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Abstract
Motivation: High-throughput sequencing (HTS) has become an integral part of routine analysis for microbiologists. The process of sequencing 
dozens of samples generates vast amounts of data that cannot be annotated manually. To address this challenge, numerous tools for bacterial 
genome analysis have been developed over the years. Using freely available databases, these tools enable users to significantly accelerate their 
analyses. However, many of these tools require advanced computer science expertise to operate effectively.
Results: To overcome this limitation, we developed BacExplorer. Featuring a user-friendly interface, a locally installable application, and an inter
active HTML report, BacExplorer empowers users of all skill levels to perform their own analyses with ease and efficiency.
Availability and implementation: BacExplorer is available at: https://github.com/knowmics-lab/BacExplorer

1 Introduction
Pathogen surveillance using high-throughput DNA sequencing 
(HTS) is becoming more popular day by day. The field of in
fectious diseases is experiencing significant transformation due 
to the emergence of affordable whole genome sequencing 
(WGS) technologies. The next generation sequence (NGS) 
analysis is rapidly becoming a standard practice, revolutioniz
ing laboratory protocols. WGS offers a more accurate and effi
cient approach by directly analyzing the bacterial genome, 
facilitating precise species identification, strain typing, and pre
diction of drug resistance and virulence gene profiles (Fricke 
and Rasko 2014). The advantages and transformative poten
tial of NGS, along with the essential role of bioinformatics, are 
proving invaluable in utilizing WGS data for better patient 
care and public health. These advances provide extraordinary 
insights into microbial diversity and evolution, enable highly 
accurate prediction of antimicrobial resistance (AMR) genes 
and mutations, and support timely and informed treatment 
decisions. Furthermore, they improve the epidemiological 
surveillance of bacterial infections, including the detection of 
emerging pathogens and tracking the spread of AMR (Allard 
et al. 2019, Su et al. 2019).

Bacterial infections pose a significant global health burden, 
accounting for millions of deaths annually. Laboratory diag
nosis traditionally relies on culture-based methods, consid
ered the “gold standard,” but these can be time-consuming 
and ineffective for some pathogens; conversely, molecular 

methods offer significant advantages over traditional meth
ods. They are generally more sensitive, faster, and applicable 
to both culturable and non-culturable organisms (Schmitz 
et al. 2022). A wide range of tools is available, with new ones 
continuously being developed to enhance the accuracy and ef
ficiency of WGS in microbial analysis. These tools enable the 
detailed characterization of microbial features such as the 
“resistome”—the collection of AMR genes and their precur
sors within a bacterial population—and the “virulome,” 
which represents the virulence genes responsible for a micro
organism’s pathogenic potential. Furthermore, they support 
the comprehensive study of other microbial traits critical for 
advancing research, guiding treatment decisions, and bolster
ing public health efforts (Singh et al. 2022).

Among these tools we can mention: Bactopia (Petit and 
Read 2020), Tormes (Quijada et al. 2019), Campype 
(Ortega-Sanz et al. 2023), Bacpipe (Xavier et al. 2020), Patric 
(Gillespie et al. 2011), Asa3P (Schwengers et al. 2020), and 
Rmap (Sserwadda and Mboowa 2021). All of them present 
both strength and weakness. For instance, while Bactopia 
includes numerous tools for bacterial analysis and is among 
the most comprehensive options available, it lacks an easily 
accessible report and a user-friendly interface that would al
low microbiologists to use it independently. Additionally, 
most tools, except for Patric, require installation via the com
mand line, which poses significant usability challenges for 
those without a background in computer science. All these 
tools are free; however, it is possible to find also easy-to-use 
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software sold by companies. For instance, QUIAGEN CLC 
https://digitalinsights.qiagen.com/products-overview/discovery- 
insights-portfolio/analysis-and-visualization/qiagen-clc-genomics- 
workbench permits to the user to analyze raw fastq data giv
ing as output AMR and virulence data, ridom SeqSphere 
(https://www.ridom.de/seqsphere/) it is usable trough an app 
easy to install which permits to analyze raw data from 
Illumina, IonTorrent, ONT and PacBio selecting the pipeline 
needed by the user (e.g. cgMLST). Moreover, illumina base
space (https://emea.illumina.com/areas-of-interest/microbiol 
ogy/microbial-sequencing-methods/microbial-whole-genome- 
sequencing.html) analyzes directly the raw data from se
quencing machines (e.g. MiSeq) giving as an output the se
quence type (ST), the AMR associated genes, the virulence 
factor, and plasmid replicons.

In this paper, we present BacExplorer, a tool developed in 
Snakemake (K€oster and Rahmann 2012) with an Electron 
(https://github.com/electron/electron) user interface that 
allows to analyze raw bacteria genomes both in fastq and in 
fasta format. The software is open source and gives as output 
an HTML report.

2 Methods
The analysis pipeline implemented in BacExplorer (Fig. 1) is 
encapsulated within a Snakemake workflow. This Python- 
based workflow management system enables reproducible 
and scalable execution of bioinformatics tasks but is opti
mized for Linux environments. To ensure cross-platform 
compatibility and seamless deployment, we built a Docker 
container that includes Snakemake and all necessary depen
dencies (Merkel 2014).

To further improve usability, we developed a cross- 
platform desktop application with a user-friendly Graphical 
User Interface (GUI), built using the Electron framework, fea
turing a React front-end and Bootstrap styling. On first use, 
the application guides the user through the environment 
setup process. After manually verifying the presence of 

Docker on the user’s machine, the remainder of the setup is 
fully automated, including: (i) pulling the Docker image from 
Docker Hub, (ii) downloading required databases and exter
nal resources, and (iii) creating the Docker container.

