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Introduction: Escherichia fergusonii is regarded as an emerging pathogen with zoonotic potential. In the current study, we undertook source-wise comparative genomic analyses (resistome, virulome, mobilome and pangenome) to understand the antimicrobial resistance, virulence, mobile genetic elements and phylogenetic diversity of E. fergusonii.

Methods: Six E. fergusonii strains (5 multidrug resistant strains and 1 biofilm former) were isolated from poultry (duck faeces and retail chicken samples). Following confirmation by phenotypic and molecular methods, the isolates were further characterized and their genomes were sequenced. Comparative resisto-virulo-mobilome analyses and pangenomics were performed for E. fergusonii genomes, while including 125 other E. fergusonii genomes available from NCBI database.

Results and discussion: Avian and porcine strains of E. fergusonii were found to carry significantly higher number of antimicrobial resistance genes (p < 0.05) and mobile genetic elements (plasmids, transposons and integrons) (p < 0.05), while the pathogenic potential of bovine strains was significantly higher compared to other strains (p < 0.05). Pan-genome development trends indicated open pan-genome for all strains (0 < γ < 1). Genomic diversity of avian strains was found to be greater than that from other sources. Phylogenetic analysis revealed close clustering among isolates of similar isolation source and geographical location. Indian isolates of E. fergusonii clustered closely with those from Chinese and a singleton Australian isolate. Overall, being the first pangenomic study on E. fergusonii, our analysis provided important cues on genomic features of the emerging pathogen E. fergusonii while highlighting the potential role of avian strains in dissemination of AMR.
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1. Introduction

Escherichia fergusonii comprises a collection of Gram-negative, rod-shaped facultatively anaerobic, and non-spore-forming bacteria that are oxidase negative, catalase positive, and mostly motile due to peritrichous flagella (Scheutz and Strockbine, 2015). The organism has been regarded as an emerging pathogen with zoonotic significance (Saha et al., 2021) owing to increasing reports of disease conditions ranging from wound infection (Mahapatra et al., 2005) to hemolytic uremic syndrome (HUS) (Baek et al., 2019; Hwang et al., 2021).

Since its recognition as a unique species under the genus Escherichia in 1985 (Farmer et al., 1985),1 E. fergusonii has been identified from various clinical and non-clinical sources. In humans, the organisms have been implicated in cases of wound infections (Funke et al., 1993; Mahapatra et al., 2005; Adesina et al., 2019), diarrhea (Chaudhury et al., 1999; Toualbia et al., 2018), endophthalmitis (Gokhale et al., 2014), cystitis (Savini et al., 2008; Lagacé-Wiens et al., 2010), bacteremia (Lai et al., 2011), urinary tract infection (Bours et al., 2010), and hemolytic uremic syndrome (Baek et al., 2019; Hwang et al., 2021). Besides clinical conditions, the organisms were also isolated from the feces of a male patient with leukemia in Italy (Savini et al., 2009). Among non-human sources, E. fergusonii has commonly been identified from avian species including wild and migratory birds (Ben Yahia et al., 2020; Shah et al., 2022), broilers (Forgetta et al., 2012; Oh et al., 2012; Simmons et al., 2016; Pontes et al., 2021; Saha et al., 2021), ducks (Tang et al., 2022), and a case of fibro-necrotic typhlitis in ostrich (Herráez et al., 2005). In other animals, E. fergusonii has been identified from diarrheic caprines (Hariharan, 2009) and equines (Weiss et al., 2011), as well as from cases of pneumonia in bovines (Rimoldi and Moeller, 2013). Apart from clinical cases, E. fergusonii has also been reported in pigs (Rayamajhi et al., 2011; Guan et al., 2022), sheep, and cattle (Wragg et al., 2009; Parin et al., 2018; Tang et al., 2022). In addition to domestic livestock and birds, contaminations of foods of animal origin by E. fergusonii were also reported by many researchers, also emphasizing the food-borne importance of this organism (Silveira et al., 1999; Kola et al., 2012; Maifreni et al., 2013).

Though the organism has been reported from various parts of the world, including Asia (Tang et al., 2022), Europe (Toualbia et al., 2018), North and South Americas (Lindsey et al., 2017; Pontes et al., 2021), and Africa (Ben Yahia et al., 2020), they have hardly been reported from India, and the current report, to the best of our knowledge, is the first comprehensive genomic study from India.

Besides the emerging nature of the pathogen, the organism has also been regarded as a reservoir of antimicrobial resistance (AMR) (Tang et al., 2022). Concerns have been raised about increasing multidrug resistance among E. fergusonii strains (Savini et al., 2008; Lagacé-Wiens et al., 2010; Rayamajhi et al., 2011). The presence of AMR genes of clinical importance, such as extended spectrum beta-lactamases (ESBLs) (Lagacé-Wiens et al., 2010), carbapenemases (Ben Yahia et al., 2020), and mobilized colistin resistance (mcr) genes (Adesina et al., 2019; Pontes et al., 2021; Tang et al., 2022) among E. fergusonii strains has earned global attention. In addition to harboring AMR genes, previous reports have suggested that the organism can possess multiple virulence factors, such as heat-labile toxin (LT), heat-stable toxin (STa), as well as eae gene (Rayamajhi et al., 2011; Oh et al., 2012). Other virulence genes reported from E. fergusonii included iss, prfB, and ireA, which were known to be part of the E. coli virulence array (Wragg et al., 2009).

Recent advancements in genome sequencing have greatly facilitated the genomic studies of the organisms, enabling a deeper understanding of the organismal biology, functions, genome structure (pan-genome, core-genome, etc.), and epidemiology (Gaiarsa et al., 2015; Caputo et al., 2019; San et al., 2020; Hirabayashi et al., 2021). However, comprehensive genomic studies on E. fergusonii, despite escalating the importance of the organism, are lacking. Previously, E. fergusonii had been included as either an out-group or as a member of the Escherichia genus in various genomic studies pertaining to E. coli (Touchon et al., 2009; Lukjancenko et al., 2010; Pedersen, 2017; Yang et al., 2019; Murray et al., 2021).

Therefore, considering the emerging nature of the pathogen and the paucity of comprehensive data on genomic features, we undertook the present study to explore and elucidate the pan-genome, resistome, virulome, and mobilome of E. fergusoniiwhile assessing the present and future threats posed by the organism as an emerging food-borne zoonotic pathogen.



2. Materials and methods


2.1. Isolation and identification of E. fergusonii

Isolation of E. fergusonii from food (retail chicken and intestine) and animal samples (fecal samples) was undertaken by methods prescribed earlier (Tang et al., 2022). Briefly, the samples were enriched in Luria Broth (HiMedia, India) followed by inoculation onto Simmons Citrate Agar (SCA; HiMedia) supplemented with 2% adonitol (Sisco Research Laboratories, India) (Foster et al., 2010). Dark yellow to orange colonies were presumptively identified as E. fergusonii, which were further sub-cultured onto Sorbitol MacConkey agar (SMAC; HiMedia, India) (Tang et al., 2022). Pale or colorless colonies from SMAC plates were subjected to biochemical tests (fermentation of cellobiose and arabinose obtained from HiMedia, India) (Glover et al., 2017). Molecular confirmations of the isolates were done with the help of a uniplex PCR targeting palmitoleoyl–acyl carrier protein (ACP)-dependent acyltransferase (Lindsey et al., 2017).



2.2. Phenotypic characterization of isolates

Phenotypic characterization of the isolates involved the evaluation of antibiotic susceptibility and biofilm-forming ability on microtiter plates. Antibiotic susceptibility testing was done for nine antibiotics including ampicillin (10 μg), cefotaxime (30 μg), cefoxitin (30 μg), ceftazidime (30 μg), ciprofloxacin (5 μg), co-trimoxazole (25 μg), gentamicin (10 μg), imipenem (10 μg), and tetracycline (10 μg) following Kirby–Bauer method (Bauer et al., 1966), and interpretation was done as per CLSI guidelines recommended for Enterobacteriaceae (CLSI, 2016). Biofilm-forming abilities of the E. fergusonii isolates were estimated as described earlier (Zhang et al., 2016), with modifications in incubation time to 24 h (Naves et al., 2008). Acinetobacter baumannii (ATCC 19606) and Escherichia coli DH5α were used as the positive and negative controls, respectively (Zhang et al., 2016).



2.3. Genome sequencing and assembly

Genomic DNA was extracted using QIAGEN DNA Mini Kit and subjected to whole-genome sequencing on the Illumina platform. The sequence data were checked for quality using the FastQC tool2 with default settings, and all sequences passed the quality check as per code developers’ guidelines. Following a quality check, the genomes were assembled using the Shovill tool ver. 1.0.93 with SKESA assembler v. 1.0.9 (Souvorov et al., 2018) and “—trim” switch on (for adaptor trimming) along with “read error” and “post-assembly correction” enabled (default). Species identification of assembled genomes was performed using Kraken2 v.2.0.7 (Wood et al., 2019). Genome sequences were submitted to NCBI under the accession numbers JANDMD000000000, JANDMC000000000, JANDMB000000000, JANDMA000000000, JANDLZ000000000, and JANDLY000000000.



