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Abstract 

Next-generation sequencing has transformed bacterial genomics, but fragmented 

bioinformatics tools restrict accessibility. BactoFlow is a modular, automated, end-to-

end pipeline, integrating quality control, mapping, assembly, annotation, resistance 

and virulence screening, antiviral defense detection and publication-ready 

visualization. Conda-managed environments and checkpoint-based execution for 

reproducible, scalable and fault-tolerant genomic analyses. We used BactoFlow to 

characterize a clinical Pseudomonas aeruginosa isolate (SRR33893847) and assigned it by 

MLST to sequence type ST308, a globally disseminated, high-risk clone with a well-

documented association with multidrug resistance. Quality trimming with 

Trimmomatic retained 92.4% of 1,661,330 raw reads. Subsequent alignment via BWA-

MEM enabled FreeBayes to identify 56,587 high-confidence variants, reflecting 

substantial genomic divergence from the reference strain. De novo assembly with 

SPAdes produced a 6.92 Mb draft genome distributed across 73 contigs, with an N50 

of 412,000 bp and a GC content of 66.11%. Prokka annotation identified 6,380 coding 

sequences along with 68 tRNA genes and 3 rRNA features. Multi-database functional 

screening filled out a detailed resistance and virulence profile: CARD detected 51 

antimicrobial resistance genes, VFDB flagged 290 virulence-associated factors, and 

PADLOC identified 12 antiviral defense systems, among them Gabija, RosmerTA, and 

zorya_type_I, alongside 3 integrated prophage regions. Overall, these findings validate 

a genomically well-equipped and clinically significant isolate. BactoFlow offers a 

scalable, accessible solution for researchers seeking high-resolution bacterial 

genomics without the overhead of assembling and managing separate tools. 
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1. Introduction 

Whole-genome sequencing (WGS) has transformed bacterial genomic studies 

by becoming the gold standard for epidemic investigation, antimicrobial resistance 

(AMR) surveillance, and pathogen characterization [1], [2]. The rapidly declining cost 

of sequencing has resulted in an exponential growth of genomic data. However, this 

progress has simultaneously exposed a critical analytical bottleneck. Turning raw 

sequencing output into interpretable biological data requires the coordinated 

application of several specialized bioinformatics tools, each with distinct 

dependencies, file formats, and parameters. Navigating this fragmented 

computational landscape demands considerable expertise and introduces substantial  
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reproducibility concerns, wherein inconsistent software configurations can yield divergent results from identical datasets 

[3], [4]. 

Existing workflow managers, including Nextflow and Snakemake, have improved standardization and scalability. 

However, they impose steep learning curves and commonly address only discrete segments of the analytical process, either 

upstream quality control and assembly, or downstream functional profiling, which require manual integration of outputs 

through error-prone custom scripting [5]. Consequently, no single accessible solution currently consolidates the complete 

analytical continuum, from raw data retrieval and quality control through de novo assembly, multilocus sequence typing 

(MLST), and simultaneous multi-database functional screening, into a unified and reproducible framework accessible to 

non-specialist users. 

To address this gap, we present BactoFlow, an automated end-to-end bacterial genomics pipeline engineered on 

three core principles: automation, reproducibility, and biological interpretability. BactoFlow integrates the complete 

analytical workflow from raw data retrieval to publication-ready visualizations through a checkpoint-based architecture 

with Conda-managed environments, ensuring resilience and cross-system reproducibility. The pipeline incorporates 

resistome profiling via the Comprehensive Antibiotic Resistance Database (CARD), virulome characterization via the 

Virulence Factor Database (VFDB), antiviral defense system detection via PADLOC, and prophage region prediction via 

PhiSpy. A dedicated Species identification utility further ensures taxonomic metadata accuracy across heterogeneous 

sequencing inputs [6], [7], [8], [9]. 

We validate BactoFlow through comprehensive characterization of a clinical Pseudomonas aeruginosa sequence type 

ST308 isolate, a globally disseminated high-risk clone associated with multidrug resistance, nosocomial outbreaks, and 

enhanced virulence, demonstrating its capacity to generate high-resolution genomic profiles that simultaneously resolve 

51 AMR genes, 290 virulence factors, 12 antiviral defense systems, and 56,587 genomic variants from raw sequencing reads 

[10]. BactoFlow thus provides a scalable, accessible, and reproducible solution for high-throughput bacterial genomics in 

the era of precision microbiology. 

 

2. Materials and Methods 

2.1. Data acquisition and quality control 

The paired-end sequencing reads of Pseudomonas aeruginosa (SRR33893847) were downloaded from the NCBI 

Sequence Read Archive via the SRA Toolkit (v3.0.3) [11]. Both compressed (.fastq.gz) and uncompressed FASTQ formats 

were accepted as valid inputs. FastQC (v0.11.9) was used to analyse adaptor contamination, GC content, and per-base 

sequence quality; MultiQC (v1.14) was used to compile the results into a single summary report [12], [13], [14]. Raw reads 

were then subjected to adapter removal and quality trimming using Trimmomatic (v0.39), where a sliding window of 4:15 

was applied alongside a minimum read-length threshold of 36 bp to exclude low-quality fragments from further processing 

[15]. 