Once the environment is configured, users can access the 
Analysis page to customize parameters for their run. This 
includes specifying the input folder, selecting the genus and 
species of the organisms to analyze, choosing the input file 
format (.fasta or .fastq), and launching the Snakemake work
flow. Upon successful completion, users are redirected to a 
Report page, where the final output, generated via 
RMarkdown, is presented in a clear and interactive format, 
offering an accessible visualization of the analysis results.

2.1 Employed programs
The BacExplorer pipeline begins with quality control, ge
nome cleaning and alignment, followed by annotation. The 
initial annotation focuses on AMR and virulence genes, pro
gressing to species-specific analyses, such as emm-typing in 
Streptococcus pyogenes.

As shown in Table 1, BacExplorer integrates multiple soft
ware and databases to perform its analyses. These tools are 
organized based on their specific functions, ensuring a 
streamlined and efficient workflow.

� Quality assessment of raw samples using fastQC (https:// 
www.bioinformatics.babraham.ac.uk/projects/fastqc/)and 
of assembled genome with QUAST (Gurevich et al. 
2013); 

� Cleaning of raw samples and alignment using trimgalore 
(Martin 2011) (https://github.com/FelixKrueger/TrimGalore) 
and SPAdes (Prjibelski et al. 2020); 

� Taxonomy assignment with Kraken2 (Wood et al. 2019); 
� Molecular Typing via multi-locus sequence typing 

(MLST) analysis (Jolley and Maiden 2010, Seemann 
2022); 

� Antibiotic resistance genes and virulence factors annota
tion using various software tools: (i) AMRfinder Plus 

Figure 1. BacExplorer workflow.

2                                                                                                                                                                                                                                 Privitera et al. 
D

ow
nloaded from

 https://academ
ic.oup.com

/bioinform
aticsadvances/article/5/1/vbaf281/8317425 by Sem

inario Econom
ico user on 07 January 2026

https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-clc-genomics-workbench
https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-clc-genomics-workbench
https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-clc-genomics-workbench
https://www.ridom.de/seqsphere/
https://emea.illumina.com/areas-of-interest/microbiology/microbial-sequencing-methods/microbial-whole-genome-sequencing.html
https://emea.illumina.com/areas-of-interest/microbiology/microbial-sequencing-methods/microbial-whole-genome-sequencing.html
https://emea.illumina.com/areas-of-interest/microbiology/microbial-sequencing-methods/microbial-whole-genome-sequencing.html
https://github.com/electron/electron
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://github.com/FelixKrueger/TrimGalore


(Feldgarden et al. 2021), a tool from NCBI that identifies 
both antibiotic resistance and virulence genes, applicable 
to unknown or specific organisms for more precise analy
sis; (ii) Abricate (https://github.com/tseemann/abricate), a 
software that searches for antibiotic resistance and viru
lence genes across multiple databases, including NCBI 
(Feldgarden et al. 2019), Megares (Doster et al. 2020), 
VFDB (Chen et al. 2016), Arg-annot (Gupta et al. 2014), 
and CARD (Jia et al. 2017); (iii) VirulenceFinder (Joensen 
et al. 2014), a tool specialized in the detection of viru
lence genes. 

� Plasmid analysis using plasmidfinder (Carattoli et al. 
2014) and geNomad (Camargo et al. 2024) 

� Screening of Klebsiella spp. and Escherichia spp. genomes 
with Kleborate (Lam et al. 2021). 

� emm-typing of S. pyogenes using Emmtyper (Frost 
et al. 2020). 

� Multiple analysis on Staphylococcus aureus: 
� spa typing with SpaTyper (https://github.com/HCGB- 

IGTP/spaTyper) 
� agr locus typing and identification of variants in the 

agr operon using Agrvate (Raghuram et al. 2022) 
� SCCmec typing with SCCmec (https://github.com/rpe 

tit3/sccmec) 

� Species-specific analysis on Escherichia coli using EcOH 
(Ingle et al. 2016), ecoli_vf (https://github.com/phac-nml/ 
ecoli_vf/), FimtTyper (Roer et al. 2017) and 
ClermonTyping (Le Nagard 2018). 

� Identification of cap locus serotype and structure in 
Haemophilus influenzae with hicap (https://github.com/ 
scwatts/hicap) 

� Serotype determination Shigella spp. with ShigaTyper 
(Wu et al. 2019) and ShigEifinder (Zhang et al. 2021) 

� In silico typing of Penicillin Binding Proteins (PBP) for 
Streptococcus pneumoniae using pbptyper (Li et al. 2016) 
(https://github.com/rpetit3/pbptyper) 

� Sequence based typing (SBT) of Legionella pneumophila 
with legsta (https://github.com/tseemann/legsta) 

� Serogroup typing prediction for Listeria monocytogenes 
with LisSero (Doumith et al. 2004) 

� Multi-antigen sequence typing for Neisseria gonorrhoeae 
with ngmaster (Kwong et al. 2016) and typing of 
Neisseria meningitidis with meningotype (https://github. 
com/MDU-PHL/meningotype) 

� Serogrouping of Pseudomonas aeruginosa with pasty 
(https://github.com/rpetit3/pasty) 

Table 1. Summary of the employed software and databases of BacExplorer.