2.4. Public genome dataset of E. fergusonii

Escherichia fergusonii genomes (n = 127) submitted to the NCBI genome database up to 11 April 2022 were downloaded for this study. The genomes were found to represent different isolation sources such as human, avian, bovine, ovine, porcine, and environment. One duplicate entry (CP070954.1) for the strain EF44 was found and was therefore excluded. The genomes were coded based on their source and their strain names for ease of analysis. We assigned the codes to each genome based on their isolation source in the format X_Y, where “X” indicated the isolation source and “Y” indicated the strain name. The details of the genomes and corresponding metadata are furnished in Supplementary Table 1. To assess the taxonomic affiliation, downloaded genomes were assessed for their average nucleotide identities (ANI) with a cut-off of 95–96%, as suggested by Richter and Rosselló-Móra (2009) using PYANI v.0.2.12 (Pritchard et al., 2016). Following ANI analysis, the genome of E. fergusonii strain Bg39 (NZ_CABHNF010000001.1) was excluded from further analysis. Thus, the working data set comprised 131 genomes (127 downloaded genomes and 6 genomes sequenced in this study minus 2 erroneous genomes).



2.5. Resistome analysis

The resistome analyses of E. fergusonii genomes were undertaken with the help of the Resistance Gene Identifier (RGI) tool v5.2.1 to predict mutations as well as acquired resistance genes (Alcock et al., 2020). The analysis parameters for RGI runs were set at “contigs,” “perfect and strict hits,” and “include nudge” along with other default settings. The pan- and core-resistomes were constructed with the help of the PRAP tool (He et al., 2020). The pan- and core-resistome curves were fitted following the power law model as described earlier (Tettelin et al., 2008).



2.6. Analysis of virulome and pathogenic potential

The virulome analyses of E. fergusonii genomes were performed using the ABRicate tool v1.0.14 using the VFDB database updated till 02 August 2022. The criteria for identifying virulence gene(s) were a minimum of 75% sequence similarity with a minimum of 80% coverage. A genome-wide association study using the Scoary tool (Brynildsrud et al., 2016) was undertaken to identify the host-associated virulence factors. Furthermore, the pathogenic potentials of E. fergusonii toward humans were assessed using the PathogenFinder v1.1 web tool (Cosentino et al., 2013) with default settings.



2.7. Mobilome (plasmids, transposons, and integrons) analyses

Escherichia fergusonii genomes (n = 131) were searched for the presence of plasmids with the aid of the ABRicate tool v1.0.1 using the PlasmidFinder database updated till 10 May 2022 (see text footnote 4). Transposons and integrons among the E. fergusonii genomes were identified with the BacAnt v.3.3.1 tool deploying TransposonDB v.2.0 and IntegronDB v.2.0 (both databases updated till 2021.05.11), respectively (Hua et al., 2021).5 The minimum sequence identity threshold used for detecting transposons and integrons was 90%, while the minimum coverage threshold was set at 80%.



2.8. Pangenomics of E. fergusonii

The pan-genome analysis was undertaken with the help of the Phylogeny Enhanced Pipeline for pan-genome (PEPPAN) tool v1.0.5 (Zhou et al., 2020). To avoid annotation bias, all genomes were re-annotated with the Prokka tool v1.14.5 (Seemann, 2014), and the output files were fed as input for downstream analyses. Trends in pan-genome and core-genome development were estimated using the power law functions as described previously (Tettelin et al., 2008; Zhou et al., 2020).



2.9. Phylogenetic analysis

To ascertain the phylogenetic relationship among the E. fergusonii isolates, genomes were aligned with the PRANK module6 of the Roary v.3.13.0 tool (Page et al., 2015) and were curated with the GBlocks v0.91b tool to remove inaccurately aligned regions (Castresana, 2000). In both runs, the default settings of the tools were used. Furthermore, the phylogenetic tree construction was done with the help of the IQ-TREE v1.6.12 software (Nguyen et al., 2015) run with the ModelFinder (Kalyaanamoorthy et al., 2017) and was visualized using the FigTree v.1.4.4 tool.7



2.10. Statistical analysis and data representation

Data collation and analyses were done with the help of MS-ExcelR and the IBM SPSS Statistics Subscription Build 1.0.0.1447. Data visualization was facilitated using R Studio v.2022.02.3 Build 492. The Venn diagrams for graphical representation were created with the help of the VennPainter v1.2.0 tool (Lin et al., 2016).




3. Results


3.1. Antimicrobial susceptibility and biofilm formation by E. fergusonii isolates

Escherichia fergusonii isolates (n = 6) were recovered from samples (n = 48) of duck feces (n = 4) and retail chickens (n = 44), indicating an overall occurrence of 12.5% (6/48) among the samples. These isolates showed dark yellow to orange colonies on SCA supplemented with 2% adonitol and were colorless on SMAC (Figures 1A, B). All isolates yielded positive reactions for cellobiose and arabinose fermentation (Table 1). Molecular confirmation by PCR was based on the positive amplification of palmitoleoyl–ACP-dependent acyltransferase gene with a 575-bp product size (Figure 1C).
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FIGURE 1
Phenotypic and molecular characterization of Escherichia fergusonii isolates. (A) Dark yellow to orange colonies of E. fergusonii on Simmons Citrate Adonitol (SCA) agar. (B) Colorless colonies of E. fergusonii on Sorbitol MacConkey (SMAC) agar. (C) Molecular confirmation of E. fergusonii by amplification of ACP dependent acyltransferase gene (575 bp).



TABLE 1    Phenotypic and genotypic characters of E. fergusonii isolated and sequenced.
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Antibiotic susceptibility testing revealed that all 6 isolates were resistant to cefotaxime, followed by ciprofloxacin, tetracycline, and co-trimoxazole (4/6), whereas none of the isolates were resistant to cefoxitin, imipenem, ceftazidime, and gentamicin. Multidrug resistance was exhibited by 4 (Chk_EFNEH1, Chk_EFNEH2, Chk_EFNEH5, and Chk_EFNEH6) of the 6 isolates (Table 1). Crystal-violet-stained microtiter plates for the quantification of the biofilm formation revealed that only Chk_EFNEH6 isolate was positive for biofilm formation (Table 1).



3.2. Genome features

Escherichia fergusonii genomes (n = 131) included in this study ranged from 4.20966 to 5.18638 Mb in size with a mean size of 4.78396 ± 0.01682 Mb (4.75067, 4.81723). The year of isolation of the genomes ranged from 1983 (strain MOD1-EC5837) to 2022 (strains EFNEH3 to EFNEH6). The majority of the genomes were of avian origin (n = 57), followed by ovine (n = 25), porcine (n = 22), unknown (n = 12), bovine (n = 11), human (n = 3), and environmental origin (n = 1). Genomes from human, environmental, and unknown origin were excluded from statistical analyses owing to the lesser number of genomes. The quality assessment of genomes returned satisfactory results. Estimation of the ANI revealed a percentage value well above the cut-off of 95–96% except for one genome (Bg39; NZ_CABHNF010000001.1), and thus, it was excluded for further analyses (Supplementary Figure 1).



3.3. Resistome analysis

Resistome prediction by CARD revealed the presence of 152 different varieties of antibiotic resistance ontologies (AROs) among the 131 genomes (Supplementary Table 2). All the genomes of E. fergusonii carried 15 AROs, namely acrB, bacA, cpxA, CRP, emrA, Escherichia coli acrA, Escherichia coli AcrAB-TolC, with AcrR mutation conferring resistance to ciprofloxacin, tetracycline, and ceftazidime; Escherichia coli soxR with mutation conferring antibiotic resistance; Escherichia coli soxS with mutation conferring antibiotic resistance; H-NS, msbA, qacJ, rsmA, TolC, and YojI. Kruskal–Wallis and Bonferroni tests revealed that the isolates of avian and porcine origin carried a significantly higher (p < 0.05) number of AMR genes than E. fergusonii isolates of bovine and ovine origin. The CTX-M variants identified in the genomes were CTX-M-2, CTX-M-3, CTX-M-4, CTX-M-14, CTX-M-55, CTX-M-64, CTX-M-65, CTX-M-73, CTX-M-83, CTX-M-84, CTX-M-126, CTX-M-174, and CTX-M-199. With the exception of CTX-M-65 and CTX-M-174, all other genomes carrying CTX genes were of avian origin only. The OXA variants identified in the genomes of E. fergusonii included OXA-1 and OXA-10, and both were identified only in avian isolates. Tet(X4), responsible for tigecycline resistance, was identified in two isolates of avian origin (Duck_YC114-2 and Chk_HNCF11W). The Colistin resistance gene, MCR-1.1, could be detected in isolates of avian origin as well as the singleton isolate from soil (6S41-1). The greatest diversity of AMR genes was observed for beta-lactam and aminoglycoside antibiotics with 35 and 29 genes conferring resistance to these classes of antibiotics, respectively (Figure 2). However, none of our six isolates of E. fergusonii carried CTX and MCR variants, though one isolate (Chk_EFNEH5) carried TEM-1 and another of our isolate (Chk_EFNEH6) carried TEM-135. The gamma values of pan-resistome and core-resistome were estimated to be 0.0816 and 0.7033, respectively, indicating the openness of the pan-resistome. The trends in pan-resistome and core-resistome developments were fitted to a power law model with R2-values of 0.9987 and 0.9349, respectively (Figure 3).
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FIGURE 2
Resistance genes* against major antimicrobial classes identified in the E. fergusonii genomes.
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FIGURE 3
Pan-resistome and core-resistome development trends of E. fergusonii genomes.




