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Aeromonas species are Gram-negative bacteria that infect various living organisms and are ubiquitously found in different aquatic environments. In this study, we used whole genome sequencing (WGS) to identify and compare the antimicrobial resistance (AMR) genes, integrons, transposases and plasmids found in Aeromonas hydrophila, Aeromonas caviae and Aeromonas veronii isolated from Indian major carp (Catla catla), Indian carp (Labeo rohita), catfish (Clarias batrachus) and Nile tilapia (Oreochromis niloticus) sampled in India. To gain a wider comparison, we included 11 whole genome sequences of Aeromonas spp. from different host species in India deposited in the National Center for Biotechnology Information (NCBI). Our findings show that all 15 Aeromonas sequences examined had multiple AMR genes of which the Ambler classes B, C and D β-lactamase genes were the most dominant. The high similarity of AMR genes in the Aeromonas sequences obtained from different host species point to interspecies transmission of AMR genes. Our findings also show that all Aeromonas sequences examined encoded several multidrug efflux-pump proteins. As for genes linked to mobile genetic elements (MBE), only the class I integrase was detected from two fish isolates, while all transposases detected belonged to the insertion sequence (IS) family. Only seven of the 15 Aeromonas sequences examined had plasmids and none of the plasmids encoded AMR genes. In summary, our findings show that Aeromonas spp. isolated from different host species in India carry multiple AMR genes. Thus, we advocate that the control of AMR caused by Aeromonas spp. in India should be based on a One Health approach.
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Introduction

Aeromonads are Gram-negative facultative anaerobic bacteria ubiquitously found in freshwater, estuarine, and brackish water environments (Janda and Abbott, 2010). Common disease-causing Aeromonas species include Aeromonas hydrophila, Aeromonas caviae, Aeromonas veronii, Aeromonas sobria and Aeromonas salmonicida (Figueras and Beaz-Hidalgo, 2015). Given their tropism for several species and ubiquitous nature in aquatic environments, Aeromonas spp. have the potential to transmit antimicrobial resistance (AMR) genes to multiple host species. Moreover, various Aeromonas spp. have been reported to carry plasmids, transposons and integrases that play a major role in acquisition and transfer of AMR genes among different bacteria species (Chang and Bolton, 1987; Sørum et al., 2003; Palu et al., 2006). Thus, a comparison of AMR genes, plasmids, and transposons found in Aeromonas spp. isolated from aquatic environments, insects, fish, and animals would shed insight into the role of Aeromonas spp. in the spread of AMR genes from the environment to different host species. Information from these studies would guide the design of effective control measures to limit AMR spread by Aeromonas spp. in different ecosystems.

India is the second largest consumer of antibiotics after China (Schar et al., 2020). It is also the second largest producer of farmed aquatic organisms in the world (Jayasankar, 2018). Antimicrobials may be used in aquaculture in India for the control of infectious diseases (Walia et al., 2019; Lulijwa et al., 2020) of which Aeromonas spp. are among the top pathogens infecting aquatic organisms (Harikrishnan and Balasundaram, 2005; Elgendy et al., 2017; Dubey et al., 2021; Saharia et al., 2021). Boeckel et al. (Van Boeckel et al., 2019) reported that India, together with China, represent the largest environmental AMR hot-spots suggesting that bacteria species like Aeromonas spp. ubiquitously found in the aquatic environment are likely to be among the top carriers of AMR genes. Aeromonas spp. have been isolated from sewage (Sudheer Khan et al., 2011; Gogry and Siddiqui, 2019), ponds (Singh et al., 2008; Zdanowicz et al., 2020), rivers (Roy et al., 2013), lakes (Joshi, 2016) and marine areas (Vivekanandhan et al., 2005). From farmed aquatic organisms they have been isolated from fresh water loach (Lepidocephalichthys guntea) (Roy and Barat, 2011; Roy et al., 2013), freshwater prawn (Macrobrachium rosenbergii) (Lijon et al., 2015), marine prawn (Penaeus semisulcatus) (Vivekanandhan et al., 2005), Indian white shrimp (Penaeus indicus) (Rahimi and Nene, 2006), and giant tiger prawn (Penaeus monodon) (Vaseeharan et al., 2005). In insects, they have been isolated from mosquitos (Culex quinquefasciatus and Aedes aegyptii) (Pidiyar et al., 2002) and chironomid larvae (Kuncham et al., 2017), while from birds and mammals they have been isolated from chickens (Praveen et al., 2014), pigs (Rahimi and Nene, 2006) and buffalo (Rahimi and Nene, 2006). In humans, they have been linked to keratitis, meningitis, and acute gastroenteritis (Misra et al., 1989; Seetha et al., 2004; Sinha et al., 2004; Subashkumar et al., 2006; Motukupally et al., 2014). Overall, these observations from Aeromonas studies performed in India are in line with findings from other countries where Aeromonas spp. have been isolated from various insect species such as mosquitoes, midges, and houseflies near water bodies (Smith et al., 1998; Pidiyar et al., 2002; Nayduch et al., 2005; Jazayeri et al., 2011) as well as from fish, frogs, reptiles, birds, and mammals (Parker and Shaw, 2011; Elgendy et al., 2017; Wamala et al., 2018; Abdelsalam et al., 2021). What has not been determined is whether Aeromonas spp. isolated from different host species carry similar AMR genes, transposons and plasmids.

From previous studies done in India, the prevalence of AMR genes in different Aeromonas spp. has been reported using the disc diffusion test and AMR genes by PCR (Sinha et al., 2004; Kaskhedikar and Chhabra, 2010; Roy et al., 2013). A major limiting factor with PCR as a survey tool is that it uses primers targeting only the selected AMR genes, posing the danger of omitting other vital genes contributing to AMR present in bacteria genomes. Thus, PCR lacks the ability to profile all AMR genes present in bacteria genomes. On the other hand, the disc diffusion test only gives the phenotypic characterization of AMR, but does not profile all genes responsible for the antimicrobial resistance. So, the purpose of this study was to use whole genome sequencing (WGS) to identify and compare AMR genes found in A. hydrophila, A. veronii and A. caviae isolated from different fish species in India. To increase our breadth of comparison, we included other publicly available whole genome sequences of Aeromonas spp. obtained from different host species in India deposited in the National Biotechnology Center for Information (NCBI). Thus, our work provides a comprehensive overview of AMR genes, efflux pump genes, integrases, transposases and plasmids found in different Aeromonas spp. isolated from different host species in India. Data generated herein is useful for creating a basis for a One Health approach in the control of AMR caused by Aeromonas spp.