2.2. Reference-based mapping and variant calling 

The quality-filtered reads were mapped against the reference genome of Pseudomonas aeruginosa strain 2507 using 

BWA-MEM (v0.7.17). The resulting alignments were sorted and indexed using SAMtools (v1.17) to prepare them for variant 

analysis [16]. Variant calling was then performed using FreeBayes (v1.3.6), and a quality-score threshold was applied to the 

raw variant calls to retain only those with sufficient confidence for downstream interpretation [17]. 

2.3. De novo genome assembly 

De novo assembly of the trimmed reads was performed using SPAdes (v3.15.5) under isolate mode, which results 

contigs and scaffolds by iterating over a range of k-mer lengths. The resulting assemblies were assessed for contiguity using 

QUAST (v5.2.0), with N50, L50, and total assembly length adopted as the principal evaluation criteria [18], [19]. 

2.4. Functional annotation and species identification 

The assembled scaffolds were submitted to Prokka (v1.14.6) for structural and functional gene prediction, enabling 

the identification of coding sequences, rRNA, and tRNA features across the draft genome [20]. Multilocus sequence typing 

(MLST) was carried out using the MLST command-line tool (v2.23) which performs allele-based typing against curated 

scheme database (pubMLST) to assign a sequence type to the isolate.  

2.5. Multi-database genomic screening 

A comprehensive genomic screening was carried out to identify Antibiotic Resistance and Virulence genes within 

the assembled genome. ABRicate (v1.0.1) was used to query the assembled sequences against three established databases: 

the Comprehensive Antibiotic Resistance Database (CARD), ResFinder, and the Virulence Factor Database (VFDB) [21], 

https://doi.org/10.xxxx/ibn.2026.11.0004


Integrative Bioscience Nexus, 2026, 1(2), 39-46                                                                    https://doi.org/10.xxxx/ibn.2026.11.0004 
 

 

41 

 

[22], [23]. Beyond resistance and virulence profiling, the genome was further interrogated for prokaryotic defence systems 

using PADLOC (v1.1.0), and putative prophage regions were delineated with PhiSpy (v5.0.10) [24], [25]. All results were 

visualized using Matplotlib and Seaborn to produce publication-grade figures. 

2.6. Pipeline orchestration and reproducibility  

The entire analytical workflow was implemented as a modular Bash-based pipeline capable of processing bacterial 

whole-genome sequencing data from raw reads through to final outputs in a single execution (Figure 1). To safeguard 

against interruptions, a checkpoint mechanism records each completed step to results/, checkpoints/, allowing the pipeline 

to resume from the last successful stage rather than restarting from scratch. Computational reproducibility was ensured 

through Conda environment management, with all tools installed at fixed, version-pinned configurations. 

 
Figure 1. Schematic overview of the BactoFlow pipeline architecture, illustrating the end-to-end workflow from raw data 

acquisition to comprehensive genomic characterization and visualization. 

 

 

3. Results 

3.1. Case study: genomic characterization of Pseudomonas aeruginosa isolate using BactoFlow 

The pipeline BactoFlow has been utilized to analyze a Pseudomonas aeruginosa isolate (SRR33893847) for transforming 

raw sequencing data into a comprehensive genomic profile through a series of automated modular steps (Table 1). 

3.2. Read quality and pre-processing 

Preliminary quality assessment of the raw sequencing data (1,661,330 sequences) indicated high-fidelity reads with 

average base quality scores above Q30. After adapter trimming and quality-based filtering, 92.4% of the reads were retained 
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for downstream analysis. The persistence of a significant proportion of high-quality reads ensured sufficient coverage for 

accurate variant calling and genome assembly. 

3.3. Genomic divergence from the reference strain 

Mapping the trimmed reads to the reference genome of Pseudomonas aeruginosa strain 2507 using BWA-MEM resulted 

in excellent coverage. Subsequent variant calling using FreeBayes identified a total of 56,587 high-confidence variants. The 

draft genome comprised a significant density of single nucleotide polymorphisms (SNPs) and small insertions/deletions 

(Indels), highlighting the substantial genomic divergence against the reference strain (Figure 2). 

Table 1. Summary of genomic characterization metrics for the Pseudomonas aeruginosa isolate SRR33893847 generated by 

the BactoFlow pipeline. 

Category Parameter Value 

Isolate 

Species Pseudomonas aeruginosa 

Accession SRR33893847 

Sequence Type ST308 (High-Risk Clone) 

Quality Control 

Raw Sequences 1,661,330 reads 

Reads Retained Post-Trimming 92.4% 

Mean Base Quality > Q30 

Assembly 

Total Assembly Size 6.92 Mbp 

Number of Contigs 73 

N50 412,000 bp 

L50 7 

GC Content 66.11% 

Annotation 

Protein-Coding Sequences (CDS) 6,380 

tRNA Genes 68 

rRNA Features 3 

Variants High-Confidence Variants 56,587 

Resistome AMR Genes 51 

Virulome Virulence Factors 290 

Defense Systems Antiviral Defense Systems 12 

Prophage Integrated Prophage Regions 3 

 

 

Figure 2. Genome-wide sequencing depth and variant distribution. 