3.4. Virulome analysis

A total of 88 virulence genes were identified among the 131 genomes of E. fergusonii out of which 25 genes were present in all genomes (Supplementary Table 3). The virulence genes belonged to different virulence factor categories such as adherence, invasion, iron uptake, regulation, secretion system, toxin, anti-phagocytosis, efflux pump, and non-fimbrial adherence determinants. The invasion-associated genes (ibeB and ibeC), iron-uptake genes (entA, entB, entC, entD, entE, entS, fepA, fepB, fepC, fepD, fepG, and fur), regulatory genes (rpoS and rcsB), efflux pump (acrB), and miscellaneous genes (fes and gndA) were identified in all the genomes of E. fergusonii. The strain Chk_40A, isolated from the avian source, carried the largest number of virulence genes (59). Among E. fergusonii isolated in the present study, two isolates (Pou_EFNEH3 and Chk_EFNEH5) carried the highest number of virulence genes (48). The only toxin identifiable in our analysis was heat-stable enterotoxin-1 (EAST-1) from almost all isolation sources. However, none of the isolates sequenced in this study carried any toxin-associated gene. The genome-wide association study revealed that the virulence genes cdia, lpxD, galE_2, galE_3, cdiA, and clpB were found to be significantly associated with the ovine isolates (p < 0.05, OR > 90), whereas, the poultry isolates were associated with the virulence genes iucA, iucB, iucC, iucD, traG, virB1, virB4, and virB8 (p < 0.05, OR > 40).

Results from the PathogenFinder revealed that all the strains of E. fergusonii included in this study were potentially pathogenic to humans with a mean probability of 0.9277 ± 0.0005 (0.9267, 0.9286, 95% CI) (Supplementary Table 4). Kruskal–Wallis and Bonferroni tests revealed that the pathogenic probabilities of the bovine strains of E. fergusonii were significantly higher than the strains from other sources (p < 0.05). Interestingly, 5 of the 6 isolates sequenced in this study (except Chk_EFNEH5) had probability scores greater than the mean pathogenic probability score of E. fergusonii.



3.5. Mobilome analysis

The PlasmidFinder tool identified the occurrences of 40 different plasmid types among the E. fergusonii genomes (Figure 4). The most frequently occurring plasmid was p0111_1 (54/131), followed by the plasmids col(pHAD28)_1 (51/131) and IncI1-I(gamma)_1 (42/131). All six isolates from the present study carried the plasmid p0111_1. The isolate Chk_EFNEH5 carried the largest number of plasmids (Col(MG828)_1, ColRNAI_1, ColpVC_1, IncFIB(AP001918)_1, IncFII(pCoo)_1, IncHI1A_1, IncHI2_1, IncX1_3, pKPC-CAV1321_1) in addition to the plasmid p0111_1. On application of the Kruskall–Wallis test, a significant difference was identified among the sources in terms of carriage of plasmids (p < 0.05). Subsequently, the Bonferroni test revealed that the avian and the porcine strains of E. fergusonii carried a significantly greater number of plasmids (p < 0.05).
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FIGURE 4
Occurrences of various plasmid types in E. fergusonii genomes.


On the other hand, a total of 190 transposon types were identified among the 131 genomes of E. fergusonii (Supplementary Table 5). The common set of transposons observed among all E. fergusonii genomes included Tn6302, Tn6183, Tn6097, Tn5041-like, Tn4676, Tn6290, Tn6291, Tn10, Tn6177, Tn6176, Tn4655, Tn2610, Tn2502, Tn6233, Tn6019, Tn5542, Tn6178, and Tn6228. The Kruskal-Wallis and Bonferroni tests revealed a similar trend as that observed for AMR genes, i.e., E. fergusonii isolates of avian and porcine origin carried significantly higher (p < 0.05) number of transposons compared to the isolates of bovine and ovine origin (Figure 5). The highest number of transposons present in a single isolate was 3,531 which were detected in the isolate Chk_EFCF056. Among the isolates of the present study, however, the common set of transposons comprised 36 different transposon types (Tn6934, Tn9-like, Tn6178, Tn7051, Tn2555.3, Tn6286, Tn6183, Tn2610, Tn6214, Tn6027, Tn6187, Tn1722, Tn5041-like, Tn6233, Tn1721, Tn4676, Tn7, Tn7-like, Tn6181, Tn6301, Tn6302, Tn5542, Tn4655, Tn2502, Tn1332, Tn5422, Tn10, Tn6097, Tn6019, Tn6283, Tn6228, Tn6171, Tn6291, Tn6290, Tn6176, and Tn6177). Interestingly, we observed multiple occurrences of many individual transposable elements in the genomes of E. fergusonii isolates from our study (Supplementary Table 6). Overall, the analysis of the transposable elements according to the sources of isolation (Figure 6), revealed that 23 transposon types (Tn6198, Tn5253-like, Tn6009, Tn6002, Tn6227, Tn6085, Tn6000, Tn5253, Tn5801-like, Tn1116, Tn6003, Tn6087, Tn6248, Tn2009_2, Tn6246, Tn6247, Tn5251, Tn2010, Tn925, Tn6084, Tn6273, Tn402, and Tn2012) were avian specific, 5 (Tn6107, Tn2009, Tn2006, Tn2008, and Tn6168) were porcine specific, and 3 (Tn6272, Tn5401, and Tn5721) were ovine specific.
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FIGURE 5
Number of transposons identified in E. fergusonii genomes.
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FIGURE 6
Venn diagram depicting the categorical distribution of various transposon types among E. fergusonii genomes.


A total of 62 E. fergusonii genomes were found to harbor integrons (Figure 7). Among the isolates with a known isolation source, only strains of avian and porcine origin carried the integrons. However, four out of six isolates reported in this study harbored integrons. The strains Chk_EFNEH1, Chk_EFNEH2, and Chk_EFNEH4 carried the In498 integron type, whereas, Chk_EFNEH6 carried the In718 integron type, both belonging to the Integron class 1.
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FIGURE 7
Phylogenetic analysis of E. fergusonii genomes included in the study.




3.6. Pangenomics

Pan-genome analysis (Supplementary Table 7) revealed that the pan-genome of E. fergusonii consisted of 12,764 genes while the core-genome comprised 2,844 genes. When analyzed according to host groups, varying sizes of pan-genomes were revealed for various host groups of E. fergusonii (Supplementary Figures 2A–E and Supplementary Table 7). By applying Heaps’ Law of pan-genome development (Tettelin et al., 2008), it was clear that pan-genomes of E. fergusonii, as a whole and from various host groups (avian, ovine, porcine, and bovine), were open as the value of γ ranged between 0.144 ± 0.005 and 0.197 ± 0.002, which satisfied the condition for open pan-genome (0 < γ < 1) (Tettelin et al., 2008). Assessment of genome diversities from RCP (ratio of core-genome to pan-genome) values (Ghatak et al., 2016) indicated that E. fergusonii strains of avian origin were the most diversified (RCP = 0.33), while those of bovine origin were the most conserved (RCP = 0.54).



3.7. Phylogeny

The phylogenetic tree (Figure 7) drawn from the best-fitted model (GTR + F + R6) having the greatest BIC (Bayesian Information Criterion) score revealed clustering of E. fergusonii genomes according to the host species. Close clustering of the porcine isolates was identified in three instances (Beige shaded areas, Figure 7). Though the avian isolates formed interspersed clusters, these isolates with the same geographical locations tended together (Yellow shaded areas, Figure 7). These clustering patterns also conformed to the geographical origins of the E. fergusonii isolates, especially those of the Chinese and UK origins. These findings indicated the existence of specific E. fergusonii lineages associated with their geographical origin as well as the host species. However, the Indian isolates of E. fergusonii, which were sequenced in this study, did not form any single cluster and were rather sprinkled over the phylogram. Broadly, the Indian isolates of E. fergusonii were associated with the Chinese isolates of similar sources (avian) except the Chk_EFNEH4 strain, which clustered with the Australian isolate (Unk_7966). Human isolates of E. fergusonii were associated with the isolates of uncertain origin, and thus, we could not determine direct evidence of possible zoonotic events via clonal linkage.




4. Discussion

Escherichia fergusonii has recently garnered attention in terms of being an emerging pathogen of humans as well as of animals with zoonotic potential (Saha et al., 2021). Food animals serve as an important source, by virtue of which dissemination of AMR through the food chain comes into the picture (Tang et al., 2022). Our study focused on the isolation and assessment of antibiotic susceptibility, virulence, and pathogenic potential, while elucidating genomic features of the genus E. fergusonii as a whole through an omics-based approach coupled with a microbiological investigation. We isolated 6 strains of E. fergusonii from avian sources (3 from chicken meat, 2 from chicken intestine, and 1 from duck feces), out of which one was a biofilm-forming multidrug resistant strain (Chk_EFNEH6). The biofilm-forming ability of E. fergusonii has rarely been explored previously (Ingle et al., 2011). As observed in our study, E. fergusonii has also been reported earlier in chicken intestines (Li et al., 2020), duck fecal sources (Tang et al., 2022), and chicken meat (Kola et al., 2012). To the best of our knowledge, this is the first report of isolation and characterization of E. fergusonii from a retail meat sample of poultry from India. Identification of E. fergusonii in chicken intestines and meat is a matter of public health concern as chicken intestines, besides meat, are consumed in many countries including India (authors’ own observation).8

Intensification of the pig and poultry industry has always been in the limelight for the usage of antimicrobial growth promoters (AGP) to increase productivity. However, this has resulted in the emergence of antimicrobial-resistant strains over time (Ben Lagha et al., 2017). Our results of source analysis of the E. fergusonii revealed that the avian and porcine origin isolates can potentially serve as important disseminators of AMR owing to their higher carriage rates of transposons, integrons, and AMR genes.

