Genomic Characterization of a Multidrug-Resistant Klebsiella quasipneumoniae subsp. similipneumoniae Strain from a Dog Shelter with Prolonged Co-Amoxiclav Use

Authors:
Zhen Yun Siew1,*, Winnie Teh1, Isaac Seow1, Hong Soon Chin2, Siew Tung Wong3, Kalaiwaney Muniandy4, Nur Amalina Binti Zaharudin4, Chee-Mun Fang1,5

Affiliations:
1School of Pharmacy, University of Nottingham Malaysia, 43500 Semenyih, Selangor, Malaysia.
2Panomics Solutions, 36000, Teluk Intan, Perak, Malaysia.
3Department of Pathology and Pharmacology, School of Medicine, IMU University, 57000 Kuala Lumpur, Malaysia.
4Vet Food Agro Diagnostics Sdn Bhd, 46100 Petaling Jaya, Selangor, Malaysia.
5School of Science, Monash University Malaysia, 47500 Bandar Sunway, Selangor, Malaysia.

*Correspondence:
Zhen Yun Siew (Z. Y. Siew)
Email: siewzy0@gmail.com ; ORCID: 0000-0001-7598-6781; HP: +6011-10904656

Keywords: Antimicrobial resistance, Enterobacteriaceae, One Health, Multidrug-resistant, Next-generation sequencing, Klebsiella quasipneumoniae