3.4. Assembly contiguity and genome characteristics 

The genome was assembled de novo using the SPAdes assembler in isolate mode. The final assembly spanned 6.92 

Mbp across 73 large contigs exhibiting high contiguity with an N50 value of 412,000 bp and an L50 of 7. The average GC 
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content was determined to be 66.11%. These metrics confirm a high-quality genomic reconstruction suitable for detailed 

functional annotation (Table 1). 

3.5. Genomic feature inventory and sequence typing 

Annotation of the assembly using Prokka identified 6,380 protein-coding sequences (CDS), 68 tRNA genes, and 3 

rRNA features. Multi-locus sequence typing (MLST) definitively assigned the isolate to sequence type ST308, a globally 

recognized high-risk clone associated with multidrug resistance and enhanced virulence. 

3.6. Downstream screening  

Comprehensive screening of the functional genomic landscape revealed an extensively equipped genome. Screening 

against the Comprehensive Antibiotic Resistance Database (CARD) identified 51 antimicrobial resistance (AMR) genes 

(Figure 3); 290 virulence-associated factors were detected via the Virulence Factor Database (VFDB); the PADLOC 

framework identified 12 unique antiviral defense systems including Gabija, RosmerTA, and zorya_type_I suggesting a robust 

immune repertoire against mobile genetic elements (Figure 4); and PhiSpy analysis predicted 3 integrated prophage regions 

distributed across the assembly scaffolds, contributing to overall genomic plasticity (Figure 5).  

 
Figure 3. Heatmap displaying the percentage identity of antimicrobial resistance (AMR) genes identified through the 

integration of five curated databases: ARGANNOT, CARD, MEGARES, NCBI, and RESFINDER. 
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Figure 4. Bar chart represents the diversity and gene 

composition of 12 unique defense systems identified by 

the PADLOC framework. 

Figure 5.  Genomic map illustrating the localization and span 

of the three integrated prophage regions (pp1–pp3) identified 

across the assembly scaffolds by the PhiSpy module. 

 

4. Discussion 

The validation of BactoFlow with a clinical isolate of Pseudomonas aeruginosa (ST308) demonstrated consistent efficacy 

across all the modules, confirming its ability to convert raw sequencing data into well-structured and interpretable genomic 

outputs within a unified analytical framework.  The metrics for quality control and assembly during the pre-processing and 

reconstruction stages were consistent with the known genomic features of P. aeruginosa, demonstrating the pipeline's 

capacity to preserve sequencing accuracy throughout these stages [26], [27]. 

Reference-based variant calling identified the genomic divergence characteristic of the Pseudomonas aeruginosa strain 

against the reference, while sequence typing definitively assigned the isolate to a globally recognized high-risk sequence 

type (ST308), reinforcing the precision of BactoFlow's mapping and typing modules in clinically relevant scenarios [28], 

[29]. Functional annotation produced a biologically coherent inventory of genomic features, supporting the reliability of the 

assembly-to-annotation within the pipeline. 

Functional screening against CARD, VFDB, PADLOC, and PhiSpy yielded outputs consistent with the anticipated 

repertoire of high-risk P. aeruginosa lineages. Collectively verifying the database integration modules instead of representing 

independent characterization. The concordance between predicted functional profiles and established lineage-specific 

expectations provides meaningful evidence of the pipeline's analytical accuracy. 

Overall, these findings establish BactoFlow as a reproducible, end-to-end genomic analysis platform accessible 

beyond specialist bioinformatics environments. While short-read sequencing imposes inherent constraints, particularly in 

resolving repetitive regions and localizing mobile genetic elements, these limitations are readily addressable through future 

hybrid long-read integration. As antimicrobial resistance continues to rise globally, this automated genomic pipeline offers 

a practical and scalable solution for surveillance and outbreak response. 

 

5. Conclusion 

BactoFlow integrates quality control, assembly, annotation, and multi-database resistance, virulence, and defense-system 

screening into a single automated, reproducible pipeline. Applied to a clinical Pseudomonas aeruginosa isolate, the pipeline 

accurately identified it as high-risk sequence type ST308 and revealed an extensive resistance, virulence, and defense profile, 

51 AMR genes, 290 virulence factors, and 12 defense systems, alongside 56,587 genomic variants, underscoring the isolate's 

clinical significance. Its checkpoint-based, Conda-managed design ensures reliable, reproducible results and can be easily 

upgraded, including with future long-read data. Overall, BactoFlow provides a scalable, accessible tool for high-resolution 

bacterial genomics. 
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