Mobile colistin resistance (MCR) genes are plasmid-borne genetic elements that render colistin ineffective by a phosphoethanolamine-mediated inhibition of the binding of the drug to the cell membrane (Liu et al., 2016). Colistin resistance has been genotypically and phenotypically reported among E. fergusonii strains isolated from various sources (Glover et al., 2017; Adesina et al., 2019; Pontes et al., 2021; Lin et al., 2022; Liu et al., 2022; Tang et al., 2022). Tigecycline resistance gene, tet(X4), which too is plasmid-borne, has been reported previously in E. fegusonii isolated from pigs (Guan et al., 2022) and poultry (Li et al., 2020). A similar finding was evident in our comparative resistome analysis as well. Nevertheless, it was interesting to note that the colistin resistance gene was identified only in E. fergusonii isolates from avian and soil sources, whereas tet(X4), which confers resistance to all tetracyclines including tigecycline, was identified only in isolates from avian sources. These results suggested that poultry could be a major reservoir of AMR E. fergusonii. Resistome analysis using RGI/CARD also revealed the presence of ESBL genes such as TEM, SHV, CTX-M, and OXA among the 131 genomes of E. fergusonii, which corroborated with earlier reports (Kola et al., 2012; Adesina et al., 2019; Ben Yahia et al., 2020).

In our analysis, we observed that 2 of the 6 isolates (Chk_EFNEH5 and Chk_EFNEH6) phenotyped in the present study were resistant to ampicillin (Table 1). Resistome data (Supplementary Table 2) for these two isolates corroborated well with the phenotypic data as only these two isolates of the six possessed TEM-1 and TEM-135 which confer resistance to ampicillin (Alcock et al., 2020). For gentamicin resistance, phenotypic data indicated uniform susceptibility for all 6 Indian isolates, which was supported by the resistome fingerprint of the isolates, revealing the absence of genes conferring gentamicin resistance, though APH(3′)-Ia, APH(6)-Id, and APH(3″)-Ib encoding resistance to streptomycin were observed. Ciprofloxacin susceptibility profiles of the 6 isolates sequenced in this study could be explained by the presence of Qnr variants (QnrB6 and QnrS1) in resistant isolates only. Interestingly, gyrA mutation (S83L) conferring resistance to fluoroquinolone was present in 3 isolates (Chk_EFNEH1, Chk_EFNEH2, and Chk_EFNEH5), for which we noticed decreased (19%) zones of inhibition, possibly indicating synergistic effects of multiple mechanisms. However, this needs to be investigated further. Similarly, in the case of tetracycline, we observed reduced susceptibility in all Indian isolates, except Pou_EFNEH3, which tallied well with the presence of the tet(A) gene in these isolates, and a possible synergism between tet(A) and tet(B) was observed for the isolate Chk_EFNEH5 with a 45% reduction in the zone of inhibition. Co-trimoxazole resistance was observed in isolates Chk_EFNEH1, Chk_EFNEH2, Chk_EFNEH4, and Chk_EFNEH6, and resistome data for these 4 isolates revealed the presence of integron-mediated dfrA14, possibly mediating resistance to co-trimoxazole. However, we observed the presence of sul2 gene in some of our isolates. All 6 E. fergusonii isolates sequenced in this study exhibited cefotaxime resistance, which was likely due to the presence of EC-8 beta-lactamase in their resistomes. Susceptibilities to cefoxitin and imipenem were observed for all 6 isolates, and correspondingly, we did not detect any genes encoding resistance to these antibiotics. None of the Indian isolates of E. fergusonii were resistant to ceftazidime, which matched with the absence of specific genes conferring ceftazidime resistance. However, the generic efflux pump (AcrAB-TolC) effective against multiple antibiotics including ceftazidime could be identified in all isolates, possibly indicating that the presence of such efflux mechanisms may not be determinative of phenotype as was previously highlighted (Cooper et al., 2020). Overall, phenotype and resistome data were in harmony with each other as was previously documented (Hendriksen et al., 2019), and our choice of the method/tool for deciphering resistome appeared reasonable.

The virulence repertoire of E. fergusonii is yet to be explored thoroughly (Gaastra et al., 2014). In previous studies, E. fergusonii was screened for the presence of E. coli virulence genes (Wragg et al., 2009; Ingle et al., 2011). Genes of significant importance such as EAST1 and LT were reported from South Korean pigs (Rayamajhi et al., 2011) and poultry (Oh et al., 2012), respectively, implying the role played by poultry and pigs in harboring virulent E. fergusonii organisms. However, six Indian isolates sequenced in our study did not harbor any toxin gene, and similar observations were previously reported by other researchers too (Saha et al., 2021; Lin et al., 2022; Liu et al., 2022). GWAS (Genome-Wide Association Study) analysis indicated host-specific sets of virulence genes implying host adaptation among E. fergusonii of avian and ovine origin. However, we could not determine similar sets of genes for other hosts due to insufficient numbers of genomes available from these hosts. These results might pave the way for the future development of virulence-based molecular tools for the detection of E. fergusonii in specific hosts. Pathogenic potential analysis of E. fergusonii genomes revealed that all E. fergusonii were highly likely to be human pathogens, reinforcing the importance of this organism as an emerging pathogen. Interestingly, E. fergusonii isolates of bovine origin were found to be comparatively more pathogenic than that from other sources, highlighting the role of food animals as a reservoir of pathogenic E. fergusonii as opined earlier also (Tang et al., 2022). Nonetheless, this observation is in contrast with the carriage of AMR genes which were mostly harbored by avian and porcine strains of E. fergusonii.

The mobilome of an organism refers to the universal set of mobile genetic elements comprising subsets formed by plasmids, transposons, and integrons. Screening of 131 genomes of E. fergusonii for plasmid signatures revealed the predominance of p0111_1 plasmid followed by the plasmid type col(pHAD28)_1. The p0111_1 plasmid was previously reported in association with colistin and tigecycline resistance in E. fergusonii (Li et al., 2020; Pontes et al., 2021; Saha et al., 2021; Lin et al., 2022). Even though all E. fergusonii genomes sequenced in our study possessed p0111_1 plasmid, they did not harbor genetic elements encoding colistin resistance. A similar trend was observed for the plasmid IncH12, which reportedly was a major carrier of colistin resistance genes in Salmonella spp. (Tang et al., 2020). Nevertheless, our results indicated greater occurrences of plasmids among genomes of E. fergusonii isolated from avian and porcine sources as was observed for AMR genes. Taken together, these findings implied a greater propensity of dissemination of AMR by E. fergusonii of avian and porcine origin.

Transposons are another subset of mobile genetic elements capable of jumping across DNA molecules that often end up disseminating AMR (Babakhani and Oloomi, 2018). Integrons, on the other hand, mediate the dissemination of AMR by integrating genetic elements onto the genomes of the organisms. Of the transposons identified in the genomes of E. fergusonii, Tn5041-like and Tn10 were significant (Babakhani and Oloomi, 2018). The transposon Tn5041-like variants are non-composite transposons that are usually associated with mercury resistance (Babakhani and Oloomi, 2018), whereas Tn10 transposons are composite transposons associated with tetracycline resistance (Babakhani and Oloomi, 2018). In the current analysis, host-specific transposons were observed for avian-, porcine-, and ovine-origin E. fergusonii isolates, possibly indicating evolutionary adaptation of these strains in the micro-ecosystems connected to their hosts. On the other hand, multiple occurrences of individual transposable elements in the genomes of E. fergusonii were perhaps indicative of the highly mobile nature of these elements, thus obscuring their role as possible evolutionary markers for E. fergusonii. However, while interpreting data on occurrences of transposons, limitations of the available transposon database and employed bioinformatic tool (BacAnt) should also be considered, including the detection of incomplete transposons based on sequence similarity (80%). Similarly, search for integrons among E. fergusonii genomes revealed occurrences of integron elements only in the genomes of E. fergusonii of avian and porcine origin. Combined with previous findings of higher occurrences of AMR genes and plasmids in E. fergusonii of avian and porcine origin, the current observations reemphasized their potential role in dissemination of AMR to other organisms.

Our analysis revealed open pan-genomes for E. fergusonii, indicating the possibility of the pan-genome growing as more and more genomes are sequenced. RCP values are known to be inversely related to the genetic diversity of the strains (Ghatak et al., 2016), and our results indicated that the avian strains had greater genetic diversity followed by the porcine strains, implying a larger fraction of variable genome, possibly contributed by more frequent genetic acquisitions in these strains of E. fergusonii. However, pan-genome data needs to be interpreted cautiously as pan-genome size is known to increase with an increment in the number of genomes sequenced (Tettelin et al., 2005; Ghatak et al., 2016). Nevertheless, to the best of our knowledge, our study is the first to analyze and report the pan-genome of the emerging pathogen, E. fergusonii.