Supplementary Material S1

Materials and methods
Bacterial whole genome sequencing, quality assessment and genome construction
	The bacterial pure isolate with the highest number of antibiotic resistance and with the smallest ZOI diameter was selected for bacterial whole-genome sequencing (WGS). Genomic DNA extraction of the selected bacterial isolate was performed using the Zymo Quick-DNA MagBead Plus Kit (Zymo Research, USA). Then, the extracted DNA concentration and purity were measured using an Implen NanoQuant Spectrophotometer. A total amount of 200 ng DNA per sample was used as input material for the DNA library preparation.
The sequencing library was generated using TruSeq Nano DNA Library Prep Kit (Illumina, San Diego, CA, USA) following the manufacturer’s instructions, and index codes were added to each sample. Briefly, genomic DNA was fragmented to approximately 350 bp by sonication. The fragmented DNA was subsequently end-paired, size-selected, A-tailed, and ligated with the full-length adapter for Illumina sequencing. Following ligation and PCR amplification, the products were purified using Sample Purification Beads (Illumina, San Diego, CA, USA). The libraries were assessed using the Qsep400 System (Bioptic Inc., Taiwan) and quantified with a Qubit 2.0 Fluorometer (Thermo Scientific, Waltham, MA, USA). The prepared libraries were sequenced on the Illumina NovaSeq X platform, generating 150 bp paired-end reads (Genomics BioSci & Tech Co.).
For quality control and read processing, raw sequencing reads were quality-filtered and adapter-trimmed using fastp v1.1.0 [1]. The following parameters were applied: 5 bp trimmed from both the 5′ and 3′ ends of each read (--trim_front1 5 --trim_front2 5 --trim_tail1 5 --trim_tail2 5), a minimum base quality threshold of Phred 20 (--qualified_quality_phred 20), a minimum read length of 50 bp (--length_required 50), automatic adapter detection for paired-end reads (--detect_adapter_for_pe), and overlap-based error correction (--correction). After filtering, 29,024,854 reads (~4.08 Gb) were retained with a Q30 rate of 97.2%.
For read normalisation, quality-filtered reads were normalised to approximately 100× coverage using BBNorm from the BBMap suite (v39.26) to mitigate potential assembly artefacts associated with excessive sequencing depth [2].
For de novo genome assembly, three independent de novo assembly strategies were performed on the normalized reads to identify the optimal assembly: (1) SPAdes v4.0.0 [3] with k-mer sizes of 21, 33, 55, 77, 99, and 127 using the --isolate mode; (2) Unicycler v0.5.1 [4] in normal mode (--mode normal) with a minimum contig length of 500 bp; and (3) MEGAHIT v1.2.9 [5] with k-mer sizes of 21, 29, 39, 59, 79, 99, 119, and 141 and a minimum contig length of 500 bp. Assembly metrics, including total length, number of contigs, N50, L50, and GC content, were compared across all three assemblers. Unicycler was selected as the best assembler based on overall contiguity metrics (91 contigs; N50 = 177,526 bp; total length = 5,191,192 bp; GC = 57.83%).
For reference genome selection and scaffolding, the draft assembly was submitted to JSpeciesWS [6] for taxonomic identification and to identify the most closely related reference genome based on Average Nucleotide Identity (ANI) analysis. The analysis identified Klebsiella quasipneumoniae subsp. similipneumoniae strain SKLX2781 (GenBank accession: GCF_001701645.1; genome size: 5,325,565 bp; GC: 57.91%) as the most similar reference genome. This reference was subsequently used for reference-guided scaffolding with RagTag v2.1.0 [7]. Scaffolding was performed with the -u flag to retain unplaced contigs and 8 threads.
Assembly polishing and improvement of the scaffolded assembly were performed using Pilon v1.24 [8] for two iterative rounds. In each round, quality-filtered reads were aligned to the assembly using BWA-MEM v0.7.18 [9], and the resulting alignments were sorted and indexed with SAMtools v1.21 [10]. Pilon was run with the --fix all option to correct single-base errors, small insertions/deletions (indels), and local misassemblies. A total of 58 corrections were applied across both rounds (34 in round 1; 24 in round 2).
For assembly quality assessment, the quality of the final polished assembly was evaluated using QUAST v5.3.0 [11] with the reference genome GCF_001701645.1 for comparison. The final assembly consisted of 64 contigs with a total length of 5,213,214 bp, an N50 of 453,925 bp, an L50 of 4, and a GC content of 57.81%. The largest contig was 1,286,702 bp, and the genome fraction covered was 86.94%. Genome completeness was assessed using BUSCO v6.0.0 [12] with the enterobacterales_odb10 lineage dataset (440 marker genes; created 2024-01-08). The analysis revealed 98.6% completeness (434 complete BUSCOs), of which 98.2% were single-copy, and 0.5% were duplicated, with no fragmented BUSCOs and 1.4% missing BUSCOs.
Gene prediction and annotation were performed using Prokka v1.15.6 [13] with the following parameters: --kingdom Bacteria, --gcode 11, --genus Klebsiella, --species quasipneumoniae, --strain DS1BC, --addgenes, --mincontiglen 200, and --rfam for non-coding RNA detection via Rfam/Infernal v1.1.5 [14]. Prokka identified 4,848 coding sequences (CDS), 74 tRNAs, 3 rRNAs, 1 tmRNA, and 132 miscellaneous RNAs across a total of 5,058 gene features.