Organism Resources Function Version

All fastQC Raw Reads quality control 0.12.1
All Quast Genome Quality Assessment 5.3.0
All trimgalore Trimming 0.6.10
All SPAdes De novo genome assembly 4.0.0
All kraken2 Taxonomy identification 2.1.3
All mlst Scan contig files against traditional PubMLST typing schemes 2.23.0
All ncbi-amrfinderplus Antimicrobial resistance gene and virulence factor identification 3.12.8
All ABRicate Antimicrobial resistance gene and virulence factor identification 1.0.1
All NCBI Antimicrobial resistance database 15/12/2024
All CARD Antimicrobial resistance database 3.3.0
All Megares Antimicrobial resistance database v2
All ResFinder Antimicrobial resistance database 22/03/2024
All ARG-ANNOT Antimicrobial resistance gene database V6
All VirulenceFinder Virulence factor identification 2.0.4
All VFDB Virulence factor database 06/12/2024
All PlasmidFinder Plasmid identification 2.2.0
All geNomad Identification of mobile genetic elements 1.11.0
S.aureus spaTyper Spa type identification 0.3.3

agrvate agr locus typing 1.0.2
sscmec typing SCCmec cassettes 1.2.0

Klebsiella spp. Kleborate Screen Klebsiella genome assembly 3.1.2
Escherichia spp. ecoh E.coli serotyping 2019

ecoli vf Virulence factor database 2017
FimTyper FimH type identification 2017
ClermonTyping Escherichia strain phylotyping 24.02
ECTyper E. coli serotyping 0.8.1

L. pneumophila Legsta Sequence based typing 0.5.1
L. monocytogenes LisSero Serotype prediction 0.4.9
S. pyogenes emmtyper Automatic emm-typing of S. pyogenes 0.2.0
S. pneumoniae pbptyper Penicillin binding protein typer 2.0.0
Shigella spp. ShigEifinder Identify differentiate Shigella/EIEC and Serotype 1.3.5

ShigaTyper Shigella serotype prediction 2.0.5
P. aeruginosa pasty Serogrouping of Pseudomonas aeruginosa isolates 2.2.1
H. influenzae hicap cap locus identification 1.0.4
Neisseria spp. ngmaster In silico multi-antigen sequence typing for Neisseria gonorrhoeae 0.5.8

meningotype Typing of Neisseria meningitidis 0.8.5
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3 Results
BacExplorer is a software developed using Snakemake, com
plemented by a user-friendly app built with Electron 
(Fig. 2A). It integrates several tools and databases, which are 
downloaded via Bioconda (Gr€uning et al. 2018). The soft
ware can analyze both raw sequences (FASTQ) and aligned 
sequences (FASTA) (Fig. 2B). It generates an output consist
ing of an HTML report and a series of Excel tables that sum
marize the results from each tool, organized by topic.

3.1 Report
BacExplorer generates a flexible and easy to inspect HTML 
report based on R Markdown. As shown in Fig. 3A, the 
reports consists of 22 sections containing different analysis 
types. The report includes also individual sections for bacte
ria species-specific analysis. The first two sections include 
raw reads and genome assembled quality control followed by 
kraken2 taxonomic identification and MLST analysis. Next, 
the antibiotic resistance section consists of a series of tables, 
one per sample (Fig. 3B) and per database. The section 
includes also a series of heatmaps resuming the results of 
each database (Fig. 3C). The sections that follows are: the vir
ulence, the plasmid and the virus ones. Subsequent, follows 
the species-specific bacteria section for Escherichia spp., 
Klebsiella spp., S. pyogenes, H. influenzae, Shigella spp., 
Staphylococcus spp., S. pneumoniae, Listeria 
Monocytogenes, L. pneumophila, Neisseria spp. and P. aeru
ginosa (Fig. 3D). The report is generated by making use of 
few R packages such as: dplyr (Wickham et al. 2025), stringr 
(Wickham 2025) for file manipulation, kableExtra (Zhu 
2024) to visualize the tables, ComplexHeatmap (Gu et al. 
2016), and circlize (Gu et al. 2014) for generating and visual
izing Heatmaps and openxlsx (Schauberger and Walker 
2024) generate interactive tables.

3.2 Case study
BacExplorer has been tested on several bacterial genomes 
that are pathogens for humans. Here we report a case study 
with the analysis of seven genomes (two Klebsiella 

pneumonia, two Enterococcus faecalis, one S. pyogenes, one 
E. coli, and one S. aureus) highlighting the diverse range of 
analyses our software perform. All the strains have been se
quenced at the University of Catania. The DNA was 
extracted through the QIAGEN QIAamp DNA Mini Kit 
(Ref.51304, QIAGEN, 40724 Hilden, Germany) and se
quenced with the Illumina MiSeq platform according to the 
manufacturer’s instructions provided in the Illumina 
DNA Prep.

i) K. pneumoniae have been identified by MLST, respec
tively with ST35 for Sample1 and ST101 for Sample2 
(Fig. 3A). Regarding AMR analysis, the two Klebsiella 
showed resistance to fosfomycin through fosA gene, to 
gentamicin through amrA gene and to quinolones 
through oqxA4 with these resistance observable in all 
the database used by BacExplorer. From AMR 
Heatmaps it can be notice that the two Klebsiella cluster 
together showing their mutation similarity. Concerning 
virulence factor it is possible to notice that both the 
Klebsiella present the same 14 virulence genes in VFDB 
database. For plasmid detection, it is noteworthy to high
light the identification of the plasmid 
lncHl1B_1_1_pNDM_MAR in both Klebsiella. 
Kleborate identifies the pneumo complex O1ab with the 
O locus O1/O2v1 and an acquired blaKPC3 gene in both 
Klebsiella strains. Additionally, the K loci identified are 
KL22 and KL17, respectively. 

ii) S.aureus have been identified by MLST with ST45 
(Fig. 3). It showed, in all the AMR databases, the gene 
blaZ that confers resistance to Beta-lactames. In both the 
virulence factor database we can observe the presence of 
sec genes that produce the enterotoxin C. However, this 
is the only common gene among the two databases, 
showing the importance of a comprehensive analysis 
with the unification of several databases. Concerning 
genus-specific analysis, agrvate recognizes the agr group 
of gp1 and spatyper gives out t026 as result, while 
sccmec does not recognize any type because the S. aureus 
is methicillin-sensible. 