Materials and methods


Characterization of bacteria using MALDI-TOF and PCR using 16S rRNA

Two A. hydrophila strains (SD/21–01 and SD/21–05) isolated from Catla catla and Labeo rohita, one A. veronii strain (SD/21–04) isolated from Clarias batrachus and one A. caviae strain (SD/21–11) from Oreochromis niloticus from India (Table 1) were retrieved from the −80°C freezer in tryptose soy broth (TSB) and incubated at 30°C overnight. All four Aeromonas spp. used were isolated from disease outbreaks of fish cultured under intensive farming (Table 1; Dubey et al., 2021). Diseased fish were treated with oxytetracycline, trimethoprim and sulfonamide. Bacteria grown in TSB were also cultured on blood agar plates for individual colony purity. Purified colonies were further characterized using the Matrix-Assisted Laser Desorption/Ionization-Time Of Flight (MALDI-TOF) mass spectrometry (MS) based on manufacturer’s protocol (Singhal et al., 2015). Purified bacteria confirmed by MALDI-TOF were used for DNA extraction using the DNA extraction kit (Qiagen, Germany). Genus identification was carried out by PCR using universal 16S rRNA gene primers 27F and 1492R (Alcock et al., 2020). After confirmation as Aeromonas spp. by 16S rRNA gene sequencing, cultured isolates were used for genomic DNA extraction.



TABLE 1 Genebank accession numbers of Aeromonas spp. used in the study.
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Testing of antimicrobial resistance using disk diffusion assay

The four Aeromonas spp. isolated from different fish species (Table 1) were tested for antibiotic resistance using the Kirby-Bauer disk diffusion assay (Joseph et al., 2011). Commercially available antibiotic discs (Neo-Sensitabs™, Rosco) used were ampicillin (AMP-10 μg), cefoxitin (CFO-30 μg), cephalothin (CEP-30 μg), ciprofloxacin (CIPR-5 μg), erythromycin (Ery-15 μg), gentamycin (GEN-10 μg), nitrofurantoin (NI-300 μg), penicillin (PEN-10 μg), sulfonamide (SULFA-240 μg), tetracycline (TET-30 μg), and trimethoprim (TRIM-5 μg). Overnight grown bacterial isolates were diluted to 0.5 MacFarland at a concentration of 108cfu/ml and 100 μl spread over the Muller Hinton agar using sterile cotton swabs (Saffari et al., 2016). Antibiotic discs were placed on the agar plate surface on a bacterial lawn followed by incubation at 30°C overnight. Antibiotic susceptibility/resistance was measured based on the manufacturer’s instruction (Neo-Sensitabs™, Rosco Diagnostica, Albertslund, Denmark). All experiments were carried out based on the Clinical and Laboratory Standards Institute (CLSI) (Cockerill et al., 2012) guidelines to determine the susceptibility or resistance of bacteria to antibiotic treatment (Kahlmeter et al., 2006).



Bacterial genomic DNA extraction and QC analysis

Genomic DNA (gDNA) was extracted from the four Aeromonas spp. isolated from fish in India using the MagAttract® HMW DNA kit based on the manufacturer’s protocols (Qiagen GmbH, Hilden, Germany) (Becker et al., 2016). A 1 ml volume containing approximately 2 ×109 CFU/ml freshly grown bacteria was centrifuged in 2 ml Eppendorf tubes and pellets were resuspended in 180 μl buffer ATL (tissue lysis buffer, Qiagen GmbH, Hilden, Germany). Thereafter, Proteinase K (20 mg/ml concentration) was added to each tube followed by incubation at 56°C in an Eppendorf thermomixer for 30 min. After incubation, 4 μl RNase was added to the suspension followed by pulse vortexing. This was followed by adding 15 μl of MagAttract Suspension G and 280 μl Buffer MB to each vial followed by pulse vortexing (Tarumoto et al., 2017). The suspension from each tube was transferred onto the MagAttract holder followed by mixing for 1 min on an Eppendorf thermomixer. Magnetic beads containing gDNA were separated on the MagAttract magnetic rack for around 1 min, and supernatants were removed without disturbing the beads. Magnetic beads were washed twice using MW1 and PE buffer (Becker et al., 2016; Tarumoto et al., 2017). The remaining suspension from each vial was removed by rinsing the beads with 1 ml RNase-free water twice (Qiagen GmbH, Hilden, Germany) (Becker et al., 2016). The harvested gDNA was eluted in 100 μl buffer EB. The purity of gDNA was assessed using the NanoDrop (Thermo Fisher, Arbor, Michigan United States) and gel electrophoresis using 1% agarose. Quantification of gDNA was done using the Qubit double-stranded DNA high-CHS kit based on the manufacturer’s instructions (Life Technologies Inc., Carlsbad, CA, United States) (Guan et al., 2020).



Library preparation, sequencing and bioinformatic analysis

Aeromonas spp. sequence libraries were prepared using the paired-end genome libraries using the Nextera DNA Flex Tagmentation (Illumina Inc. San Diego, CA, United States) (Gaio et al., 2021). Illumina libraries were quantified using the Qubit® DNA HS Assay Kit in a Qubit fluorometer (Thermo Fisher Scientific, Waltham, MA, United States) while the size of library fragments was checked using an Agilent 2,100 Bioanalyzer System using the Agilent HS DNA Kit (Agilent Technologies, CA, United States). Illumina MiSeq (Illumina Inc., United States) were sequenced using V3 reagent kits using paired-end read length of 2 × 300 bp (Kaspersen et al., 2020). Four bacterial raw DNA reads from this study and 11 sequence reads archives (SRAs) were retrieved from NCBI (Table 1) and were analyzed using the online Galaxy platform (https://usegalaxy.no/) version 21.05. Quality of both forward and reverse raw reads were analyzed using the FastQC Version 0.11.9 software (Bioinformatics, 2011), while the Trimmometric version 0.38.1 was used to remove the adapters and low-quality reads from paired-end sequences (Bolger et al., 2014). The resulting paired-end sequence reads were de novo assembled into contigs using SPAdes v. 3.12.0 (Coil et al., 2015) with 33 to 91 k-mers (Bankevich et al., 2012), while genome annotation was conducted using the prokaryotic genome annotation pipeline (PGAP) (Tatusova et al., 2016) from the NCBI and Prokka (Seemann, 2014).



