HGG, HGH, HGI) discovered by Sommer et al. using culture-independent approach (2009); 

**: the beta-lactamases discovered by Sommer et al. (2009) representing previously characterized 

beta-lactamase families (TEM, CfxA, CblA, CTX-M, two for AmpC); ***: the beta-lactamases 

representing previously characterized common beta-lactamase families not analyzed by Sommer et al 

(2009) [SHV (Veras, Alves et al. 2011), OXA-10 (Huang), IMP (Osano, Arakawa et al. 1994), VIM 

(Lauretti, Riccio et al. 1999), KPC (Yigit, Queenan et al. 2001)]; ****: the beta-lactamases identified in 

different Campylobacter jejuni strains, which include Cj0299 (Accession # YP_002343737), CJE0344 

(Accession# AAW34933), CJS3_0285 (Accession # ADT72049), and Cam1 (Accession #AAT01092).  
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FIG. 3. PCR confirmation of the recombinant plasmids pZW, pZW1, pZW2 and pZW3. (A) 

PCR amplification of the inserted 0.26 kb flaA gene promoter from pZW. Lane M, 5 μl 1kb 

DNA ladder; Lane 0, 25 μl PCR negative control using pRY111 as the PCR template and 

sig28-F and sig28-R as primers; Lane 1, 25 μl PCR products amplified from pZW using 

primers sig28-F and sig28-R; (B) PCR amplification of inserted AR genes from pZW1, pZW2 

and pZW3. Lane M, 5 μl 1kb DNA ladder; Lane 1, 25 μl PCR products amplified from pZW1 

using primers of CAm-BamHIF and CAm-EcoRIR; Lane 2, 25 μl PCR products amplified 

from pZW2 using CSp-BamHIF and CSp-EcoRIR; Lane 3, 25 μl PCR products amplified from 

pZW3 using CKa-F and CKa-R. 

(A)                                (B) 
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