Figure 2. BacExplorer graphical user interface (GUI). A) Homepage of the BacExplorer application, providing options for initial environment setup (for first- 
time users) and for launching a new analysis. B) Analysis page with configurable parameters, including input file type (FASTA or FASTQ), coverage 
thresholds for antibiotic resistance and virulence factors, number of computational threads, and optional inclusion of geNomad modules for plasmid and 
virus detection.
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iii) S. pyogenes have been identified by MLST with ST28 
(Fig. 3A). It is annotated using only two AMR databases, 
Megares and CARD, which identify the gene lmrP as con
ferring resistance to tetracycline due to its role as part of 
the efflux pump family. For virulence factors, only VFDB 
provides results for this sample, including smeZ, a strepto
coccal mitogenic exotoxin. In the species-specific analysis, 
EMMtyper identifies the S. pyogenes strain as emm-type 
EMM1.0, belonging to the EMM cluster A-C3. 

iv) E. coli have been identified by MLST with ST6057 
(Fig. 3A). It express, both for Megares and for CARD, 
the CRP gene that gives resistance to fluoroquinolones 
and macrolides since it represses the multidrug efflux 
pump expression. For E. coli virulence factor we can in
spect both the “virulence factors” section and the 
“Escherichia” section, thanks to the use of genera- 
specific virulence factor finder tool called ecoli_vf. For in
stance, in both VFDB and ecoli_vf we can found entB, 
an enterobactin. Genera-specific analysis gave us other 
information, such as the sample serotype recognized as 
O65 by ECTyper. 

v) E. faecalis have been identified by MLST, respectively, 
with ST26 for Sample6 and with ST23 for Sample7 
(Fig. 3A). Five common AMR genes were identified in 
both the genomes: macrolide (MLS) mph(D), trimetho
prim (dfrA), drug and biocide resistance (efrA and efrB), 
a multidrug efflux pump (emeA), and clindamycin 
quinupristin-dalfopristin (dalfopristin) [(MLS) lsaA]. 
Notably, the lsa gene was detected in both samples 
across all databases. In terms of virulence gene content, 
the comparison of both databases evidenced nine core 
virulence factors associated with biofilm formation 

(bopD), immunomodulation (cpsA, cpsB), adherence 
(ebpA, ebpB, ebpC, srtC), endocarditis-specific antigen 
(efaA), and surface fibrinogen-binding protein (fss1). 
While, ace gene, a collagen adhesin precursor, the gelE- 
sprE interlinked genes, associated with Q/S control of 
gelatinase and serine-protease expression, and prgB 
gene, which encodes an adhesin that plays a significant 
role in cellular aggregation and robust biofilm formation, 
were present only in Sample6. In contrast, VFDB data
base revealed in Sample7 several other cps genes that 
code for enzymes involved in capsular polysaccharide 
synthesis, which possess anti-phagocytic, immune-eva
sion, and immune-modulation properties. Two plasmids, 
both belonging to IncP-1 broad-host-range replicon fam
ily known for its ability to mobilize and disseminate anti
biotic resistance genes, were detected: Sample6 showed 
rep8b 1 repA(pEJ97p1), belonging to the IncP-1β sub
family, more frequently linked to plasmids carrying 
AMR genes; Sample7 possesses rep6 1 repA(pS86), be
longing to the IncP-1α subfamily, often associated with 
plasmids carrying genes for heavy metal resistance. 

All other information can be inspected in the case study re
port on our Github page: https://github.com/knowmics-lab/ 
BacExplorer.

3.3 Comparison with the existing tools
We compared BacExplorer with seven recently published 
bacterial genome annotation tools. An overview of their main 
features and specifications is provided in Table 2, while 
Table S1, available as supplementary data at Bioinformatics 

Figure 3. Screen of the BacExplorer HTML Report. A) Multi-locus sequence typing. B) Antimicrobial resistance tables with a look up on AMRfinderþ
database. C) Example of antimicrobial resistance heatmap. D) Examples of species/genera-specific analysis for Escherichia, Staphylococcus and 
Streptococcus pyogenes.

BacExplorer: simplifying bacterial genome analysis                                                                                                                                                           5 

D
ow

nloaded from
 https://academ

ic.oup.com
/bioinform

aticsadvances/article/5/1/vbaf281/8317425 by Sem
inario Econom

ico user on 07 January 2026

https://github.com/knowmics-lab/BacExplorer
https://github.com/knowmics-lab/BacExplorer
https://academic.oup.com/bioinformaticsadvancesarticle-lookup/doi/10.1093/bioadv/vbaf281#supplementary-data


T
ab

le
 2

. F
ea

tu
re

 c
om

pa
ris

on
: B

ac
E

xp
lo

re
r v

s.
 e

xi
st

in
g 

an
no

ta
tio

n 
so

ft
w

ar
e.

B
ac

E
xp

lo
re

r
A

SA
3P

B
ac

pi
pe

B
ac

to
pi

a
C

am
py

pe
Pa

tr
ic

rM
A

P
T

or
m

es

Q
ua

lit
y 

co
nt

ro
l

Fa
st

Q
C

FA
ST

Q
C

, 
Fa

st
Q

 S
cr

ee
n

Fa
st

Q
C

Fa
st

Q
C

FA
ST

Q
C

, M
ul

ti
Q

C
Fa

st
Q

C
FA

ST
Q

C
, M

ul
ti

Q
C

/

T
ri

m
m

in
g

T
ri

m
G

al
or

e
T

ri
m

m
om

at
ic

, 
Fi

lt
lo

ng
T

ri
m

G
al

or
e

T
ri

m
m

om
at

ic
, 

B
B

D
uk

T
ri

m
m

om
at

ic
, 

PR
IN

SE
Q

T
ri

m
 G

al
or

e
T

ri
m

m
om

at
ic

T
ri

m
m

om
at

ic
, P

ri
ns

eq
, S

ic
kl

e

T
ax

on
om

y 
cl

as
si

fic
at

io
n

K
ra

ke
n2

K
ra

ke
n,

 B
L

A
ST
þ

(S
ilv

a)
, 

M
U

M
m

er
 (A

N
I)