Prediction of antimicrobial resistance genes

In addition to genome sequences of the four isolates from fish in India, we retrieved 11 whole genome sequences (WGS) of Aeromonas spp. from different host species in India from the NCBI database for comparison with our isolates (Table 1). Among the retrieved genomes from NCBI, A. veronii strain A8-AHP was isolated from the kidney tissue of diseased Labeo rohita and was shown to have reduced susceptibility for ampicillin and imipenem on the disk diffusion test (Tyagi et al., 2022), while A. veronii strain XhG1.2 was isolated from gills and intestine of diseased green swordtail fish and no antibiotic resistance test was reported (Das et al., 2020). Other A. veronii isolates include strain FC951 isolated from healthy humans, VBF557 from humans with unknown clinical history, CMF from insect gut (Chrysomya megacephala) and PhIn2 from fish intestines with unknown clinical history (Table 1). Similarly, A. dhakensis strain F2S2–1 was isolated from the skin surface of an Indian oil sardine (Nadiga et al., 2016). The A. salmonicida strains Y47, Y567, A527 and Y577 were isolated from a chicken, butter catfish (Ompok bimaculatus), prawn (Macrobrachium rosenbergii), and bighead carp (Aristichthys nobilis), respectively, sold as food at a market in Mumbai in India (Nagar et al., 2011; Vincent et al., 2017). There was no information available regarding the antibiotic treatment of the host species for the genomes retrieved from the NCBI database and no record of disc diffusion test for all isolates, except A. veronii strain A8-AHP. Altogether, a total of 15 sequences were used for WGS comparison of AMR genes, plasmids and transposases profiles. Antibiotic resistance genes were identified using staramr version 0.7.2 (Tran et al., 2021) and ABRicate version 1.0.1 (Seemann, 2016) in the Comprehensive Antimicrobial Resistance Database (CARD) (Alcock et al., 2020). The threshold for AMR gene identification using the CARD was set at 80%. Plasmidfinder v 2.0 (Ullah et al., 2020) was used to identify plasmids in the bacterial genomes.



Pangenome analysis

The pangenome of the 15 Aeromonas isolates from India was constructed using Roary version 3.13.0 using general feature files 3 (.gff) generated from Prokka Version 1.14.5. The minimum percent identity cut-off limit was set at 95% (Seemann, 2014; Page et al., 2015). The distribution of core genes (genes present in all genomes), shell genes (genes not shared by all genomes but present in more than one isolate), and cloud genes (genes only found in one isolate) were determined using the online usegalaxy.no platform with minimum gene identity cut-off of 99% (Page et al., 2015). The pangenome of all 15 Aeromonas genomes was generated using the online genome viewer Phandango (Hadfield et al., 2018), while accompanying phylogenetic trees were created using Gene_presence_absence and Newick files obtained from Roary and Aeromonas genomes were grouped in similarity clusters.



Phylogenetic analysis of antimicrobial resistance genes

Phylogenetic analysis of the Ambler classes B, C and D β-lactamase genes was carried out using the Molecular Evolutionary Genetic Analysis version 7 (MEGA-7) bioinformatics software (Kumar et al., 2016). The AMR genes used for phylogenetic analyses were retrieved after screening of AMR genes using ABRicate version 1.0.1 for all 15 Aeromonas spp. genomes. Phylogenetic trees were generated using the Neighbor-joining and BioNJ algorithm to a pairwise matrix estimated using JTT model and expressed as number of base substitution per site (Jones et al., 1992). The outlier groups for the Ambler classes B, and C β lactamase genes used were Shigella sonnei tetracycline gene tet(A) ANN06707.1 while Vibrio fluvialis sulfonamide gene sul1 AEJ33969.1 was used as out group for the class D β-lactamase and the CRP gene, respectively.




Results


Phenotype characterization of antimicrobial resistance using the disc diffusion test

All four Aeromonas spp. isolated from fish in India showed multidrug resistance (MDR) to three or more antibiotics on the disk diffusion test (Table 2). A. hydrophila strain SD/21–01 from Indian carp (C. catla) was resistant to AMP-10, CEP-30, PEN-10, ERY-15, SULFA-240, while the A. hydrophila strain SD/21–05 (L. rohita) was also resistant to AMP-10, ERY-15, PEN-10, SULFA-240 and TRIM-5. The A. veronii isolate from catfish (SD/21–04) was resistant to AMP-10, CFO-30, CEP-30, ERY-15, GEN-10, PEN-10, and TET-30 while A. caviae from Nile tilapia (SD/21–11) was resistant to AMP-10, PEN-10, ERY-15, GEN-10 and SULFA-240. All four isolates were susceptible to CIPR, and NI300. In addition, A. hydrophila from India carp (SD/21–05) and catfish (SD/21–01) together with A. caviae from Nile tilapia (SD/21–11) showed susceptibility to TET-30 while A. veronii from catfish (SD/21–04) was susceptible to SULFA-240.



TABLE 2 Antibiotic susceptibility of Aeromonas spp. based on disk diffusion test.
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Genome comparison

Draft genomes of all the four Aeromonas isolates from India sequenced using the MiSeq 300 generated varied between 44.5–52.0 million DNA reads with a phred quality score > 36 for all four isolates (Table 3). After quality filter (Q > 30), approximately 42.6–44.3 million reads were de novo assembled using SPAdes v. 3.12.0. Raw data generated after sequencing have been deposited in NCBI under the sequence read archive (SRA) accession numbers from SRR17405115 to SRR17405118. Genome assembly and annotation features of the four fish isolates together with 11 genomes from other species are shown in Table 3. Final genome assembly of the four Indian fish isolates SD/21–01, SD/21–05, SD/21–04 and SD/21–11 consisted of 4,701,638 bp, 4,940,355 bp, 4,570,779 bp, 4,231,844 bp, with N50 value 766,346 bp, 239,795 bp, 184,893 bp, 101,699 bp, respectively. Total number of contigs for A. hydrophila (SD/21–01 and SD/21–05), A. veronii (SD/21–04) and A. caviae (SD/21–14) were 30, 78, 69 and 99, respectively. All four fish genomes have been deposited at DDBJ/ENA/GenBank with accession JAJVCT000000000 to JAJVCW000000000 (Table 1). The size of all 15 genomes is shown in Table 3. Equally, a comparison of other parameters such as contigs, G + C content %, genes (total), genes (RNA), protein coding genes (CDS), and Pseudo Genes is shown in Table 3.



