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The horizontal transfer of mobile gene elements between bacteria plays a crucial
role in their evolutionary dynamics. Additionally, it enables the accumulation and
dissemination of genes conferring antibiotic and heavy-metal resistance, and
thus contributes to the worldwide emergence and spread of drug-resistance
pathogens. This process is instrumental in maintaining genetic diversity within
bacterial populations and facilitates their adaptation to novel environments. It
allows bacteria to acquire genes responsible for the synthesis of enzymes that
utilize alternative energy sources and substrates. Furthermore, bacteria can
acquire genes associated with toxin production and increased virulence.
Horizontal gene transfer serves as a pivotal mechanism in bacterial evolution,
enabling the acquisition of novel genetic information and enhancing their
capabilities. However, the proper detection and identification of horizontally
transferred genes at the microbiome scale is challenging, whether using wet-lab
experiments or bioinformatics approaches. In the paper, we summarize current
bioinformatics tools for detecting Horizontal Gene Transfer and present the
results of our bioinformatic analysis on a collection of genomes originating from
chicken gut microbiota.

KEYWORDS
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Introduction

Transfer of Mobile Gene Elements (MGEs) among bacteria is divided into two basic
categories in the literature: Horizontal Gene Transfer (HGT) and Vertical Gene Transfer
(VGT). VGT (Lawrence, 2005) is a process transmitting gene sequences from ancestor to
descendant. This process is governed by Mendel’s laws of inheritance: Law of segregation,
Law of independent assortment, and Law of dominance and recessiveness. From the
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evolutionary standpoint, VGT plays a crucial role in heredity,
however, the HGT processes have established the groundwork for
new evolutionary paradigms and are currently at the forefront of
genomics research (Boto, 2010).

Through comparative genomic analysis, it has been revealed
that HGT is prevalent among prokaryotes (Boto, 2010) and holds
significant implications for adaptation and evolution, e.g., 17% of
the Escherichia coli and Salmonella sp. genomes have been acquired
by HGT over the last 100 million years (Lawrence and Ochman,
1998; Ho and Waldor, 2007). The ability of bacteria to adapt to new
environments within the framework of evolution is often achieved
through the acquisition of new genes via HGT, rather than
mutations (Van Dijk et al., 2020). One notable illustration of this
concept is the molecular arms race, which has significantly
propelled the evolution of pathogenicity. Pathogens frequently
possess multiple mechanisms or systems that perform similar
functions, leading to redundancy in their capabilities. For
example, they may have redundant sets of proteins, such as type
III protein secretion effectors, which can manipulate host cells.
These redundant systems provide a survival advantage to the
pathogen, ensuring that even if one mechanism is compromised,
others may still be functional. In contrast, hosts continually evolve
and enhance their immune systems in response to these pathogenic
challenges, leading to the development of increasingly sophisticated
defence mechanisms (Jackson et al.,, 2011). On the contrary, some
pathogens with narrow host range have adapted to the environment
by gene deletion (Smajs et al., 2011).

To gain a comprehensive understanding of HGT issues and
scientific challenges in this field, it is important to introduce the
fundamental terms used in HGT nomenclature. The bacterium that
donates the gene is referred to the donor, while the bacterium that
receives the gene is known as the recipient. The concept of HGT
encompasses three fundamental mechanisms: conjugation,
transduction, and natural transformation (Lapierre et al., 2014).
Conjugation is a process of genetic recombination process in which
DNA is transferred from the donor to the recipient through cell-to-
cell pilus contact encoded by the F plasmid. Transduction is the
transfer of DNA sequences from one bacterium to another by
means of a bacteriophage or phage-like particle. Natural
transformation is the uptake or integration of extracellular DNA,
which can occur under the natural conditions of bacterial life
(Blokesch, 2017; Winter et al., 2021).

Recent advances in technology have provided extensive
opportunities for bacterial cultivation and sequencing of vast
amounts of previously uncharacterized prokaryotes (Lagier et al.,
2012; Medvecky et al, 2018). However, in the quest to identify
horizontally transferred genes among diverse bacteria and
accurately detect the mobility of MGEs, it is crucial to standardize
tools while ensuring reproducible results. Although HGT has
gained significant attention in research, its standardization
through in-silico analysis, statistical methods, and data mining
remains only partially explored. Therefore, this concise review
aims to summarize the existing information on bioinformatic
analysis and shed light on the identification and visualization of
mobile genetic elements within the gut microbiome using a
real dataset.
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Databases and associated tools

The current study provides an overview and summary of the
available databases and associated tools, encompassing information
about MGEs and HGT. In Table 1, twenty-three distinct tools,
pipeline and databases are outlined. Each of these software options
has been categorized based on a typing that corresponds to specific
data or functions.