/
G

T
D

B
-t

k
K

ra
ke

n2
K

ra
ke

n2
/

K
ra

ke
n2

A
lig

nm
en

t
SP

A
de

s
SP

A
de

s,
 

H
G

A
P4

, 
U

ni
cy

cl
er

SP
A

de
s

Sh
ov

ill
 (M

eg
ah

it
, 

sk
es

a 
SP

A
de

s,
 

V
el

ve
t)

, U
ni

cy
cl

er

SP
A

de
s

Sp
ad

es
, 

C
an

u,
 U

ni
cy

cl
er

Sh
ov

il,
 M

eg
ah

it
SP

A
de

s,
 M

eg
ah

it

A
ss

em
bl

y 
qu

al
it

y
Q

U
A

ST
/

/
C

he
ck

M
, Q

U
A

ST
Q

U
A

ST
C

he
ck

M
, I

nt
er

na
l 

qu
al

it
y 

as
se

ss
er

Q
U

A
ST

Q
U

A
ST

G
en

om
e 

an
no

ta
ti

on
/

Pr
ok

ka
Pr

ok
ka

, 
B

ar
ra

np
, 

A
R

A
G

O
R

N

Pr
ok

ka
Pr

ok
ka

, D
FA

ST
/

Pr
ok

ka
Pr

ok
ka

C
on

ti
g 

or
de

ri
ng

/
M

eD
uS

a
/

/
pr

og
re

ss
iv

eM
au

ve
pr

og
re

ss
iv

eM
au

ve
/

pr
og

re
ss

iv
eM

au
ve

Pa
ng

en
om

e 
an

al
ys

is
/

R
oa

ry
, F

as
tT

re
eM

P
/

R
oa

ry
, 

Fa
st

A
N

I,
 

ph
yl

ofl
as

h

R
oa

ry
/

R
oa

ry
, r

oa
r

y2
sv

g,
 F

as
tT

re
e

R
oa

ry
, r

oa
ry

2s
vg

, F
as

tT
re

e

M
L

ST
Pu

bM
L

ST
, M

L
ST

B
L

A
ST
þ

, P
ub

M
L

ST
M

L
ST

M
L

ST
, P

ub
M

L
ST

M
L

ST
/

M
L

ST
, P

ub
M

L
ST

M
L

ST
, P

ub
M

L
ST

A
nt

ib
io

ti
c 

re
si

st
an

ce
A

M
R

Fi
nd

er
pl

us
, 

A
br

ic
at

e
R

G
I

B
la

st
A

M
R

Fi
nd

er
pl

us
, 

A
ri

ba
A

M
R

Fi
nd

er
, 

A
br

ic
at

e
K

M
A

A
M

R
Fi

nd
er

pl
us

, 
A

br
ic

at
e

A
br

ic
at

e,
 B

la
st

V
ir

ul
en

ce
A

br
ic

at
e,

 
V

ir
ul

en
ce

Fi
nd

er
B

L
A

ST
þ

B
la

st
A

ri
ba

A
br

ic
at

e,
 B

la
st

K
M

A
A

br
ic

at
e,

 B
la

st
A

br
ic

at
e,

 B
la

st

Pl
as

m
id

s
Pl

as
m

id
Fi

nd
er

, 
ge

N
om

ad
/

Pl
as

m
id

Fi
nd

er
A

ri
ba

A
br

ic
at

e,
 B

la
st

/
A

br
ic

at
e,

 B
la

st
, 

Pl
as

m
id

Fi
nd

er
Pl

as
m

id
Fi

nd
er

A
lig

nm
en

t t
o 

a 
re

fe
re

nc
e

/
B

ow
ti

e2
, 

Pa
cB

io
, 

M
in

im
ap

2

/
Sn

ip
py

, B
W

A
, 

B
ed

to
ol

s,
 

m
in

im
ap

2

Sn
ip

py
B

ow
ti

e2
, 

M
in

im
ap

2,
 

Sa
m

to
ol

s

B
W

A
/

SN
Ps

 c
al

l
/

SA
M

to
ol

s,
 S

N
Pe

ff
Pa

rS
N

P
Sn

ip
py

, 
vc

f-
an

no
ta

to
r

/
Fr

ee
ba

ye
s,

 S
np

E
ff

/

L
an

gu
ag

e
B

as
h,

 S
na

ke
m

ak
e,

 
R

, J
av

as
cr

ip
t

G
ro

ov
y 

(J
av

a)
Py

th
on

N
ex

tfl
ow

 la
ng

ua
ge

Py
th

on
N

A
Sh

el
l

Sh
el

l

In
pu

t
Fa

st
q/

Fa
st

a
Fa

st
q/

ba
m

/b
ax

.h
5/

 
Fa

st
a/

G
B

K
/ 

E
M

B
L

/G
FF

Fa
st

a/
Fa

st
q

Fa
st

q/
Fa

st
a

Fa
st

q/
Fa

st
a

Fa
st

q/
Fa

st
a

Fa
st

q
Fa

st
q/

Fa
st

a

Sa
m

pl
e 

ty
pe

pa
ir

ed
-e

nd
 s

in


gl
e-

en
d

pa
ir

ed
-e

nd
 s

in


gl
e-

en
d

pa
ir

ed
-e

nd
pa

ir
ed

-e
nd

 s
in


gl

e-
en

d
pa

ir
ed

-e
nd

pa
ir

ed
-e

nd
 s

in


gl
e-

en
d

pa
ir

ed
-e

nd
pa

ir
ed

-e
nd

R
ea

ds
sh

or
t r

ea
ds

sh
or

t r
ea

ds
 a

nd
 

lo
ng

 r
ea

ds
sh

or
t r

ea
ds

sh
or

t r
ea

ds
 a

nd
 

lo
ng

 r
ea

ds
sh

or
t r

ea
ds

sh
or

t r
ea

ds
 a

nd
 

lo
ng

 r
ea

ds
sh

or
t r

ea
ds

sh
or

t r
ea

ds

O
ut

pu
t

T
ex

t fi
le

, E
xc

el
, 

H
T

M
L

 R
ep

or
t

T
ex

t fi
le

, J
SO

N
 fi

le
s,

 
H

T
M

L
5 

re
po

rt
s

E
xc

el
, T

ex
t fi

le
JS

O
N

/T
SV

H
T

M
L

 R
ep

or
t,

 C
SV

H
T

M
L

 R
ep

or
t

H
T

M
L

T
ex

t fi
le

, H
T

M
L

 R
ep

or
t

So
ft

w
ar

e 
di

st
ri

bu
ti

on
D

oc
ke

r,
 E

le
ct

ro
n

D
oc

ke
r,

 O
pe

nS
ta

ck
D

oc
ke

r,
 L

oc
al

C
on

da
, M

am
ba

C
on

da
, 

V
ir

tu
al

 M
ac

hi
ne

W
eb

 b
as

ed
C

on
da

C
on

da
, m

am
ba

, m
an

ua
lly

A
pp

Y
es

N
o

Y
es

N
o

N
o

N
o

N
o

N
o

L
as

t v
er

si
on

v.
1—

07
/2

02
5

v.
1.

3.
0—

05
/2

02
0

v.
1.

2.
6—

10
/2

01
9

v.
3.

2.
0—

03
/2

02
5

v.
1.

0—
02

/2
02

0
N

A
v.

2.
1—

02
/0

9/
20

20
v.

1.
3.

0—
06

/2
02

1

6                                                                                                                                                                                                                                 Privitera et al. 
D

ow
nloaded from

 https://academ
ic.oup.com

/bioinform
aticsadvances/article/5/1/vbaf281/8317425 by Sem