TABLE 3 Whole genome sequence data of Aeromonas spp. used in the study.
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Pangenome analysis

The total number of genes detected from the 15 Aeromonas genomes (Table 1) based on pangenome analysis was 20,415 genes of which 621 genes were core-, 7,139 shell- and 12,655 cloud genes (Figure 1). Four groups were generated based on Aeromonas species classification. Group 1 consisted of seven A. veronii genomes obtained from catfish (SD/21–04), human (FC951 and VBF557), fish (Ph1n2), Indian carp (A8-AHP), swordtail (XhG1.2) and insect (CMF). The total number of genes from group-1 was 8,911 genes that comprised of 2,388 core-, 1898 shell- and 4,625 cloud genes. Group-2 only comprised of genes from A. caviae isolated from Nile tilapia (SD/21–11). Group-3 consisted of genes from four A. salmonicida genomes from prawn (A527), butter catfish (Y567), chicken (Y47) and bighead carp (Y557) that had a total of 6,048 genes comprising of 3,320 core and 2,728 shell genes. Group-4 consisted of genes from two A. hydrophila genomes isolated from Indian carp (SD/21–01 and SD/21–05) and one A. dhakensis genome from sardine (F2S2–1). The total number of genes in group-4 was 6,321 genes of which 2,786 were core- and 3,535 shell genes.

[image: Figure 1]

FIGURE 1
 Pangenome analysis of 15 Aeromonas spp. isolated from different host species in India. Note that the 15 Aeromonas spp. are in four groups based on species. (i) Group comprises of Aeromonas veronii isolates and reference strain NZ_LS4883441.1 NCTC12244, (ii) Group 2 consists of a A. hydrophila and A. veronii isolate and reference strain NC_008570 Ah_ATCC7966, (iii) Group 3 consists of A. salmonicida isolates and reference strain NZ_LSGW01000001.1_As_ATCC33658, and (iv) Group 4 consists of A. hydrophila and A. dhakensis isolates together with the NZ_JAGDE01000001.1 Av_ATCC35624 reference strain.




Antibiotic resistance genes

All 15 Aeromonas genomes analyzed had three or more AMR genes of which the Ambler classes B, C and D β-lactam genes accounted for the majority (Table 4).



TABLE 4 Antimicrobial resistance genes detected in the Aeromonas genomes.
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Ambler class B metallo-β-lactam resistance genes

Among the Ambler class B metallo-β-lactamase (MBL) resistance genes, only five AMR genes were detected from 14 of the 15 Aeromonas genomes examined (Table 4) comprising of (i) carbapenem gene ImiH from A. hydrophila isolated from Indian carp (SD/21–01), (ii) carbapenem gene cphA3 from A. veronii isolated from humans (FC951 and VBF-557), Swordtail fish (XhG1.2), Indian carp (A8-AHP), and A. dhakensis from sardine (F2S2–1), (iii) carbapenem gene cphA4 from A. veronii from catfish (SD/21–04), insect gut (CMF) and fish (PhIp2), (vi) carbapenem gene cph5 detected from A. salmonicida isolated from chicken (Y47), prawn (A527), butterfish (Y567) bighead fish (Y557), and (v) carbapenem gene cphA8 from A. hydrophila isolated from Indian carp (SD/21–05). Phylogenetic analysis showed a close similarity for all Ambler class B MBL genes genes isolated from different Aeromonas spp. in spite of the bacteria isolates coming from different host species (Figure 2).

[image: Figure 2]

FIGURE 2
 Phylogenetic analysis of Ambler class B metallo-β-lactam (MBL) resistance genes from 13 Aeromonas spp. isolated from different host species in India.




Class C β-lactamase resistance genes

Of the 15 aeromonas genomes examined, only nine had class C β-lactam resistance genes (Table 4) consisting of (i) β-lactamase gene blaAQU-2 from A. hydrophila isolated from Indian carp (SD/21–1) and A. dhakensis (F2S2–1) from sardine, (ii) cephalosporin gene cepS from A. hydrophila (SD/21–05) isolated from Indian carp and human (VBF557), (iii) blaMOX-7 from A. caviae isolated from Nile tilapia (SD/21–11), and (iv) blaFOX-7 from A. veronii isolated from Indian carp (A8-APH). Resistance genes detected from A. salmonicida isolates included (v) blaFOX-2 from butter catfish (Y567) and prawn (A527) (vii), blaFOX-4 from bighead fish (Y557) and blaFOX-5 from A. salmonicida from chicken (Y47). The phylogenetic tree divided the Class C β-lactamase resistance genes in two groups of which group 1 comprised of the blaAQU-2, cepS, blaMOX-7 and blaFOX-7 genes while the blaFox genes from A. salmonicida were clustered together in group 2 (Figure 3). Phylogenetic analysis showed that A. hydrophila strain SD/21–01 from Indian carp and A. dhakensis strain F2S2–1 from sardine that had the β-lactamase gene blaAQU-2 were paired together, while A. hydrophila strain SD/21–05 from Indian carp and strain VBF557 from human that also had the cephalosporin gene cepS were also put next to each other in group I. Equally, the blaFOX-2 gene from A. salmonicida strains Y567 from butter catfish and A527 from prawn were placed next to each other in group II. Altogether, these findings show that genes identified to be similar using the CARD (Alcock et al., 2020; Table 4) also had a high similarity in the phylogenetic tree (Figure 4). Overall, these findings point to high similarity among C β-lactamase resistance genes in spite of the bacteria isolates coming from different host species (Figure 3).
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FIGURE 3
 Phylogenetic analysis of Ambler class C β-lactam resistance genes from 10 Aeromonas spp. isolated from different host species in India. The isolates were put in two groups. (i) Group 1 consists of blaAQU-2, cepS, blaMOX-7, and blaFOX-7 genes from A. hydrophila, A. veronii, and A. caviae isolated from different host species. Note that Strains SD/21–01 and F2S2/1 having the blaAQU-2 gene were put together while strains SD/21–05 and VBF557 having the cepS gene were also placed together. (ii) Group 2 consists of blaFOX-2, blaFOX-4 and blaFOX-5 genes from A. salmonicida isolates of which strains Y567 and Y527 having the blaFOX-2 gene were put together.


[image: Figure 4]

FIGURE 4
 Phylogenetic analysis of D class β-lactam resistance genes from 15 Aeromonas spp. from different host species in India. (i) Group 1 consists of the blaOXA-12 gene from A. veronii isolates, (ii) Group 1 had the blaOXA-724 gene from A. veronii, and A. hydrophila isolates while (iii) Group 3 has the blaOXA-427 gene from A. caviae and A. salmonicida isolates.