Real tested dataset: a chicken gut
microbiome collection

The minireview article presented herein also extends the
analysis of our previous study (Schwarzerova et al, 2022). The
methodology, including detailed processing steps, is provided in
Supplement 1. This supplement contains a thorough description of
each step, along with the specific parameters that were applied to
analyze our real dataset from the microbiome collection. The
genomes of 279 anaerobic chicken gut isolates (BioProject
number PRJN377666) were analyzed, emphasizing the significant
role of the chicken microbiota as a reservoir of MGEs (Yang et al.,
2022). According to the current version of Genome Taxonomy
Database: GTDB (Chaumeil et al., 2022), genome collection
included eleven phyla: Actinobacteriota, Bacteroidota,
Desulfobacterota, Elusimicrobiota, Firmicutes, Firmicutes_A,
Firmicutes_C, Fusobacteriota, Proteobacteria, Synergistota
and Verrucomicrobiota.

Methodological approaches
to investigate portable mobile
gene elements

Different approaches have been developed to detect HGT in
genomic data. Based on the methodology basic approaches can be
classified as follows:

(1) co-transfer between bacteria using gene-gene associations;
(2) combination of phylogenetic and best-match analysis;

(3) matrix-based homology search for co-transfer between
bacteria;

(4) probabilistic search and genome composition analysis;

(5) isolation of easy-to-cultivate bacteria, such as lactobacilli,
bifidobacterial, or members of Enterobacterales, followed
by the characterization of their full genome sequences.

Co-transfer between bacteria using gene-
gene associations

The analyzed genomes are screened against the curated
databases (Table 1) for the presence of potential gene candidates
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TABLE 1 Overview of approaches and databases for identifying MGEs in bacterial genomes and metagenomes.

Name

AcrDB

Type

ARG

Source

http://bcb.unl.edu/AcrDB

Short description

AcrDB serves as a database containing computationally predicted
anti-CRISPR (Acr) and Acr-associated (Aca) operon information.

ACLAME

MGEs

http://aclame.ulb.ac.be/

The primary focus of this database is to gather, analyze, and
categorize sequenced MGEs, with a specific emphasis on phages
and plasmids.

AcrHub

CRISPR proteins

http://pacrispr.erc.monash.edu/AcrHub/

AcrHub is an inclusive database designed to offer a
comprehensive and user-friendly solution for exploring and
investigation, prediction, mapping, and relationship bacterial
analysis.

Alien_Hunter

BacAnt

DarkHorse

Dfam

MGEs

ARG

MGEs

MGEs

https://www.sanger.ac.uk/tool/alien-
hunter/

http://bacant.net

http://darkhorse.ucsd.edu/

https://dfam.org

Alien_hunter is a software for the prediction of putative HGT
included IVOM (Interpolated Variable Order Motifs) as extension
tool for Artemis.

BacAnt serves as a consolidation tool, specifically designed for
identifying resistance genes, insertion elements, and transposon
regions within genome sequences.

A method for swift genome-wide identification and ranking of
horizontal transfer candidate proteins.

The Dfam database is an open collection containing Transposable
Element DNA sequence alignments, hidden Markov Models
(HMMs), consensus sequences, and genome annotations.

Gypsy Database (GyDB)

MGEs

http://gydb.org

The Gypsy Database of MGE is a repository of viruses and
transposable elements organized according to their phylogenetic
classification.

HGTector

ICEscreen

ISCompare

MGEs

ICEs and IMEs

the identification of
differentially located
insertion sequences

https://github.com/qiyunlab/HGTector

https://icescreen.migale.inrae.fr

https://github.com/maurijlozano/
ISCompare

This computational pipeline employs sequence homology search
hit distribution statistics for the genome-wide identification of
potential horizontal gene transfer (HGT) occurrences.