inario Econom
ico user on 07 January 2026



Advances online, details the software components and data
bases utilized by each tool for bacterial genome annotation.

Specifically, the comparison includes:

a) ASA3P is a pipeline for the assembly and annotation of 
bacterial isolates. It uses already published tools with 
fixed parameters designed for reproducibility according 
to best practice. ASA3P can also receive as input an al
ready assembled genome (contigs or scaffold) and start 
with annotation. The final stage consists of the aggrega
tion of the results in an HTML output. The last version 
of the tool (v1.3.0) was released in May 2020, but the 
last github update results in July 2022. 

b) Bacpipe is a freely available pipeline with a graphical in
terface. Its analysis can start both with raw and assem
bled data. The user can decide which tool to activate or 
deactivate for the analysis and it can adjust the parame
ters to his needs. Bacpipe outputs are summarized in an 
excel file, but all the details are reported in folders dedi
cated to the single tools used. The last release of the tool 
(v1.2.6) was in October 2019. 

c) Bactopia is a tool for flexible analysis of bacterial 
Illumina genome sequencing designed as an integrated 
suite of workflows. It connects open-source bioinformat
ics software, available from Bioconda, using Nextflow. 
Its installation is easy thanks to the possibility of instal
ling using not only Bioconda, but also a Docker con
tainer or a Singularity container. The tool accepts as 
input both FASTQ and FASTA and it permits to run sev
eral analyses in addition to the basic bactopia pipeline. 
The last version of the tool is the v.3.2.0 release on the 
March 2025. 

d) Campype is an open-source workflow for the WGS 
analysis of paired-end Illumina reads from C. jejuni and 
E. coli. Anyway, Campype can analyze any other bacte
rial genus. The output consists of both HTML and csv 
report. The tool can be downloaded using conda making 
the installation easy and avoiding possible environment 
incompatibility. The latest release of Campype dates 
back to February 2020 while the last update is in 
January 2024. 

e) PATRIC—The Pathogen Systems Resource Integration 
Center is a genomics-focused relational database and 
bioinformatics resource designed to support scientists in 
infectious disease research. PATRIC has begun since 
2014 to have informatic services usable through its web- 
service. Among the possible services we have: genome as
sembly, genome annotation, reconstruction of metabolic 
models, analyzing SNPs and doing RNAseq experiments. 
Meanwhile, it also stores more than 250 000 microbial 
genomes with their metadata permitting the comparison 
between users’ results and the genomes in the databases. 
Each user possesses a private workspace where he can 
upload private data and starts the analysis. 

f) rMAP—The Rapid Microbial Analysis Pipeline—is a 
one-stop tool that uses WGS data to characterize bacte
rial resistome. In particular, it was developed for the 
ESKAPE pathogens group (S. aureus, P. aeruginosa and 
Klebsiella spp.). It takes only raw data as input and it 
was developed using preexisting tools. At the end of the 
analysis a HTML report is generated. rMAP was devel
oped to help the user with limited bioinformatic knowl
edge, indeed, it does not require pre-processing of the 

data or the use of a metadata file. The first (and last) ver
sion of the tool was released in 2021, but the last github 
update was done in December 2023. 

g) TORMES is described as an open-source, user-friendly, 
command-line pipeline for conducting WGS analysis of 
bacterial data produced by Illumina platforms. 
TORMES automates all steps included in a typical WGS 
analysis permitting the use by non-bioinformaticians. It 
starts with raw data, but it can also accept already as
sembled genomes. Its output is a HTML Report created 
using Rmarkdown with plots easy to understand, it also 
gives out text files. The current version 1.3.0 has been re
leased in June 2021. The installation instructions have 
been updated in March 2023. 