Phylogenetic analysis of E. fergusonii revealed clustering of the genomes according to host species and geographical origin, indicating likely lineages of the organism. This was not uncommon as studies involving other organisms also showed similar trends in clustering (Luo et al., 2021). Our results also revealed that Indian isolates of E. fergusonii were associated predominantly with Chinese isolates. Though we could not ascertain the epidemiological link for such observation, the role of migratory birds in the dissemination of E. fergusonii had previously been highlighted (Shah et al., 2022). As the Indian subcontinent falls under one of the major flyways of winter migration of birds (Malik et al., 2021), this aspect needs further investigation.



5. Conclusion

Taken together, in the present study, we isolated and whole-genome sequenced E. fergusonii from poultry (chicken and duck). Furthermore, comparative genomic analysis (pan-genome, resistome, mobilome, virulome, and phylogeny), which, to the best of our knowledge, is the first for E. fergusonii, revealed an open pan-genome for E. fergusonii, a higher pathogenic potential for the strains of bovine origin, and greater AMR dissemination potential among the strains of avian origin owing to higher carriage rate of mobile genetic elements and AMR genes in the latter group. Phylogenomic analysis, besides revealing greater genomic diversity for avian strains, also elucidated geo-concordant clustering supported by host species of the isolates. Thus, our results assert the importance of avian strains of E. fergusonii as potential disseminators of AMR.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

KS: investigation, formal analysis, visualization, and writing—original draft. SG: conceptualization, methodology, investigation, writing—original draft, and supervision. DP: investigation and formal analysis. MA: investigation, writing—reviewing and editing, and visualization. AM and SD: formal analysis and writing—review and editing. VL: formal analysis. JL: investigation. MP: writing—reviewing and editing. AS: writing—final draft and reviewing and editing. All authors contributed to the article and approved the submitted version.



Funding

KS received funding in the form of a fellowship from the ICAR-IVRI. SG received institutional funding from the ICAR Research Complex for NEH Region, Umiam, Meghalaya (IXX13959).



Acknowledgments

We are thankful to (i) the Indian Council of Agricultural Research for providing a stipend for (KS) in the form of ICAR–JRF/SRF for the duration of his doctoral research and (ii) the Director, ICAR RC NEH for providing necessary facilities.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1080677/full#supplementary-material


Footnotes

1     https://lpsn.dsmz.de/species/escherichia-fergusonii

2     https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

3     https://github.com/tseemann/shovill

4     https://github.com/tseemann/abricate

5     https://github.com/xthua/bacant

6     http://www.wasabiapp.org/software/prank

7     https://github.com/rambaut/figtree/releases

8     https://en.wikipedia.org/wiki/Offal


References

Adesina, T., Nwinyi, O., De, N., Akinnola, O., and Omonigbehin, E. (2019). First detection of carbapenem-resistant Escherichia fergusonii strains harbouring beta-lactamase genes from clinical samples. Pathogens 8:164. doi: 10.3390/pathogens8040164

Alcock, B. P., Raphenya, A. R., Lau, T. T. Y., Tsang, K. K., Bouchard, M., Edalatmand, A., et al. (2020). CARD 2020: Antibiotic resistome surveillance with the comprehensive antibiotic resistance database. Nucleic Acids Res. 48, D517–D525. doi: 10.1093/nar/gkz935

Babakhani, S., and Oloomi, M. (2018). Transposons: The agents of antibiotic resistance in bacteria. J. Basic Microbiol. 58, 905–917. doi: 10.1002/jobm.201800204

Baek, S. D., Chun, C., and Hong, K. S. (2019). Hemolytic uremic syndrome caused by Escherichia fergusonii infection. Kidney Res. Clin. Pract. 38, 253–255. doi: 10.23876/j.krcp.19.012

Bauer, A. W., Kirby, W. M., Sherris, J. C., and Turck, M. (1966). Antibiotic susceptibility testing by a standardized single disk method. Am. J. Clin. Pathol. 45, 493–496. doi: 10.1093/ajcp/45.4_ts.493

Ben Lagha, A., Haas, B., Gottschalk, M., and Grenier, D. (2017). Antimicrobial potential of bacteriocins in poultry and swine production. Vet. Res. 48, 1–12. doi: 10.1186/s13567-017-0425-6

Ben Yahia, H., Chairat, S., Gharsa, H., Alonso, C. A., Ben Sallem, R., Porres-Osante, N., et al. (2020). First report of KPC-2 and KPC-3-producing Enterobacteriaceae in wild birds in Africa. Microb. Ecol. 79, 30–37. doi: 10.1007/s00248-019-01375-x

Bours, P. H. A., Polak, R., Hoepelman, A. I. M., Delgado, E., Jarquin, A., and Matute, A. J. (2010). Increasing resistance in community-acquired urinary tract infections in Latin America, five years after the implementation of national therapeutic guidelines. Int. J. Infect. Dis. 14, e770–e774. doi: 10.1016/j.ijid.2010.02.2264

Brynildsrud, O., Bohlin, J., Scheffer, L., and Eldholm, V. (2016). Rapid scoring of genes in microbial pan-genome-wide association studies with Scoary. Genome Biol. 17, 1–9. doi: 10.1186/s13059-016-1108-8

Caputo, A., Fournier, P. E., and Raoult, D. (2019). Genome and pan-genome analysis to classify emerging bacteria. Biol. Direct 14, 1–9. doi: 10.1186/s13062-019-0234-0

Castresana, J. (2000). Selection of conserved blocks from multiple alignments for their use in phylogenetic analysis. Mol. Biol. Evol. 17, 540–552. doi: 10.1093/oxfordjournals.molbev.a026334

Chaudhury, A., Nath, G., Tikoo, A., and Sanyal, S. C. (1999). Enteropathogenicity and antimicrobial susceptibility of new Escherichia spp. J. Diarrhoeal Dis. Res. 17, 85–87.

CLSI (2016). M100S performance standards for antimicrobial susceptibility testing. Wayne, MI: Clinical and Laboratory Standards Institute.

Cooper, A. L., Low, A. J., Koziol, A. G., Thomas, M. C., Leclair, D., Tamber, S., et al. (2020). Systematic evaluation of whole genome sequence-based predictions of Salmonella serotype and antimicrobial resistance. Front. Microbiol. 11:549. doi: 10.3389/fmicb.2020.00549

Cosentino, S., Voldby Larsen, M., Møller Aarestrup, F., and Lund, O. (2013). PathogenFinder – distinguishing friend from foe using bacterial whole genome sequence data. PLoS One 8:e77302. doi: 10.1371/journal.pone.0077302

Farmer, J. J., Fanning, G. R., Davis, B. R., O’Hara, C. M., Riddle, C., Hickman-Brenner, F. W., et al. (1985). Escherichia fergusonii and Enterobacter taylorae, two new species of Enterobacteriaceae isolated from clinical specimens. J. Clin. Microbiol. 21, 77–81. doi: 10.1128/jcm.21.1.77-81.1985

Forgetta, V., Rempel, H., Malouin, F., Vaillancourt, J., Topp, E., Dewar, K., et al. (2012). Pathogenic and multidrug-resistant Escherichia fergusonii from broiler chicken. Poult. Sci. 91, 512–525. doi: 10.3382/ps.2011-01738

Foster, G., Evans, J., Tryland, M., Hollamby, S., MacArthur, I., Gordon, E., et al. (2010). Use of citrate adonitol agar as a selective medium for the isolation of Escherichia fergusonii from a captive reindeer herd. Vet. Microbiol. 144, 484–486. doi: 10.1016/j.vetmic.2010.01.014

Funke, G., Hany, A., and Altwegg, M. (1993). Isolation of Escherichia fergusonii from four different sites in a patient with pancreatic carcinoma and cholangiosepsis. J. Clin. Microbiol. 31, 2201–2203. doi: 10.1128/jcm.31.8.2201-2203.1993

Gaastra, W., Kusters, J. G., van Duijkeren, E., and Lipman, L. J. A. (2014). Escherichia fergusonii. Vet. Microbiol. 172, 7–12. doi: 10.1016/j.vetmic.2014.04.016

Gaiarsa, S., De Marco, L., Comandatore, F., Marone, P., Bandi, C., and Sassera, D. (2015). Bacterial genomic epidemiology, from local outbreak characterization to species-history reconstruction. Pathog. Glob. Health 109, 319–327. doi: 10.1080/20477724.2015.1103503

Ghatak, S., Blom, J., Das, S., Sanjukta, R., Puro, K., Mawlong, M., et al. (2016). Pan-genome analysis of Aeromonas hydrophila, Aeromonas veronii and Aeromonas caviae indicates phylogenomic diversity and greater pathogenic potential for Aeromonas hydrophila. Antonie van Leeuwenhoek. Int. J. Gen. Mol. Microbiol. 109, 945–956. doi: 10.1007/s10482-016-0693-6

Glover, B., Wentzel, J., Jenkins, A., and Van Vuuren, M. (2017). The first report of Escherichia fergusonii isolated from non-human primates, in Africa. One Health 3, 70–75. doi: 10.1016/j.onehlt.2017.05.001

Gokhale, V. V., Therese, K. L., Bagyalakshmi, R., and Biswas, J. (2014). Detection of Escherichia fergusonii by PCR-based DNA sequencing in a case of delayed-onset chronic endophthalmitis after cataract surgery. J. Cataract Refract. Surg. 40, 327–330. doi: 10.1016/j.jcrs.2013.12.006

Guan, C., Tang, B., Yang, H., Ma, J., Huang, Y., and Liu, C. (2023). Journal of global antimicrobial resistance emergence of plasmid-me diate d tigecycline resistance gene, tet (X4), in Escherichia fergusonii from pigs. J. Glob. Antimicrob. Resist. 30, 249–251. doi: 10.1016/j.jgar.2022.06.029

Hariharan, H. (2009). Isolation of Escherichia fergusonii from the feces and internal organs of a goat with diarrhea. Can. Vet. J. 50, 1186–1188.