A tool designed to identify Firmicute ICEs (Integrative and
Conjugative Elements) and IMEs (Integrative Mobile Elements),
whether isolated or found within composite structures.

ISCompare: A user-friendly tool for detecting differential
insertion sequence mobilization events in related bacterial strains.

mobileOG-db MGE https://doi.org/10.1128/aem.00991-22 A meticulously curated database of protein families involved in
mediating the life cycle of bacterial MGEs.

MobileGeneticElementDatabase =~ MGE https://github.com/KatariinaParnanen/ Contains a fasta format database of a large variety of mobile

MobileGeneticElementDatabase genetic elements

Mmge MGEs https://mgedb.comp-sysbio.org A database for human metagenomic extrachromosomal mobile
genetic elements.

MtbTnDB Transposons http://www.mtbtndb.app The Mycobacterium tuberculosis transposon sequencing database
(MtbTnDB) is a large-scale guide to genetic conditional
essentiality.

phagesdb Plasmids http://phagesdb.org Comprises a diverse collection of mobile genetic elements in
FASTA format.

PILER Repetitive DNA https://www.drive5.com/piler/ PILER is open-source software designed for analyzing repetitive
DNA present in genome sequences, freely available to the public.

ShadowCaster MGEs https://github.com/dani2s/ShadowCaster It is a hybrid approach to identify horizontal gene transfer events
in prokaryotes.

TransposonUltimate Transposons https://cellgeni.cog.sanger.ac.uk/ TransposonUltimate is comprehensive software developed for

browser.html?
shared=transposonultimate/

transposon classification, annotation, and detection. It offers a
holistic suite of tools dedicated to accurate transposon
identification.
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TABLE 1 Continued
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Name Type Source Short description
TnCentral MGEs https:// TnCentral serves as a web portal and database for prokaryotic
tncentral.proteininformationresource.org/ | transposable elements, offering tools and resources for transposon
analysis.
TREL MGEs https://github.com/muriloHoracio/TERL ‘ Transposable element classification using CNN.
WASPS Plasmids https://archaea.i2bc.paris-saclay.fr/wasps/ ‘ Plasmid synteny server with web assistance.

associated with MGEs. The process can be referred to as MGE
screening. In addition, several tools are accessible for detecting
MGE insertions (Table 1), for example, Mauve, a whole-genome
alignment tool that can effectively identify large insertions referred
to as “genomic islands” (Durrant et al., 2020).

By applying this methodology, we detected in our real test
dataset the tetQ (Shoemaker et al., 2001), mecA (Lambert, 2005),
and mepA (Chizhevskaya et al., 2018) genes within our real dataset.
These genes confer antibiotic resistance and were most prevalent in
individuals of the Bacteroidota. Figure 1 (section A) provides an
example of visualization of the mecA gene.

Utilizing genomic databases and computational tools for HGT
detection enhances efficiency and facilitates access to extensive
genetic data. MGE screening plays a pivotal role in identifying
crucial genetic elements like plasmids, transposons, and phages
(Table 1), shedding light on their roles in gene transfer and
adaptation. This screening is especially critical for monitoring the
dissemination of antibiotic resistance genes, which holds significant
implications for public health and also provides valuable insights
into genome evolution and adaptive mechanisms within changing
environments. MGE screening, however, is susceptible to both
false-positive and false-negative results, which depend on the
completeness and accuracy of genomic databases. It also poses
challenges in elucidating the functional roles of MGEs, including
the potential oversight of unexplored genes involved in HGT, such
as hypothetical proteins. As a result, confirming the presence of
MGEs often requires labor-intensive and resource-intensive
experimental validation.

Integrating phylogenetic and best-match
approaches in HGT detection

An alternative way for MGE detection centers on diverse
phylogenetic clustering approaches, as demonstrated in various
studies (Arredondo-Alonso et al., 2023; Nakao et al., 2016;
Schwarzerova et al., 2022). The UBCG (Up-to-date bacterial core
gene) (Na et al, 2018) seems to serve as a fitting gold standard
approach to construct correct phylogenetic tree across different
phyla. It comprises a suite of tools for fundamental analysis,
enabling the generation and assessment of phylogenetic trees for
bacterial sequences.