Classes D β-lactamase resistance genes

Only resistance genes belonging to the blaOXA group were detected in class D β-lactamase. The first group consisted of blaOXA-12 from A. veronii isolated from catfish (C. catla) (SD/21–04) and Swordtail fish (XhG1.2) together with A. veronii from humans (FC951 and VBF-557), insect (CMF), Indian carp (A8-AHP), and fish (Phln2) (Table 4). The second group comprised of blaOXA-724 from A. hydrophila isolated from Indian carp (SD/21–01 and SD/21–05) and A. dhakensis from sardine (F2S2–1). The third group consists of blaOXA-427 from A. salmonicida isolates from bighead fish (Y557), prawn (A527), chicken (Y47), and butter catfish (Y567). The final group consisted of blaOXA-780 from A. caviae isolated from Nile tilapia (SD/21–11). The phylogenetic tree showed that all seven isolates having the blaOXA-12 had 100% similarity comprising of A. veronii from catfish (C. catla) (SD/21–04), Indian carp (A8-APH), insect (CMF), human (FC951), swordtail (XhG1.2), fish intestine (Ph1n2) and human (VBF557) clustered together in group 1 (Figure 4). Equally, isolates that had the blaOXA-724 gene inclusive of A. hydrophila isolated from Indian carp (SD21/05 and SD21/01) and A. veronii from sardine (F2S2–1) had a 100% similarity and were clustered in group 2 while the blaOXA-427 gene detected in four A. salmonicida isolates from bighead (Y557), butter catfish (Y567) and prawn (Y47) was associated with group 3 with 100% similarity (Figure 4). Thus, these findings show that the similarity in AMR genes identified based on the CARD (Alcock et al., 2020; Table 4) corresponded with the similarity seen in the phylogenetic tree (Figure 4). Altogether, these findings show high similarity of class D β-lactam resistance genes irrespective of the bacteria being isolated from different host species.



Other antibiotic resistance genes

Only A. hydrophila isolated from the Indian carp (SD/21–05) possessed the trimethoprim resistance gene dfrA12 (Table 4) being in agreement with the disk diffusion test results of resistance to trimethoprim (Table 2). The sulfanomide resistance gene sul1 was only detected from A. hydrophila and A. caviae isolated from Indian carp (SD/21–05) and Nile tilapia (SD/21–11) (Table 4) that also showed resistance to sulfonamide in the disk diffusion test (Table 2). Aminoglycoside resistance genes comprised of aadA2 from A. hydrophila isolated from Indian carp (SD/21–05), APH(3′)-Ia from A. veronii isolated from Indian carp (A8-AHP), and ANT(3″)-IIa from A. caviae isolated from Nile tilapia (SD/21–11). The tetE gene was only detected from A. veronii (SD/21–04) isolated from catfish that also showed resistance to tetracycline in the disk diffusion test (Table 2) and A. salmonicida from chicken (Y47), while blaTEM-150 was only detected from A. veronii isolated Indian carp (PhIn2). Other genes detected include the chloramphenicol gene cmlA1 and colistin gene mrc-3 from A. veronii isolated from Nile tilapia (SD/21–11), humans (FC951), and Swordtail fish (XhG1.2), respectively. Correlation of the phenotypic profile determined by the disk diffusion test with the genotypic profile based on genes identified using the CARD (Alcock et al., 2020) showed 93% specificity and 88% sensitivity with an overall kappa score (K) of 0.88 determined using the Cohen’s kappa test (Cohen, 1968).




Drug resistance efflux pump genes

All 15 Aeromonas genomes had multiple multidrug efflux pump genes (Table 5). Dominant genes included the multidrug resistance protein (mdtH) and the zinc/cadmium/mercury/lead-transporting ATPase zntA gene detected in all 15 Aeromonas genomes. Other dominant genes included mdtL, which was detected in 11 of the 15 Aeromonas genomes except for A. veronii isolated from catfish (SD/21–04), green swordtail fish (XhG1.2), insect (CMF), and A. salmonicida from prawn (A527) (Table 5). The multidrug efflux MFS transporter (emrD), β-lactam sensor histidine kinase (blrB), and bleomycin resistance family protein (brp) were detected in A. hydrophila isolated from Indian carp (SD/21–01 and SD/21–05) and A. veronii isolated from catfish (SD/21–04), human (FC951), and insect (CMF) but not from the A. salmonicida and A. dhakensis (F2S2–1). On the contrary, the emrB/QacA family drug resistance (emrB), bicyclomycin resistance protein (BCM), Putative chloramphenical resistance permease protein (rarD) and fluoroquinolone (qnr) were dominant in the A. salmonicida and A. dhakensis isolates but absent in A. hydrophila and less dominant in A. veronii isolates. Finally, the resistance nodulation cell division (RND) multidrug efflux pump crp was detected from five A. veronii isolates from insect (CMF), Indian carp (A8-AHP), fish (PhIn2), and humans (VBF557) as well as A. dhakensis from sardine (F2S2–1). In addition, crp was also detected from four A. salmonicida isolates from bighead fish (Y557), prawn (A527), chicken (Y47), and butter catfish (Y567). Phylogenetic analysis showed a similarity of 100% crp from A. veronii isolates from insect, Indian carp, and human isolates (Figure 5). The homology among crp from the nine host species varied between 99.1 and 100.0%. Other resistance drug efflux genes detected are shown in Table 5.



TABLE 5 Multidrug efflux pump genes detected in Aeromonas genomes.
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FIGURE 5
 Phylogenetic analysis of crp resistance genes detected from sequences of nine Aeromonas spp. isolated from different host species in India.




Resistance genes detected together with integrase and efflux pumps

The circular map for A. hydrophila strain SD/21–05 (Figure 6A) genome showed presence of all six resistance genes (blaOXA-724, cepS, cphA8, dfrA12, aadA2, and sul1) detected using the CARD (Alcock et al., 2020; Table 4). It is noteworthy that the integrase intl1 gene was located next to the trimethoprim (dfrA12), aminoglycoside (aadA2), and sulfanomide (sul1) genes together with the major facilitator superfamily (MFS) efflux pump QacEdelta-1 (Figure 6A). The circular map of the A. veronii strain SD/21–04 (Figure 6B) genome shows that the tetR gene was located next to the Tet(E) efflux pump together with an unknown hypothetical protein while other genes detected included the cephalosporin/penam cphA4 and blaOXA-12 genes (Figure 6B). As for A. caviae strain SD/21–11, our findings show that all four AMR genes blaOXA-12, blaOXA-780, suI2 and ANT(3)-IIa detected using the CARD (Alcock et al., 2020) were found in its genome of which the intI1 integrase was located next to the sulfonamide suI2 and aminoglycoside ANT(3)-IIa genes together with the chloramphenicol cmlAI and MFS QacEdelta-1 efflux pumps (Figure 6C). Finally, the circular map for A. hydrophila strain SD/21–01 showed presence of lmiH, blaAQU-2, blaOXA-724 and tet(R) genes in its genome of which the tetracycline gene tet(R) was located next to the multidrug complex MexAB-OprM and the RND smeD efflux pumps.
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FIGURE 6
 Circular maps of whole genome sequences of Aeromonas spp. isolated from four fish species in India. (A) Circular map of whole genome sequence of Aeromonas hydrophila strain SD21/21–05 (blue) isolated from Indian carp (Labeo rohita) showing the loci for the resistance genes (red), efflux pumps (green) and integrase (blue). The extended linear map shows the integrase intl1 linked to dfrA12, aadA2, QacEdelta 1 and sul1. Circular maps of the two plasmids detected are shown in pink. (B) Circular map of whole genome of A. veronii strain SD/21–04 isolated from Clarias batrachus showing the loci for resistance genes (red), efflux pumps (green), and transposases (blue). The linear map shows the transposases linked to the hypothetical protein, tet(E) efflux pump and TetR is the repressor of the tetracycline resistance element. Circular maps of the two plasmids are shown in pink. (C) Circular map of the A. caviae strain SD/21–11 isolated from Oreochromis niloticus showing positions of the resistance genes (red), integrase (blue) and efflux pumps (green) with the linear map showing the integrase intl1 linked to the ANT(3″)-IIa, cmlA1, ANT(3″)-IIa, QacEdelta 1 and sul1 genes. Circular map of the single plasmid is shown in red. (D) Circular map of A. hydrophila strain SD/21–01 isolated from Catla catla showing resistance genes (red) and efflux pump proteins (green). The extended linear map shows the multidrug complex OprM-MexB and RND pumps linked to the tetR gene.