He, Y., Zhou, X., Chen, Z., Deng, X., Gehring, A., Ou, H., et al. (2020). PRAP: Pan resistome analysis pipeline. BMC Bioinformatics 21:20. doi: 10.1186/s12859-019-3335-y

Hendriksen, R. S., Bortolaia, V., Tate, H., Tyson, G. H., Aarestrup, F. M., and McDermott, P. F. (2019). Using genomics to track global antimicrobial resistance. Front. Public Health 7:242. doi: 10.3389/fpubh.2019.00242

Herráez, P., Rodríguez, A. F., Espinosa de los Monteros, A., Acosta, A. B., Jaber, J. R., Castellano, J., et al. (2005). Fibrino-necrotic typhlitis caused by Escherichia fergusonii in ostriches (Struthio camelus). Avian Dis. 49, 167–169. doi: 10.1637/7221-061104r

Hirabayashi, A., Yanagisawa, H., Takahashi, H., Yahara, K., Boeing, P., Wolfenden, B., et al. (2021). On-site genomic epidemiological analysis of antimicrobial-resistant bacteria in cambodia with portable laboratory equipment. Front. Microbiol. 12:675463. doi: 10.3389/fmicb.2021.675463

Hua, X., Liang, Q., Deng, M., He, J., Wang, M., Hong, W., et al. (2021). BacAnt: A combination annotation server for bacterial DNA sequences to identify antibiotic resistance genes, integrons, and transposable elements. Front. Microbiol. 12:649969. doi: 10.3389/fmicb.2021.649969

Hwang, S., Chang, H. H., Kim, Y. K., and Kim, J. (2021). A case of atypical hemolytic uremic syndrome caused by Escherichia fergusonii mimicking Escherichia coli in an immunocompetent adult. Int. J. Antimicrob. Agents 58, 64–65. doi: 10.1016/j.ijantimicag.2021.106421.57

Ingle, D. J., Clermont, O., Skurnik, D., Denamur, E., Walk, S. T., and Gordon, D. M. (2011). Biofilm formation by and thermal niche and virulence characteristics of Escherichia spp. Appl. Environ. Microbiol. 77, 2695–2700. doi: 10.1128/AEM.02401-10

Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. F., Von Haeseler, A., and Jermiin, L. S. (2017). ModelFinder: Fast model selection for accurate phylogenetic estimates. Nat. Methods 14, 587–589. doi: 10.1038/nmeth.4285

Kola, A., Kohler, C., Pfeifer, Y., Schwab, F., Kühn, K., Schulz, K., et al. (2012). High prevalence of extended-spectrum-β-lactamase-producing Enterobacteriaceae in organic and conventional retail chicken meat, Germany. J. Antimicrob. Chemother. 67, 2631–2634. doi: 10.1093/jac/dks295

Lagacé-Wiens, P. R. S., Baudry, P. J., Pang, P., and Hammond, G. (2010). First description of an extended-spectrum-β-lactamase-producing multidrug-resistant Escherichia fergusonii strain in a patient with cystitis. J. Clin. Microbiol. 48, 2301–2302. doi: 10.1128/JCM.00364-10

Lai, C. C., Cheng, A., Huang, Y. T., Chung, K. P., Lee, M. R., Liao, C. H., et al. (2011). Escherichia fergusonii bacteremia in a diabetic patient with pancreatic cancer. J. Clin. Microbiol. 49, 4001–4002. doi: 10.1128/JCM.05355-11

Li, Y., Wang, Q., Peng, K., Liu, Y., Li, R., and Wang, Z. (2020). Emergence of carbapenem- and tigecycline-resistant proteus cibarius of animal origin. Front. Microbiol. 11:1940. doi: 10.3389/fmicb.2020.01940

Lin, G., Chai, J., Yuan, S., Mai, C., Cai, L., Murphy, R. W., et al. (2016). Vennpainter: A tool for the comparison and identification of candidate genes based on Venn diagrams. PLoS One 11:e0154315. doi: 10.1371/journal.pone.0154315

Lin, J., Tang, B., Zheng, X., Chang, J., Ma, J., He, Y., et al. (2022). Emergence of Incl2 plasmid-mediated colistin resistance in avian Escherichia fergusonii. FEMS Microbiol. Lett. 369, 1–9. doi: 10.1093/femsle/fnac016

Lindsey, R. L., Garcia-Toledo, L., Fasulo, D., Gladney, L. M., and Strockbine, N. (2017). Multiplex polymerase chain reaction for identification of Escherichia coli, Escherichia albertii and Escherichia fergusonii. J. Microbiol. Methods 140, 1–4. doi: 10.1016/j.mimet.2017.06.005

Liu, R., Xu, H., Guo, X., Liu, S., Qiao, J., Ge, H., et al. (2022). Genomic characterization of two Escherichia fergusonii isolates harboring mcr-1 gene from farm environment. Front. Cell. Infect. Microbiol. 12:774494. doi: 10.3389/fcimb.2022.774494

Liu, Y. Y., Wang, Y., Walsh, T. R., Yi, L. X., Zhang, R., Spencer, J., et al. (2016). Emergence of plasmid-mediated colistin resistance mechanism MCR-1 in animals and human beings in China: A microbiological and molecular biological study. Lancet Infect. Dis. 16, 161–168. doi: 10.1016/S1473-3099(15)00424-7

Lukjancenko, O., Wassenaar, T. M., and Ussery, D. W. (2010). Comparison of 61 sequenced Escherichia coli genomes. Microb. Ecol. 60, 708–720. doi: 10.1007/s00248-010-9717-3

Luo, L., Wang, H., Payne, M. J., Liang, C., Bai, L., Zheng, H., et al. (2021). Comparative genomics of Chinese and international isolates of Escherichia albertii: Population structure and evolution of virulence and antimicrobial resistance. Microb. Genomics 7:000710. doi: 10.1099/MGEN.0.000710

Mahapatra, A., Mahapatra, S., and Mahapatra, A. (2005). Escherichia fergusonii: An emerging pathogen in South Orissa. Indian J. Med. Microbiol. 23:204. doi: 10.1016/s0255-0857(21)02598-6

Maifreni, M., Frigo, F., Bartolomeoli, I., Innocente, N., Biasutti, M., and Marino, M. (2013). Identification of the Enterobacteriaceae in Montasio cheese and assessment of their amino acid decarboxylase activity. J. Dairy Res. 80, 122–127. doi: 10.1017/S002202991200074X

Malik, Y. S., Milton, A. A. P., Ghatak, S., and Ghosh, S. (2021). “Role of birds in transmitting zoonotic pathogens,” in Livestock diseases and management, ed. Y. S. Malik (Singapore: Springer).

Murray, M., Salvatierra, G., Dávila-Barclay, A., Ayzanoa, B., Castillo-Vilcahuaman, C., Huang, M., et al. (2021). Market chickens as a source of antibiotic-resistant Escherichia coli in a Peri-Urban Community in Lima, Peru. Front. Microbiol. 12:635871. doi: 10.3389/fmicb.2021.635871

Naves, P., Del Prado, G., Huelves, L., Gracia, M., Ruiz, V., Blanco, J., et al. (2008). Measurement of biofilm formation by clinical isolates of Escherichia coli is method-dependent. J. Appl. Microbiol. 105, 585–590. doi: 10.1111/j.1365-2672.2008.03791.x

Nguyen, L. T., Schmidt, H. A., Von Haeseler, A., and Minh, B. Q. (2015). IQ-TREE: A fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol. Biol. Evol. 32, 268–274. doi: 10.1093/molbev/msu300

Oh, J. Y., Kang, M. S., An, B. K., Shin, E. G., Kim, M. J., Kwon, J. H., et al. (2012). Isolation and epidemiological characterization of heat-labile enterotoxin-producing Escherichia fergusonii from healthy chickens. Vet. Microbiol. 160, 170–175. doi: 10.1016/j.vetmic.2012.05.020

Page, A. J., Cummins, C. A., Hunt, M., Wong, V. K., Reuter, S., Holden, M. T. G., et al. (2015). Roary: Rapid large-scale prokaryote pan genome analysis. Bioinformatics 31, 3691–3693. doi: 10.1093/bioinformatics/btv421

Parin, U., Kirkan, S., Arslan, S. S., and Yuksel, H. T. (2018). Molecular identification and antimicrobial resistance of Escherichia fergusonii and Escherichia coli from dairy cattle with diarrhoea. Vet. Med. (Praha) 63, 110–116. doi: 10.17221/156/2017-VETMED

Pedersen, T. L. (2017). Hierarchical sets: Analyzing pangenome structure through scalable set visualizations. Bioinformatics 33, 1604–1612. doi: 10.1093/bioinformatics/btx034