Table S2, available as supplementary data at 
Bioinformatics Advances online, presents the time required 
by each tool to analyze FASTA and FASTQ files. For FASTA 
inputs, BacExplorer and Tormes were the fastest (4- 
5 minutes), while Bactopia led for FASTQ.

In terms of installation, PATRIC stands out with its fully 
online platform (https://www.bv-brc.org/). BacExplorer 
offers the simplest local setup via a downloadable package 
with a GUI-guided process. Among command line tools, 
Bactopia, Campype, rMAP, and Tormes are easy to install us
ing Conda.

Several tools presented challenges: rMAP failed due to a 
MEGAHIT error; Campype had ambiguous input formatting 
and lacked single-sample support; 5CT encountered a Python 
error with FASTQ; Bacpipe requires an undocumented 
graphical interface on Windows and lacks non-root CLI sup
port; Bactopia only accepts zipped files; and ASA3P’s Docker 
setup omits key instructions, requiring manual intervention. 
From a usability standpoint, all the state-of-the-art tools that 
have been compared with BacExplorer operate exclusively 
via the command line. In contrast, BacExplorer includes step- 
by-step installation guidance. Through its GUI, our open- 
source system, allows users to easily upload their raw data 
folder (or FASTA files) and get as output comprehensive 
analysis results (yielded as Excel files and HTML reports 
with interactive heatmaps for streamlined result interpreta
tion). Using these consistent, observable criteria (installation 
pathway, interface modality, input handling, and report gen
eration), our comparison provides an objective basis for the 
claim that BacExplorer is easier to use, enabling microbiolo
gists to perform complex bacterial genome analyses indepen
dently and without prior computational expertise.

4 Discussion
The advent of HTS has revolutionized microbiology, en
abling a deeper understanding of the mechanisms underlying 
well-known bacterial resistances. Next-generation sequenc
ing (NGS) analysis assists microbiologists in identifying and 
analyzing bacterial strains with unprecedented accuracy. 
However, comprehensive genome annotation often requires 
the integration of multiple specialized bioinformatics tools— 
a process that is both challenging and time-consuming.

While the plethora of bioinformatics tools for bacterial ge
nome assembly, annotation, and visualization offers signifi
cant advantages, it also presents notable issues. Each tool 
comes with its own strengths and limitations, operates in di
verse computational environments, and often requires 
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intricate parameter adjustments. This complexity can over
whelm researchers, particularly those without specialized 
training. Even experienced bioinformaticians may struggle to 
integrate results from different tools effectively.

Existing tools, though valuable, often lack user-friendly 
applications critical for use by non-computer scientists. 
Additionally, many of these tools either lack an intuitive user 
interface or, like PATRIC, require sample data to be 
uploaded to external servers. This approach raises privacy 
concerns, particularly in hospital microbiology laboratories 
where patient confidentiality is paramount.

To address these challenges and simplify bacterial genome 
analysis, we developed BacExplorer, a user-friendly tool 
designed to automate the execution, parsing, and integration 
of results from various annotation tools. Even though it is 
not always the fastest, by streamlining the workflow, 
BacExplorer enhances accessibility to advanced genome an
notation for researchers. Its primary goal is to make HTS 
analysis routine in laboratories, enabling the rapid and accu
rate examination of bacterial sequences to uncover insights 
into bacterial resistance mechanisms.

BacExplorer provides a local, streamlined solution for bac
terial genome annotation. It enables researchers to incorpo
rate sequencing-derived insights directly into medical reports. 
By integrating multiple tools and databases with regular 
monthly updates, BacExplorer ensures comprehensive and 
up-to-date bacterial annotation. It has already been tested on 
hundreds of samples at the University of Catania (Bongiorno 
et al. 2023, Bivona et al. 2024, Maugeri et al. 2025), with on
going evaluations to further refine its performance.

BacExplorer supports a wide range of analyses for human 
bacteria, from multi-locus sequence typing (MLST) and tax
onomy detection to species-specific investigations of the most 
threatening pathogens. Its outputs are presented through in
teractive graphics embedded in an HTML-based consultable 
report, facilitating the interpretation of complex data. 
Furthermore, the tool leverages a Snakemake pipeline, en
abling seamless integration of future expansions and tools, 
ensuring that the software remains easily updatable.

5 Conclusion
BacExplorer was developed to address the need for rapid 
analysis and annotation of bacterial genomes obtained 
through HTS. Designed with microbiologists in mind, its app 
simplifies bacterial genome analysis, overcoming the bottle
necks typically associated with bioinformatics workflows 
that often require expert users. With BacExplorer, we aim to 
make HTS analysis more accessible and feasible for a broader 
range of laboratories, empowering researchers to harness the 
full potential of genomic data.

5.1 Limitations and future perspective
The next version of BacExplorer will introduce several signif
icant enhancements to expand its capabilities and streamline 
bacterial genome analysis. These updates include the ability 
to analyze genomes derived from a combination of short and 
long reads, offering greater flexibility and accuracy in ge
nome assembly.
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Kwong JC, Gonçalves da Silva A, Dyet K et al. Ngmaster: in silico 
multi-antigen sequence typing for Neisseria gonorrhoeae. Microb 
Genom 2016;2:e000076.

Lam MMC, Wick RR, Watts SC et al. A genomic surveillance frame
work and genotyping tool for Klebsiella pneumoniae and its related 
species complex. Nat Commun 2021;12:4188.