Plasmids found in the Aeromonas spp.

Of the four Aeromonas spp. sequenced in the present study, three had plasmids (Supplementary Table S1). A. hydrophila from Indian carp (SD/21–05) had two plasmids of which pSD2105-1 had a size of 5,278 bp while pSD2105-2 was 3,599 bp (Figure 6A). Genes found in pSD2105-1 included D-met, mebB, mebD, and MobDI, whereas pSD2105-2 had mobC, mbeB, mbeD and Bor genes (Supplementary Table S1; Figure 6A). Equally, A. veronii from catfish (SD/21–04) had two plasmids with sizes of 7,480 bp (pSD2104-1) and 1740 bp (pSD2104-2) (Figure 6B). Genes detected in pSD2104-1 were parB, repB, relB, relE, mqsA, and mqrR, whereas pSD2104-2 had hyp and repB (Supplementary Table S1). A. caviae from Nile tilapia (SD/21–11) had only one plasmid (pSD21-11) with a size of 9,364 bp that had repB, parB, copG, relE and sel1 genes (Figure 6C). Suffice to point out that only pSD211-11 had a “site-specific integrase.” Only A. hydrophila from catfish (SD/21–01) had no plasmid (Figure 6D) out of the four Aeromonas spp. sequenced in the present study. Of the 11 Aeromonas genomes retrieved from NCBI, only three had plasmids (Supplementary Table S1). A. veronii from human (FC9l51) had one plasmid (196,528 bp) and no AMR genes detected. Similarly, A. salmonicida from big head carp (Y577) had one plasmid (5,402 bp) and no AMR genes. A. veronii from Indian carp (A8-APH) and A. salmonicida from chicken (Y47) had three plasmids that had no AMR genes (Supplementary Table S1).



Transposons detected in the genomes

We found several transposases and integrases in the Aeromonas genomes with each isolate having more than six transposases (Table 6). The most dominant transposases were part of insertion sequence (IS) elements; IS481, IS1595, IS110, IS3, IS5 and IS4 that were found in several isolates. Some of the transposases were associated with resistance genes and efflux pumps as shown in Figure 6D that IS5/IS1182 was located close to the tet(E) efflux pump and tetR gene in A. veronii strain SD21/04. The class I integrase Int1 was only detected from two fish isolates (SD21-05 and SD21-11).



TABLE 6 Transposases and integrases detected from the Aeromonas genomes.
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Discussion

In this study, we have shown that all 15 Aeromonas genomes examined had multiple AMR genes suggesting that Aeromonas spp. infecting different host species in India could be carriers of multidrug resistance (MDR) genes. We have also shown that WGS is a reliable tool able to profile all AMR genes, efflux pump proteins, integrases, transposes and plasmids present in bacteria genomes, unlike PCR that use primers targeting selected genes posing the danger of missing some of the vital AMR genes encoded in bacteria genomes. In addition, we have shown that pangenome analysis is a reliable tool able to classify members of the genus Aeromonas into species by separating the shell genes that are species specific from the core genes shared by all aeromonads. Although the pangenome classified the 15 genomes into four groups based on species, the high similarity of AMR genes determined by phylogenetic analyses is suggestive that there is interspecies transmission of AMR genes among bacteria species isolated from different hosts. This is also indicative that these genes could be part of the conserved genome across the aeromonads being in line with previous observations that Aeromonads are intrinsically resistant to β-lactams (Baron et al., 2017; Kabwe et al., 2020; Sakulworakan et al., 2021).

In general, the ambler classes B, C and D genes accounted for the largest proportion of AMR genes detected from the 15 Aeromonas genomes examined. The Aeromonas genus contains several aquatic bacteria species both commensals and fish pathogens that host chromosomally located amp resistance genes that can be functional (De Luca et al., 2010). Among the class B MBL genes, the high similarity of carbapenem genes cphA3 and cphA4 genes from A. veronii, A. hydrophila and A. caviae isolated from humans, Indian carp, sardine, insect, and tilapia demonstrate the ability of different Aeromonas sp. isolated from different host species to harbor similar AMR genes. On the other hand, the high similarity of carbapenem gene cphA5 detected in the A. salmonicida genomes from chicken, and butter catfish is suggestive that one Aeromonas sp. carrying a similar gene can be a source of AMR transmission to different host species. Wang Y. et al. (2021) and Kabwe et al. (2020) have shown that aeromonads have several MBL genes that include cphA, imiH, and ceph-A3 encoded in their chromosomes suggesting that their presence in the Aeromonas spp. examined in this study could be that they intrinsically are encoded in the genomes. Despite so, suffice to point out that the MBL genes detected in this study have been reported from different bacteria species isolated from humans, animals, fish, chickens, mussel and the environments in different countries (Maravić et al., 2013; Bottoni et al., 2015; Hilt et al., 2020; Ramsamy et al., 2020; Bertran et al., 2021; Wang Y. et al., 2021). Thus, it is likely that these AMR genes exist in other bacteria species in different aquatic environments and a wide range of host species in India.