Pontes, L. D. S., Pimenta, R., Silveira, M. C., Tavares-Teixeira, C. B., Pereira, N. F., Da Conceiçao Neto, O. C., et al. (2021). Letter to the Editor: Escherichia fergusonii harboring IncHI2 plasmid containing mcr-1 Gene-a novel reservoir for colistin resistance in Brazil. Microb. Drug Resist. 27, 721–725. doi: 10.1089/mdr.2020.0041

Pritchard, L., Glover, R. H., Humphris, S., Elphinstone, J. G., and Toth, I. K. (2016). Genomics and taxonomy in diagnostics for food security: Soft-rotting Enterobacterial plant pathogens. Anal. Methods 8, 12–24. doi: 10.1039/c5ay02550h

Rayamajhi, N., Cha, S. B., Shin, S. W., Jung, B. Y., Lim, S. K., and Yoo, H. S. (2011). Plasmid typing and resistance profiling of Escherichia fergusonii and other Enterobacteriaceae isolates from South Korean farm animals. Appl. Environ. Microbiol. 77, 3163–3166. doi: 10.1128/AEM.02188-10

Richter, M., and Rosselló-Móra, R. (2009). Shifting the genomic gold standard for the prokaryotic species definition. Proc. Natl. Acad. Sci. U.S.A. 106, 19126–19131. doi: 10.1073/pnas.0906412106

Rimoldi, G. M., and Moeller, R. B. (2013). Escherichia fergusonii associated with pneumonia in a beef cow. J. Vet. Med. 2013, 1–3. doi: 10.1155/2013/829532

Saha, O., Rakhi, N. N., Hoque, M. N., Sultana, M., and Hossain, M. A. (2021). Genome-wide genetic marker analysis and genotyping of Escherichia fergusonii strain OTSVEF-60. Brazilian J. Microbiol. 52, 989–1004. doi: 10.1007/s42770-021-00441-2

San, J. E., Baichoo, S., Kanzi, A., Moosa, Y., Lessells, R., Fonseca, V., et al. (2020). Current affairs of microbial genome-wide association studies: Approaches, bottlenecks and analytical pitfalls. Front. Microbiol. 10:3119. doi: 10.3389/fmicb.2019.03119

Savini, V., Catavitello, C., Bianco, A., Masciarelli, G., Astolfi, D., Balbinot, A., et al. (2009). First enteric Escherichia fergusonii from Italy. Infez. Med. 17, 259–260.

Savini, V., Catavitello, C., Talia, M., Manna, A., Pompetti, F., Favaro, M., et al. (2008). Multidrug-resistant Escherichia fergusonii: A case of acute cystitis. J. Clin. Microbiol. 46, 1551–1552. doi: 10.1128/JCM.01210-07

Scheutz, F., and Strockbine, N. A. (2015). “Escherichia,” in Bergey’s manual of systematics of archaea and bacteria, eds W. Whitman, F. Rainey, P. Kämpfer, M. Trujillo, J. Chun, P. Devos, et al. (Hoboken, NJ: Wiley). doi: 10.1002/9781118960608.gbm01147

Seemann, T. (2014). Prokka: Rapid prokaryotic genome annotation. J. Bioinform. 30, 2068–2069. doi: 10.1093/bioinformatics/btu153

Shah, A., Alam, S., Kabir, M., Fazal, S., Khurshid, A., Iqbal, A., et al. (2022). Migratory birds as the vehicle of transmission of multi drug resistant extended spectrum β lactamase producing Escherichia fergusonii, an emerging zoonotic pathogen. Saudi J. Biol. Sci. 29, 3167–3176. doi: 10.1016/j.sjbs.2022.01.057

Silveira, N. F. A., Silva, N., Contreras, C., Miyagusku, L., Baccin, M. D. L. F., Koono, E., et al. (1999). Occurrence of Escherichia coli O157:H7 in Hamburgers produced in Brazil. J. Food Prot. 62, 1333–1335. doi: 10.4315/0362-028X-62.11.1333

Simmons, K., Islam, M. R., Rempel, H., Block, G., Topp, E., and Diarra, M. S. (2016). Antimicrobial resistance of Escherichia fergusonii isolated from broiler chickens. J. Food Prot. 79, 929–938. doi: 10.4315/0362-028X.JFP-15-575

Souvorov, A., Agarwala, R., and Lipman, D. J. (2018). SKESA: Strategic k-mer extension for scrupulous assemblies. Genome Biol. 19, 1–13. doi: 10.1186/s13059-018-1540-z

Tang, B., Chang, J., Chen, Y., Lin, J., Xiao, X., Xia, X., et al. (2022). Escherichia fergusonii, an underrated repository for antimicrobial resistance in food animals. Microbiol. Spectr. 10:e0161721. doi: 10.1128/spectrum.01617-21

Tang, B., Chang, J., Zhang, L., Liu, L., Xia, X., Hassan, B. H., et al. (2020). Carriage of distinct mcr-1-Harboring plasmids by unusual serotypes of Salmonella. Adv. Biosyst. 4, 1–7. doi: 10.1002/adbi.201900219

Tettelin, H., Masignani, V., Cieslewicz, M. J., Donati, C., Medini, D., Ward, N. L., et al. (2005). Erratum: Genome analysis of multiple pathogenic isolates of Streptococcus agalactiae: Implications for the microbial “pan-genome”. Proc. Natl. Acad. Sci. U.S.A. 102:16530. doi: 10.1073/pnas.0508532102

Tettelin, H., Riley, D., Cattuto, C., and Medini, D. (2008). Comparative genomics: The bacterial pan-genome. Curr. Opin. Microbiol. 11, 472–477. doi: 10.1016/j.mib.2008.09.006

Toualbia, M., Bouras, A. E. K. D., Koiche, M., and Kerkoud, M. (2018). Isolation, identification and characterization of Lactobacillus plantarum from camel milk and its antagonist effect against diarrheal bacteria. Emirates J. Food Agric. 30, 283–287. doi: 10.9755/ejfa.2018.v30.i4.1663

Touchon, M., Hoede, C., Tenaillon, O., Barbe, V., Baeriswyl, S., Bidet, P., et al. (2009). Organised genome dynamics in the Escherichia coli species results in highly diverse adaptive paths. PLoS Genet. 5:e1000344. doi: 10.1371/journal.pgen.1000344

Weiss, A. T. A., Lübke-Becker, A., Krenz, M., and van der Grinten, E. (2011). Enteritis and septicemia in a horse associated with infection by Escherichia fergusonii. J. Equine Vet. Sci. 31, 361–364. doi: 10.1016/j.jevs.2011.01.005

Wood, D. E., Lu, J., and Langmead, B. (2019). Improved metagenomic analysis with Kraken 2. Genome Biol. 20, 1–13. doi: 10.1186/s13059-019-1891-0

Wragg, P., La Ragione, R. M., Best, A., Reichel, R., Anjum, M. F., Mafura, M., et al. (2009). Characterisation of Escherichia fergusonii isolates from farm animals using an Escherichia coli virulence gene array and tissue culture adherence assays. Res. Vet. Sci. 86, 27–35. doi: 10.1016/j.rvsc.2008.05.014

Yang, Z. K., Luo, H., Zhang, Y., Wang, B., and Gao, F. (2019). Pan-genomic analysis provides novel insights into the association of E.coli with human host and its minimal genome. Bioinformatics 35, 1987–1991. doi: 10.1093/bioinformatics/bty938

Zhang, D., Xia, J., Xu, Y., Gong, M., Zhou, Y., Xie, L., et al. (2016). Biological features of biofilm-forming ability of Acinetobacter baumannii strains derived from 121 elderly patients with hospital-acquired pneumonia. Clin. Exp. Med. 16, 73–80. doi: 10.1007/s10238-014-0333-2

Zhou, Z., Charlesworth, J., and Achtman, M. (2020). Accurate reconstruction of bacterial pan- and core genomes with PEPPAN. Genome Res. 30, 1667–1679. doi: 10.1101/gr.260828.120


OPS/xhtml/Nav.xhtml




Contents





		Cover



		Avian strains of emerging pathogen Escherichia fergusonii are phylogenetically diverse and harbor the greatest AMR dissemination potential among different sources: Comparative genomic evidence



		1. Introduction



		2. Materials and methods



		2.1. Isolation and identification of E. fergusonii



		2.2. Phenotypic characterization of isolates



		2.3. Genome sequencing and assembly



		2.4. Public genome dataset of E. fergusonii



		2.5. Resistome analysis



		2.6. Analysis of virulome and pathogenic potential



		2.7. Mobilome (plasmids, transposons, and integrons) analyses



		2.8. Pangenomics of E. fergusonii



		2.9. Phylogenetic analysis



		2.10. Statistical analysis and data representation







		3. Results



		3.1. Antimicrobial susceptibility and biofilm formation by E. fergusonii isolates



		3.2. Genome features



		3.3. Resistome analysis



		3.4. Virulome analysis



		3.5. Mobilome analysis



		3.6. Pangenomics



		3.7. Phylogeny







		4. Discussion



		5. Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Microbiology

Avian strains of emerging
pathogen Escherichia
fergusonii are phylogenetically
diverse and harbor
the greatest AMR
dissemination potential
among different sources:
Comparative genomic
evidence












OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology






OPS/images/fmicb-13-1080677-t001.jpg
Isolates Sugar fermentation AST phenotype* Biofilm Integrons Plasmids | Transposon | Pathogenic

formation in types potential**
genome
AMP | GEN COT | CTX
Arabinose | Cellobiose | 10 25 K{0]
Chk_EFNEH1 Positive Positive 228 16S 15R 10R 6R 16R 238 258 218 Negative Yes 4 130 0933
Chk_EFNEH2 Positive Positive 218 16S 15R 10R 6R 18R 238 258 238 Negative Yes 4 130 0933
Pou_EFNEH3 Positive Positive 208 158 26S 248 218 15R 208 258 181 Negative No 1 39 0.939
Chk_EFNEH4 Positive Positive 28 15$ 18R 131 6R 15R 248 278 201 Negative Yes 1 117 0.934
Chk_EFNEH5 Positive Positive 6R 15$ 15R 6R 208 18R 248 278 228 Negative No 10 132 0923
Chk_EFNEH6 Positive Positive 6R 15$ 19R 11R 6R 15R 258 26 218 Positive Yes 3 136 0.930

*Disc concentrations in mcg; S, sensitive; I, intermediate; R, resistant. AMP, ampicillin; GEN, gentamicin; CIP, ciprofloxacin; TE, tetracycline; COT, Co-trimoxazole; CTX, cefotaxime; FOX, cefoxitin; IPM, imipenem; CAZ, ceftazidime.
**As per Cosentino et al. (2013).