Le Nagard H. Clermontyping: an easy-to-use and accurate in silico 
method for Escherichia genus strain phylotyping. Microb Genom 
2018;4:e000192.

Li Y, Metcalf BJ, Chochua S et al. Penicillin-binding protein transpepti
dase signatures for tracking and predicting β-lactam resistance levels 
in Streptococcus pneumoniae. mBio 2016;7:e00759–16.

Martin M. Cutadapt removes adapter sequences from high-throughput 
sequencing reads. EMBnet J 2011;17:10–2. https://doi.org/10. 
14806/ej.17.1.200

Maugeri G, Calvo M, Bongiorno D et al. Sequencing analysis of inva
sive carbapenem-resistant Klebsiella pneumoniae isolates secondary 
to gastrointestinal colonization. Microorganisms 2025;13:89.

Merkel D. Docker: lightweight linux containers for consistent develop
ment and deployment. Linux J 2014;239:2.

Quijada NM, Rodr�ıguez-L�azaro D, Eiros JM et al. TORMES: An auto
mated pipeline for whole bacterial genome analysis. Bioinformatics 
2019;35:4207–12.

Ortega-Sanz I, Barbero-Aparicio JA, Canepa-Oneto A et al. Campype: 
an open-source workflow for automated bacterial whole-genome se
quencing analysis focused on Campylobacter. BMC Bioinformatics 
2023;24:291.

Petit RA 3rd, Read TD. Bactopia: a flexible pipeline for complete analy
sis of bacterial genomes. mSystems 2020;5:e00190–20.

Prjibelski A, Antipov D, Meleshko D et al. Using SPAdes de novo as
sembler. Curr Protoc Bioinformatics 2020;70:e102.

Raghuram V, Alexander AM, Loo HQ et al. Species-wide phylogenom
ics of the Staphylococcus aureus agr operon revealed convergent 
evolution of frameshift mutations. Microbiol Spectr 2022; 
10:e0133421.

Roer L, Tchesnokova V, Allesøe R et al. Development of a web tool for 
Escherichia coli subtyping based on FimH alleles. J Clin Microbiol 
2017;55:2538–43.

Schauberger P, Walker A. 2024. Openxlsx: Read, Write and Edit Xlsx 
Files. https://ycphs.github.io/openxlsx/authors.html

Schmitz JE, Stratton CW, Persing DH et al. Forty years of molecular 
diagnostics for infectious diseases. J Clin Microbiol 2022; 
60:e0244621.

Schwengers O, Hoek A, Fritzenwanker M et al. ASA3P: an automatic 
and scalable pipeline for the assembly, annotation and higher-level 
analysis of closely related bacterial isolates. PLoS Comput Biol 
2020;16:e1007134.

Seemann T. Mlst. 2022. https://github.com/tseemann/mlst.
Singh R, Kusalik A, Dillon J-AR et al. Bioinformatics tools used for 

whole-genome sequencing analysis of Neisseria gonorrhoeae: a liter
ature review. Brief Funct Genomics 2022;21:78–89.

Sserwadda I, Mboowa G. Rmap: the rapid microbial analysis pipeline 
for eskape bacterial group whole-genome sequence data. Microb 
Genom 2021;7:000583.

Su M, Satola SW, Read TD. Genome-based prediction of bacterial anti
biotic resistance. J Clin Microbiol 2019;57:e01405–18.

Wickham H. Stringr: Simple, Consistent Wrappers for Common String 
Operations. R package version 1.6.0. 2025. https://stringr.tidy 
verse.org

Wickham H, Franois R, Henry L et al. Dplyr: A Grammar of Data 
Manipulation. R package version 1.1.4. 2025. https://dplyr.tidy 
verse.org

Wood DE, Lu J, Langmead B et al. Improved metagenomic analysis 
with kraken 2. Genome Biol 2019;20:257.

Wu Y, Lau HK, Lee T et al. In silico serotyping based on whole-genome 
sequencing improves the accuracy of shigella identification. Appl 
Environ Microbiol 2019;85:e00165.

Xavier BB, Mysara M, Bolzan M et al. BacPipe: a rapid, user-friendly 
whole-genome sequencing pipeline for clinical diagnostic bacteriol
ogy. iScience 2020;23:100769.

Zhang X, Payne M, Nguyen T et al. Cluster-specific gene markers en
hance shigella and enteroinvasive Escherichia coli in silico serotyp
ing. Microb Genom 2021;7

Zhu H. 2024. KableExtra: Construct Complex Table with ’kable’ and 
Pipe Syntax. R package version 1.4.0. https://cran.r-project.org/ 
web/packages/kableExtra. Date accessed 10 November 2025.

© The Author(s) 2025. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits 
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
Bioinformatics Advances, 2025, 00, 1–9
https://doi.org/10.1093/bioadv/vbaf281
Original Article

BacExplorer: simplifying bacterial genome analysis                                                                                                                                                           9 

D
ow

nloaded from
 https://academ

ic.oup.com
/bioinform

aticsadvances/article/5/1/vbaf281/8317425 by Sem
inario Econom

ico user on 07 January 2026

https://doi.org/10.1128/IAI.00207-11
https://doi.org/10.1128/IAI.00207-11
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://ycphs.github.io/openxlsx/authors.html
https://github.com/tseemann/mlst
https://stringr.tidyverse.org
https://stringr.tidyverse.org
https://dplyr.tidyverse.org
https://dplyr.tidyverse.org
https://cran.r-project.org/web/packages/kableExtra
https://cran.r-project.org/web/packages/kableExtra

	Active Content List
	1 Introduction
	2 Methods
	3 Results
	4 Discussion
	5 Conclusion
	Author contributions
	Supplementary data
	Conflict of interest
	Funding
	Data availability
	References