As pointed out by Chen et al. (2019) that the diversity of blaOXA genes has been expanding to include new variants of blaOXA-12 such as blaOXA-427, blaOXA-724 and blaOXA-780, all detected in this study. We found blaOXA-12 in sequences of four A. veronii isolates obtained from humans, catfish, carp, and insect. Previously, it was detected in Aeromonas spp. such as A. hydrophila, A. allosaccharophila, A. veronii, and A. rivipollensis isolated from humans, chicken, pork, and wild nutria (Myocastor coypus) (Park et al., 2018; Shen et al., 2018; Xiao et al., 2020), respectively. We also found blaOXA-427 in A. salmonicida isolated from bighead fish, butter catfish and prawn, which is an emerging class D carbapenemase that confer resistance against a wide range of β-lactams including broad-spectrum penicillins, cephalosporins, and carbapenems (Bogaerts et al., 2015, 2017). Although outbreaks in humans have only been reported from hospitals in Belgium where blaOXA-427 was isolated from nosocomial Klebsiella pneumoniae and Enterobacter cloacae infections (Desmet et al., 2018), its presence among Aeromonas spp. shows global distribution involving humans, animals and fish. For example, it has been detected from A. caviae and A. hydrophila isolated from humans in China (Tang et al., 2020; Lin et al., 2021), Aeromonas spp. from reservoir water in Singapore (Zhong et al., 2021), A. media in Nebraska watershed (Donner et al., 2022), A. salmonicida from Atlantic salmon (Salmo salar L) in Chile (Vásquez-Ponce et al., 2022), and pork processing plant in Spain (Cobo-Díaz et al., 2021). Similarly, blaOXA-724 has been detected from A. dhakensis isolated from humans in Spain (Bertran et al., 2021), A. hydrophila from pigs in South Africa (Ramsamy et al., 2021) as well as A. jandaei and A. hydrophila from chicken and catfish in the United States (Wang Y. et al., 2021), while in the present study it was found in A. hydrophila from carp and A. veronii from sardine from India. blaOXA-72 has been detected from Acinetobacter baumannii in humans where it has been associated with pneumonia, septic shock, and respiratory failure (Jia et al., 2019). Given that various blaOXA genes have been shown to be intrinsically encoded in the chromosomes of various Aeromonas spp. (Kabwe et al., 2020; Wang Y. et al., 2021), these findings show that Aeromonas spp. found in different host species and aquatic environment could play a vital role in the global spread of emerging β-lactam resistance genes such as blaOXA-427 and blaOXA-724.

In this study, we detected class C β-lactamase genes from 10 of the 15 Aeromonas genomes examined unlike class D genes that were detected in all genomes. As shown in our findings, class C genes comprised of the cephalosporin/penam cepS, blaMOX and blaFOX genes as well as the blaAQU-2 β-lactamase gene. Among these, cepS has previously been detected from various Aeromonas spp. isolated from humans, pigs, catfish, chicken, frogs, mullet and the environment while blaAQU-2 has been reported from Aeromonas spp. isolated from humans and chicken in different countries (Walsh et al., 1997; Ramadan et al., 2018; Seo and Lee, 2018; Wang et al., 2019; Bertran et al., 2021; Kimera et al., 2021; Wang Y. et al., 2021). Similarly, blaFOX-2, blaFOX- 4, blaFOX- 5 and blaMOX-7, have been detected from different bacteria species including Aeromonas spp. isolated from humans, wastewater, fish tanks, mussel, and wild animals in different countries (Maravić et al., 2013; Bertran et al., 2021). Altogether, these studies show that the class C β-lactamase genes are prevalent in a wide range of host species in various countries indicating they could be present in several other species not included in this study found in India. Suffice to point out that cepS, blaAQU-2, and blaFOX/MOX have been detected in the chromosomes of various Aeromonas spp. (Kabwe et al., 2020; Wang Y. et al., 2021), suggesting that the class C β-lactamase genes detected in this study could have been intrinsically encoded in the genomes of the Aeromonas spp. examined. This is also supported by the high prevalence of the crp gene detected in nine of the 15 genomes examined in this study, which is a RND efflux pump associated with resistance against penam, cephalosporin, macrolide, trimethoprim and fluoroquinolone (Nishino et al., 2008). This finding points to its wide prevalence among Aeromonas spp. infecting humans, fish, insect and animals in India. Previously, crp has been found in Cronobacter spp. isolated from infant food (Carvalho et al., 2020), C. sakazakii from powdered milk (Holý et al., 2020), Enterobacter hormaechi from yoghurt (Tóth et al., 2020), Salmonella enterica from ducks, (Yu et al., 2022), and Vibrio spp. from human and environmental samples (Pérez-Duque et al., 2021; Nguyen et al., 2022).

Several studies have shown that environmental aeromonads contain chromosomally encoded β-lactamases that cause resistance to drugs including ampicillins, cephalosporin and penicillin (Richardson et al., 1982; Zemelman et al., 1984; Motyl et al., 1985; Shannon et al., 1986; Chang and Bolton, 1987; Fosse et al., 2003; Girlich et al., 2011). Thus, it is likely that the resistance observed against ampicillin, penicillin and cephalosporin in our phenotypic analysis was encoded in genomes of Aeromonas spp. examined. So, it can be speculated that Aeromonads could be an important source for the spread of novel β-lactamases to human clinically important bacteria in line with Fosse et al. (2003) and Girlich et al. (2011), who pointed out that the resistance originating from aeromonads poses a significant public health risk to humans.

The resistance against gentamycin in the genus Aeromonas has been linked to variable results as shown that gentamycin sensitive Aeromonas spp. have previously been isolated from rainbow trout (Oncorhynchus mykiss) (Akinbowale et al., 2007), carp (Öztürk et al., 2007) and Nile crocodile (Crocodylus niloticus) (Turutoglu et al., 2005) while gentamycin resistant Aeromonas spp. have been isolated from catfish (Chinedu et al., 2020) and European rivers (Goñi-Urriza et al., 2000). Hence, it is unknown whether the aadA2 and ANT(3″)-IIa aminoglycoside resistance observed in our fish isolates was intrinsically or extrinsically acquired. Detection of the ANT(3″)-IIa aminoglycoside gene linked to intl1 the integrase together with the chloramphenicol cmlAI and MFS QacEdelta-1 efflux pumps in A. caviae strain SD/21–11 in this study is suggestive that there might be some transfer or acquisition of gentamycin genes into Aeromonas genomes. This is supported with observations seen in A. hydrophila strain SD/21–05 that also had the intl integrase linked to the aminoglycoside (aadA2), sulfonamide (sul1) and trimethoprim (dfr12) genes together with the MFS QacEdelta-1 efflux pump pointing to transfer or acquisition of chloramphenicol, trimethoprim and gentamycin resistance genes into Aeromonas genomes. Even though several studies (Koksal et al., 2007; Awan et al., 2009; Saengsitthisak et al., 2020; Dhanapala et al., 2021) have reported erythromycin resistance in Aeromonas spp. suggesting that it could be chromosomally integrated, isolates of A. sobria from prawn (Penaus monodon) (Vaseeharan et al., 2005), A. veronii from sea bass (Lateolabrax maculatus) (Wang B. et al., 2021) and A. hydrophila from humans (Von Graevenitz and Mensch, 1968) were shown to be sensitive to erythromycin. Although our fish isolates showed resistance to erythromycin, it is unknown whether the resistance was intrinsic or extrinsically acquired. However, it is likely that the resistance seen against tetracycline, sulfonamide and trimethoprim could have been acquired from treatment of diseased fish using these antibiotics as reported from clinical reports. Moreover, these antibiotics are widely used in aquaculture in India and resistance based on disc diffusion test has been reported previously (Abraham et al., 2017; Roy et al., 2021; Sivaraman et al., 2021; Patil et al., 2022).