OPS/images/email.jpg





OPS/images/cross.jpg
@ Check for updates.





OPS/images/fmicb-13-1080677-g004.jpg
Occurrences of plasmid types in E. fergusoml genomes

60
54

o 51
2 50
g 42 41
fL 36 35
o 32 34 5,
"> 30
(&}
=
220
—
-
g 10

0

s“”,f,b\ \ %\’q,’*r’\ ~¢' vb r\?’
°~, q‘,?&& ¢ ‘2\ oé Q‘\
\\Q \\ Q,\y»
Q\
\*‘c'

Chk_EFNEH1

ColRNAL1, ColpVC_1,IncX1_1,p0111_1

Chk_EFNEH2 ColRNAL1, ColpVC_1,IncX1_1,p0111_1

Pou_EFNEH3 p0111_1

Chk_EFNEH4 p0111_1

Chk_EFNEH5 | Col(MG828)_1, ColRNAI_1, ColpVC_1, IncFIB(AP001918)_1, IncFII(pCo0)_1,
21 IncHI1A_1, IncHI2_1, IncX1_3,p0111_1, pKPC-CAV1321_1

13 Chk_EFNEH6 | Col(MG828)_1, Col44011,p0111_1
= 1% i 5 g
s 22222232 433 L11ddd
% N N _ N N N \ Vv
‘\» QAO, &v&oz @zo&;@\ ¢§ .\’99\\ \‘3.\ \\\ o\ v?’\ q"\o ,\9 b Q' \,3. * Q.\ \,;,\ Q\v. (\,\,\ qﬁ:\\ & *u. Pk
& Q 0 “ S \\ $ N S
N \03 \0\‘\3\ g\\"% IR & \‘\3 &N
g
&
D
<
O

Plasmid types






OPS/images/fmicb-13-1080677-g005.jpg
3500

3000 -
%]
=
§ 2500
[=%
[7,]
=
<
£ 2000 -
e
o
Tt
2
£ 1500
=
z

1000 -

- | | | | I | |
0 ,,lllllll ' AR NNA a J an 18 lIl llllll.l-ll IlllllllllllllllIllllllll IIIIII.I
Avian* Bovine Ovine Porcine*
* groups differ significantly (P<0.05) Isolation source

Avian origin isolates: Blue coloured bars | Bovine origin isolates: Maroon coloured bars | Ovine origin isolates: Green coloured bars | Porcine origin isolates: Pink coloured bars






OPS/images/fmicb-13-1080677-g002.jpg
Aminoglycosides

Fluoroquinolones

Tetracyclines
Diaminop yrimidin
es

Phenicols
Macrolides
Sulphonamides

Colistin

Fosfomycins

ampCl ampH |CTX-M-126| CTX-M-14 | CTX-M-174 | CTX-M-199 CTX-M-2 |CTX-M-3|CTX-M-4 |CTX-M-55|CTX-M-64|CTX-M-65
CTX-M-73 | CTX-M-83 | CTX-M-84 EC-5 EC-8 LAP-2 OXA-1 OXA-10| TEM-1 |TEM-112 |\TEM-135 | TEM-150
TEM-181 | TEM-191 | TEM-194 | TEM-206 TEM-207 TEM-214 TEM-216 |TEM-243| TEM-76 | TEM-81 | TEM-95
AAC(3)-lld| AAC(3)-IV |AAC(3)-VIia|AAC(6')-1b10| AAC(6')-Ib7 |\AAC(6')-Ib-cr3|AAC(6')-Ib-cr6| aadA | aadAl2 | aadAl5 | aadAl6

aadAl7 aadA2 aadA22 aadA23 aadA24 aadA3 aadA5 aadA8 | aadA8b

aadA9 |ANT(3")-lla|APH(3)-la| APH(3")-Ib | APH(3')-lla | APH(4)-la APH(6)-Id | rmtB | SAT-2

emrA emrB emrR ogxA ogxB QnrB6 QnrS1 QnrS2

tet(A) tet(B) tet(C) tet(D) tet(W/N/W) Tet(X4) tetM tetR

dfrAl dfrA5 dfrA7 dfrAl2 dfrAl4 dfrAl7 dfrA27

catB3 catl cmlAl cmlA5 cmlA6 floR

mef(B) mphA mphB

sull sul2 sul3

MCR-1.1 PmrF

FosA3

*Resistance genes are in alphabetical order from left to right






OPS/images/fmicb-13-1080677-g003.jpg
Number of antimicrobial resistance genes

......

.....

.....
.......
......
....................
.........................
.....................
................
.........................
..........................
.........................
..................
.....................
....................

....................

Pan Resistome

Core Resistome

Curve of Average Pan Resistome Size
Curve of Average Core Resistome Size
Fitting Curve of Pan Resistome Size
Fitting Curve of Core Resistome Size

......
...........

...............
....................
......................
...........................
oooooooooooooooooooooooooooo
...............................

N
" O O O O OO OO O O OO OO | L] LD [ reeeeeeereeiviiiiiieees
ZO R R R L L L LT T A o
. ||I ................................
' lll
..... ki
......... 1 iy
............ (AT
..............................
...............................
.................................... ?
d B T T 0 &R e 6T e A R O E A
O
................................
...........................
—————————————————— - ——

Number of E. fergusonii genomes





OPS/images/fmicb-13-1080677-g006.jpg
Environmental Avian specific transposons
Tn6198, Tn5253-like, Tn6009, Tn6002,

Avian Tn6227, Tn6085, Tn6000, Tn5253, Tn5801-
23 like, Tn1116, Tn6003, Tn6087, Tn6248,
. __________________ Tn2009.2, Tn6246, Tn6247, Tn5251,

Tn2010, Tn925, Tn6084, Tn6273, Tn402,

Human Tn2012

Bovine

Ovine

Porcine

|
Porcine specific transposons

| Tné6107, Tn2009, Tn2006, Tn2008, Tn6168

Ovine specific transposons

Tn6272, Tn5401, Tn5721

1

|
i

Avian origin isolates: Yellow circle | Ovine origin isolates: Green circle | Porcine origin isolates : Blue circle |

Bovine origin isolates : Orange circle | Environmental origin isolates : Pink circle | Human origin isolates : Violet circle





OPS/images/fmicb-13-1080677-g007.jpg
Outer circle: Integrons

- Present
I:l Absent

D1-EC6349

0171 NUD
Parrot_ MO
Chk_C12-1

Canle_RHst.cga

Sheep_RHB33-C07 =—— | Sheep_RHB24-C06
Sheep_RHB33-C04 Sheep_RHB24-C08
Sheep_RHB32-C05 Chk_EFg0

Duck_YC114-2 Chk_EF31.1

Inner circle: Country of isolation

United Kingdom
China

Canada

India

USA

Brazil

deous
—doousS
AN’

Germany

vov U0

Australia

100-2€aHY daaus

France

Bangladesh

OONEOEROROO

* represents Indian isolates sequenced in the present study Unknown

Avian origin isolates: Yellow shade | Porcine origin isolates: Beige shade | Ovine origin isolates: Green shade | Bovine origin isolates: Violet shade





OPS/images/fmicb-13-1080677-g001.jpg
Dark yellow to orange colonies of E. ferqusonii Colourless colonies of E. fergusonii on Sorbitol
on Simmons Citrate Adonitol (SCA) agar MacConkey (SMAC) agar

<+—— 575 bp

Molecular confirmation of E. fergusonii by amplification of ACP dependent acyltranferase gene
(575 bp)
Lane 1: Positive control | Lane 2: Negative control | Lane 3: Molecular weight marker (100 bp) | Lane 4: E. fergusonii isolate (Chk_EFNEH1) |

Lane 5: E. fergusonii isolate (Chk_EFNEH2) | Lane 6: E. fergusonii isolate (Pou_EFNEH3) | Lane 7: E. fergusonii isolate (Chk_EFNEH4) |
Lane 8: E. fergusonii isolate (Chk_EFNEHS5) | Lane 9: E. fergusonii isolate (Chk_EFNEH6)