Within the examined dataset, different bacteria shared an
identical mecA gene sequence despite significant genomic
differences and their presence in separate branches of the
phylogenetic tree. Therefore, based on the results of our
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phylogenetic analysis (Figure 1C), we suggest that the mecA gene
is highly likely to have undergone HGT. The mecA gene is often
associated with resistance to methicillin (Ito et al., 2012). This gene
encodes a low-affinity penicillin-binding protein (PBP), designated
PBP2a or PBP2'. In most staphylococci, mecA is part of a
chromosomally integrated mobile genetic element called the
staphylococcal cassette chromosome mec (SCCmec) (Ito et al,
2012). A study conducted by Juhas et al. (Juhas et al., 2009)
further corroborated that mecA falls within the category of
horizontally transmitted MGEs. This may be a confirmation that
this gene belongs to the group of MGEs that are transmitted
horizontally, also within our tested dataset.

Best-match approaches in HGT detection offer simplicity and
efficiency for rapid screening. However, they are limited in
resolution, prone to generating false positives based solely on
sequence similarity, and often unable to determine the direction
of gene transfers. On the other hand, phylogenetic approaches
provide an invaluable evolutionary context, statistical support,
and the ability to infer gene lineages and potential donors and
recipients. Nevertheless, these methods can be computationally
intensive, reliant on data quality, and sensitive to parameter
choices. Integrating both approaches can enhance HGT detection,
combining efficiency with evolutionary context and statistical rigor
to yield more reliable results.

Matrix-based homology search for
co-transfer between bacteria

Matrix-based homology is a representation using heatmaps of
the abundance of genes co-shared by different genomes. Detection
can be achieved based on prior phylogenetic clustering and finding
homology, e.g., a pipeline, from the study of (Schwarzerova
et al., 2022).

The heatmap (Figure 1, section F) was created in R v. 4.1.3 using
R package RColorBrewer (Neuwirth, 2022). MGEs can be easily
detected in the visualization of the matrix.

Probabilistic search and genome
composition analysis

Probabilistic search methods have become one of the
indispensable methods in investigating HGT across different
organisms. These methods use statistical models and algorithms
to assess the likelihood of gene transfer between species based on
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(A) Individual visualization of 8 selected genomes where red color represents mecA gene across different genomes; all Enterococcus gallinarum
An774; a2] Anaerobutyricum sp002161065 Anll; a3] Faecalicatena concorta An936; a4] Faecalicatena concorta An846; a5] Faecalitalea cylindroides
An733; a6] Ligilactobacilluss salivarius An63; a7] Ligilactobacilluss salivarius An453; a8] Streptococcus gallolyticus An908; (B) Network visualization of
HGT events among strains of Actinobacteriota using the Cytoscape platform; (C) Tree visualization of MGE using ITOL (Letunic & Bork, 2007); the
red lines highlight detected mecA genes with the same sequence identity in different species; (D) Chord diagram applied on tested dataset; (E)
Sankey diagram - an alternative visualization of chord diagram. Both are used to represent the flow/connection and the corresponding frequency
depicted by the thickness/width of the bars and edges; (F) Matrix visualization of the abundance of genes co-transferred between bacterial genomes
from the examined bacterial collection; blue frames indicated MGEs co-shared by phylogenetically closely related individuals, whereas red frames

depicted MGEs co-shared by taxonomically more distant bacterial genomes.
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sequence homology and evolutionary patterns (Vernikos and
Parkhill, 2006; Sanchez-Soto et al., 2020). Using probabilistic
approaches, researchers can identify potential HGT candidates
and distinguish them from vertically inherited genes. These
methods take into account various factors, such as codon usage
and sequence composition, to estimate the probability of gene
transfer events. Probabilistic search techniques enable the
identification of HGT events even in cases where sequence
similarities are low, thus enhancing our understanding of the
complex evolutionary processes involving horizontal gene
transfer. On the contrary, to identify HGT events between closely
related organisms, the loss of synteny theory can be employed
(Sevillya et al., 2020). As the field of bioinformatics continues to
advance, probabilistic searching of HGT remains an essential tool
for unraveling the complex dynamics of genetic exchange and its
impact on the evolution of diverse organisms.

In summary, genome composition analysis offers a
comprehensive view of genomic features but may require expert
interpretation and can be computationally demanding.