Our findings show that all 15 Aeromonas genomes had multidrug efflux pump proteins. The mdtL protein which is one of the first line of defence against antimicrobials involved in decreasing intracellular drugs levels (Rahman et al., 2017) was detected in most isolates. mdtL has been shown to increase resistance against fosfomycin and chloramphenicol (Kvist et al., 2008). Among the major facilitator superfamily (MFS), emrB and emrD involved in resistance against several drugs like norfloxacin, tetracycline, chloramphenicol, novobiocin, fluoroquinolone and nalidixic acid (Jahan et al., 2021) were detected in several isolates. As for the RND proteins, we detected the tet(E) gene known to encode the tetracycline efflux pumps (Møller et al., 2016). Other multidrug efflux pump proteins detected include rarD, qnr, mdtH, mdtD, pbp1A and qacEdelta1 involved in resistance against chloramphenicol, fluoroquinolone, novobiocin amoxicillin, and several other drugs (Kazama et al., 1999; Nagakubo et al., 2002; Stanhope et al., 2008; Ovchinnikov et al., 2015; Zago et al., 2020). In the present study, the MFS QacEdelta-1 efflux pump gene was linked to the trimethoprim (dfrA12), aminoglycoside (aad2) and sulfonamide (sul2) resistance genes in A. hydrophila strain SD/21–05 while the tet(E) pump was linked to the tetR tetracycline gene in A. veronii strain SD/21–04. In A. caviae strain SD/21–11, the chloramphenicol cmlA1 and MFS QacEdelta-1 efflux pumps gene were linked to the ANT(3″)-IIa aminoglycoside gene and sul1 sulfonamide genes whereas in A. hydrophila strain SD/21–01 the multidrug complex OprM-MexB and RND smeD efflux pumps were linked to the tetracycline tetR gene. We also detected fosC2, blrB, BRP, and BMC involved in resistance against fosfomycin, β-lactams, glycopeptide, and bicyclomycin (Galm et al., 2005; Nikolaidis et al., 2014; Jahan et al., 2021). These findings concur with previous studies (Li and Nikaido, 2004, 2009) showing that AMR genes expressed by Aeromonas spp. are often linked to multidrug resistance proteins.

The most important mobile genetic elements (MGEs) known to play a key role in the spread of AMR genes include class 1 integrons (intI), transposons and plasmids (Liebert et al., 1999; Carattoli, 2001; Stalder et al., 2012). In this study, intI was only detected from two out of the four isolates sequenced in this study. In A. hydrophila strain SD/21–05, it was located next to the trimethoprim dfrA12, aminoglycoside aadA2 and sulphonamide sul1 genes, whereas in A. caviae strain SD/21–11 it was linked to aminoglycoside ANT(3″)-IIa, chloramphenicol cmlA1 and sulphonamide sul1 genes. These findings are in line with Ranjbar et al. (2019), Pérez-Valdespino et al. (2009), and Schmidt et al. (2001) who found sul1, dfrA12, aadA2, aadA1, blaOXA, cmlA4 and ANT(3″) gene cassettes in sequences linked to intI obtained from different Aeromonas spp. The IS classes of transposases reported in this study corroborates with several studies that found IS66, IS30, IS3, IS4, IS5, IS66, IS630, ISA110, ISA1182 transposases in Aeromonas spp. isolated from aquatic environments and different host species (Najimi et al., 2009; Studer et al., 2013; Adamczuk and Dziewit, 2017; Vincent et al., 2017; Jin et al., 2020; Ragupathi et al., 2020). In the present study, some transposases were linked to multidrug efflux pumps and AMR genes as shown that the IS5/IS1182 transposase was linked to the Tet(E) efflux pump and tetracycline tetR gene in A. veronii strain SD/21–04. These transposases have also been found in plasmids linked to AMR (Najimi et al., 2009). For example, IS630 and IS600 were found in the pFBAOT6 plasmid linked to tetracycline resistance in A. caviae (Rhodes et al., 2004) while IS4 was found in the Inc-Q3 plasmid showing resistance against quinoline in Aeromonas spp. (Piotrowska et al., 2020). Finally, the detection of genes like D-met, mbeD, mobDI, parB, repB, and relE (Carattoli, 2001) in the plasmids of Aeromonas spp. shows that the identified plasmids in this study had the potential to transfer AMR genes to other bacteria.



Conclusion

In this study, we have shown that Aeromonas spp. isolated from fish, prawn, insect, chicken and humans in India carry various AMR genes. The sequenced isolates of aeromonads from aquaculture reveal well-known AMR genes and class 1 integrons documented from similar studies from aquaculture worldwide, while aeromonads from other environmental sources do not contain commonly transferable AMR genes. These findings also showed high similarity of AMR genes found in different Aeromonas spp. despite the bacteria being isolated from different host species. Thus, we advocate that the control of AMR caused by Aeromonas spp. in India should be done using a One Health approach.
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Determination of susceptibility or resistance to antibiotic treatment was based on the Clinical and Laboratory Standards Institute (CLSI) guidelines (Kablmeter et al,, 2006; Cockerill
etal., 2012),
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All multidrug efflux pump genes were detected and identified using staramr version 0.7.2 (Tran et al, 2021) and ABRicate version 1.0.1 (Seemann, 2016) in the Comprehensive Antimicrobial Resistance Database (CARD) (Alcock et al, 2020),
Blue = presence of genes (detected), White/blank = absence of gene (not detected).
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All antimicrobial resistance genes detected and identified using staramr version 0.7.2 (Tran et al. 2021) and ABRicate version 10,1 (Seemann, 2016)
Blue = presence of resistance genes (detected), White/blank = absence of gene (not detected).

the Comprehensive Antimicrobial Resistance Database (CARD) (Alcock et al., 2020).
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Aeromonas species isolated from
aquatic organisms, insects,
chicken, and humans in India
show similar antimicrobial
resistance profiles
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