Functional annotation and classification of predicted proteins were performed using eggNOG-mapper v2.1.13 [15] with the eggNOG v5.0.2 database [16]. The Prokka-predicted protein sequences (.faa) were queried against the eggNOG protein database using DIAMOND v2.1.10 [17] for ortholog assignment. Functional annotations, including Clusters of Orthologous Groups (COG) categories, Gene Ontology (GO) terms, and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, were transferred from the identified orthologs. Of the 4,848 predicted proteins, 4,738 (97.7%) were assigned orthologs, and 4,603 (94.9%) were classified into 20 COG functional categories. Additionally, 4,928 unique GO terms and 222 KEGG pathways were assigned.
AMR genes were identified using NCBI AMRFinderPlus [18]. Both nucleotide-level (-n; using the polished assembly) and protein-level (-p; using Prokka-predicted proteins) searches were conducted.
Secondary metabolite biosynthetic gene clusters (BGCs) were predicted using antiSMASH v8.0.4 [19] with relaxed detection strictness. The polished assembly in FASTA format was used as input with Prodigal for gene finding (--genefinding-tool prodigal). ClusterBLAST and KnownClusterBLAST (against MIBiG v4.0) analyses were enabled.
As for the software and computational environment, all analyses were performed on a Linux-based system (WSL2, Ubuntu) with bioinformatics tools installed via Conda (Miniforge3). The primary analysis environment (strep_asm) included fastp v1.1.0, BBMap v39.26, SPAdes v4.0.0, Unicycler v0.5.1, MEGAHIT v1.2.9, RagTag v2.1.0, Pilon v1.24, BWA v0.7.18, SAMtools v1.21, QUAST v5.3.0, BUSCO v6.0.0, Prokka v1.15.6, AMRFinderPlus, eggNOG-mapper v2.1.13, DIAMOND v2.1.10, HMMER v3.4, BLAST+ v2.16.0, Prodigal v2.6.3, Barrnap v0.9, Aragorn v1.2.41, Infernal v1.1.5, and MinCED v0.4.2. antiSMASH v8.0.4 was installed in a separate Conda environment due to dependency constraints. Report generation was performed using Node.js with custom scripts.
	To further challenge and complement the bioinformatics analysis, the nucleotide and WGS data were also analysed using the BV-BRC platform V3.57.14 [20]. The genes linked to AMR were identified using PATRIC with k-mer–based detection [21]. The taxonomic classification of bacteria at the species level was determined through the application of overall genome-related index (OGRI) analysis [22]. A multi-locus species tree was constructed using the online Automated Multi-Locus Species Tree (autoMLST) program [23]. Ribosomal Multilocus Sequence Typing (rMLST) was performed using the PubMLST database [24]. Phylogenetic tree visualisation, annotation, and management were conducted using iTOL v7 [25]. ANI values were calculated using the ANI Calculator developed by CJ Bioscience, Inc. [26]. AMR genes and chromosomal mutations associated with antibiotic resistance were identified using ResFinder v4.7.2 [27]. The pathogenic potential of the bacterial genome was predicted using PathogenFinder 2 v0.6.0, a deep learning–based model that assesses the likelihood of a bacterium being a human pathogen based on genomic features [28]. The genome map and sequence composition were analysed using Proksee [29]. The phylotyping and serotyping of the Klebsiella sp. isolate were conducted using the Kaptive web tool [30], K-PAM (Klebsiella species serotype predictor and surface antigens modeler) [31], and the BIGSdb-Klebsiella platform hosted by the Institut Pasteur [32]. Strain typing was performed using the BIGSdb-Klebsiella platform (https://bigsdb.pasteur.fr/klebsiella/), which provides genomic-based taxonomy and genotypic definitions for members of the Klebsiella pneumoniae species complex (KpSC; K. pneumoniae sensu lato), including K. pneumoniae, K. quasipneumoniae, K. variicola, and related taxa. The assembled whole-genome sequence was queried against the Klebsiella locus/sequence definitions database to identify allelic matches using multilocus sequence typing (MLST).

[bookmark: _GoBack]Bioinformatic analysis and visualisation
	As demonstrated previously [33-35], all Sanger sequencing results were assembled using BioEdit [36,37], followed by Multiple Sequence Comparison by Log-Expectation (MUSCLE) alignment and trimming using Molecular Evolutionary Genetics Analysis (MEGA) 11 software [38]. The aligned and trimmed sequences were subsequently analysed between September 2025 and January 2026 using BLASTN (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
	For data visualisation, the Sankey flow diagram was constructed using SankeyMATIC (https://www.sankeymatic.com/) [39]. In addition, a heat map for comparative bacterial profile analysis was generated using Python (v3.8+) in the Google Colaboratory environment. Data processing was performed using pandas, while visualisation was conducted using seaborn and matplotlib. Raw abundance data from Excel files were cleaned by extracting numerical identifiers, normalised to percentage composition, and classified as unique (present in only one sample type) or shared species. A publication-ready heat map was produced using a YlGnBu colour gradient, annotated with combined counts and percentages, and highlighted with coloured borders (green = DOG-unique, blue = DRAIN-unique, red = shared) to illustrate distribution patterns. The final figure was exported as a high-resolution vector graphic.
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