Isolation of easy-to-cultivate
organisms, such as members of
Enterobacteriaceae, followed by their
full genome sequence characterization

Isolating members of the Enterobacteriaceae family and
characterizing their full genome sequences regarding HGT is an
important step in understanding the dynamics of genetic exchange
among these bacteria (Stecher et al.,, 2012; Tamilmaran et al,, 2021).
By obtaining pure cultures of Enterobacteriaceae strains and
performing whole-genome sequencing, researchers can explore
the presence of MGEs and identify potential HGT events. Various
bioinformatics tools and approaches, including comparative
genomics and phylogenetic analyses, are employed to identify
regions with distinct evolutionary histories, indicating potential
HGT events (Sato and Miyazaki, 2017). The characterization of
these HGT events can shed light on the transfer of beneficial traits,
such as antibiotic resistance genes or virulence factors, among
Enterobacteriaceae members. Understanding the patterns and
mechanisms of HGT within this family is crucial in managing
antimicrobial resistance and controlling the spread of pathogenic
traits among bacterial populations. Overall, the full genome
sequence characterization of Enterobacteriaceae members
regarding HGT provides valuable insights into the genetic
plasticity and adaptability of these bacteria, aiding in the
development of strategies to combat emerging health threats.

On the other hand, this method primarily targets cultivable
organisms, potentially overlooking the diversity of HGT events
involving non-cultivable or less easily cultivable microorganisms,
which can be prevalent in specific environments. Consequently,
HGT detection tends to favor well-studied organisms, potentially
leading to the oversight of new HGT events. Additionally, this
approach may introduce bias in the selection of isolates chosen for
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sequencing, further affecting the comprehensiveness of
HGT detection.

From data to insight: a survey of MGE
visualization methods

Various approaches exist for visualizing MGEs, each offering
unique insights into their distribution, organization, and potential
functional significance. The summary of some possible visualization
is given in Figure 1. Linear representations provide a detailed
sequential display of the host genome, enabling precise
annotation and assessment of MGE positions (Figure 1A). One
commonly employed method is tree visualization (Figure 1C). This
approach allows for an overview of MGE locations in relation to
other genetic elements. Network-based visualizations, such as gene
interaction networks, capture the intricate relationships between
MGEs and surrounding genetic elements (Figure 1B). Chord
(Figure 1D) and Sankey (Figure 1E) show the flow/connection
and their associated frequency. In addition, heatmaps and density
plots offer a quantitative depiction of MGE distribution across
genomes, aiding in the identification of hotspots or regions of
frequent insertion (Figure 1F). Each visualization technique
contributes to a deeper understanding of MGE dynamics,
facilitating the exploration of their roles in evolution, adaptation,
and genetic diversity across different organisms.

Conclusion and future perspectives

MGE:s play a crucial role in maintaining genetic diversity among
bacterial populations and enable them to adapt to new environments
by acquiring genes for alternative energy utilization, toxin production,
and increased virulence. The establishment of standardized tools and
pipelines is essential to ensure reproducible and reliable results in the
study of HGT. Furthermore, comprehending of MGE:s is crucial for
addressing the spread of pathogens and the emergence of bacteria with
diverse resistance genes, which pose challenges to conventional
therapeutic interventions.

This brief overview highlights the importance of bioinformatic
analysis in the understanding mobile genetic elements in the
microbiome research. The use of real datasets enhances our grasp
of HGT dynamics and provides valuable insights into bacterial
evolution. Additionally, we offer an overview of databases and tools
that contribute to MGE and HGT research. We also present various
detection methodologies for MGEs and HGT, exemplified with our
microbiome dataset.

The future of HGT detection holds great promise but also
presents significant challenges. Machine learning and artificial
intelligence will play a crucial role in enhancing the accuracy of
HGT detection by uncovering subtle patterns in extensive datasets.
Long-read sequencing technologies, particularly their increasing
availability and decreasing costs, will significantly enhance our
capacity to explore intricate genomic regions, encompassing
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mobile genetic elements and transferred genes. Emerging
experimental technologies (Saak et al., 2020), offer the potential to
comprehensively understand the network of potential DNA
transfers in diverse microbial communities. However, several
challenges, such as distinguishing ancient and recent HGT events,
will persist. In summary, HGT detection is progressing, providing
valuable insights into gene transfer across various fields.
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