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Haoran Peng' and Jingyuan Fu

Microorganisms can inhabit diverse
environments, including the human gut
[1]. Gut bacteria can continuously evolve
in response to changes in the intestinal
environment, which can be linked to
the host’s metabolic and immune status,
lifestyle and environmental exposures,
including drugs and dietary intake.
As a result, adaptive genetic variants are
widely observed in gut bacterial genomes,
including both single nucleotide variants
(SN'Vs) and genomic structural variants
(SVs) [2,3]. SNVs likely arise from single
nucleotide mutations, with the typical
genomic mutation rate of bacteria esti-
mated to be ~0.001 per generation [3].
SVs are larger genomic segments that
can be deleted, reversed or duplicated
[2]. Several methods have recently been
developed to profile SVs in the gut mi-
crobiome, shifting gut microbiome from
species to genetic level [2]. Analysis
of genetic variation in the gut micro-
biome may be helpful for discovering
intraspecies variation and bacterial func-
tional genes that are related to human
host genome, lifestyle and health [2]. In
particular, the genetic differences in the
large genomic segments in SVs make their
biological interpretation easier than that
of SNVs. For example, deletion of SVs
can result in the absence of specific genes
or pathways, effectively functioning as
naturally occurring gene knockouts,
while variable SVs can be associated with
changes in the abundance of genes or
pathways, suggesting naturally occurring
upregulation or downregulation. We pre-
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viously employed SV-based approaches
to pinpoint the novel bacterial GalNAc
utilization pathway associated with host
blood type [4].

Different mechanisms have been sug-
gested to underlie bacterial SVs, includ-
ing homologous and non-homologous
recombination, transposition and hori-
zontal gene transfer (HGT) [2]. HGT in
particular is considered one of the most
important evolutionary mechanisms for
bacteria, allowing genetic materials to
be transferred across different bacteria
[S]. Genetic materials that can move
around within a genome or be trans-
ferred across different genomes are called
mobile genetic elements (MGEs), while
genomic islands (GIs) are MGEs larger
than 10 kb that are integrated into the
bacterial chromosome (Box 1). Through
HGT, bacteria can acquire ‘beneficial’
DNA, particularly in their accessory
genomes, via transduction, conjugation
(Fig. 1A) and outer membrane vesicles.
This can change bacterial functionality,
enhancing their fitness and adaptation
to environmental stresses, and influence
microbe-microbe and microbe-host
interactions [S].  Ares-Arroyo et al
introduced the concept of ‘hitcher’
genetic elements, which constitute a
large fraction of the pathogenicity and
resistance GIs [6]. Hitcher elements can
convert bacteria from being mutualistic
to pathogenic by introducing virulence
factors [6]. Evidence from Shewanella
xiamenensis has demonstrated the role of
HGT in genetic diversity, pathogenicity

and adaptive evolution in bacterial sym-
bionts and host-microbe symbioses [7].

HGT in the human gut microbiome
has also been found to be closely related
to human lifestyle and health. For ex-
ample, the gut microbiome of individu-
als from an agrarian population in Fiji
showed an enrichment of genes for plant-
based starch degradation [8]. In contrast,
gut bacteria in individuals with industrial-
ized lifestyles appear to acquire new func-
tionality through high rates of HGT [9].
Energy sources for gut microbes can also
come from the host. For instance, having
A blood type and FUT?2 secretor status,
both determined by host genetics, deter-
mines the availability of GalNAc in in-
testinal mucus, thereby influencing the
presence rate of a bacterial genomic ele-
ment containing the GalNAc utilization
pathway. MGEs from the maternal mi-
crobiome have also been shown to shape
the metabolic potential of the infant gut
microbiome via HGT [10]. A better un-
derstanding of HGT in the human gut
microbiome would thus help unravel a
driving force behind the functional vari-
ation within and between species, as well
as within dynamic host-microbe interac-
tions. This can be achieved by uncovering
the biological processes through which
functions are acquired and by establish-
ing associations with the host’s lifestyle,
environmental exposures, physiological
parameters and health status.

The classic way to study microbial
HGT is to use reporter genes, con-
structed in plasmids or bacteriophages,
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Box 1. Terminologies related to HGT.
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Horizontal gene transfer (HGT) (also known as lateral gene transfer): A process in which an organism
transfers genetic material to another organism outside of parent-offspring inheritance (vertical trans-
mission). HGT is an important adaptation mechanism by which bacteria can acquire new function-
alities to expand their metabolic capabilities, deal with environmental stresses, enhance virulence,
etc. There are three different mechanisms of HGT: transformation, transduction and conjugation.

Mobile genetic elements (MGEs) (also known as selfish genetic elements): These are genetic ma-
terials that can move within a genome or across different genomes. MGEs include transposons,
integrons, phages and plasmids, which can all serve as vehicles for genetic exchange. HGT mecha-
nisms often involve MGEs. For instance, bacteriophages mediate transduction, while plasmids are

involved in conjugation.

Genomic island (Gl): These are a specific subset of MGEs, typically a large genomic segment (> 10 kb)
that is horizontally transferred and integrated into the bacterial chromosome. Gls often contain genes
that are not essential for bacterial survival but confer adaptive advantages under specific conditions.
Gls also exhibit special sequence characteristics, including variations in GC content, codon usage
and the presence of mobility-relevant genes. Their movement and integration are often mediated by
other MGEs such as integrases, transposons or conjugative elements.

for detection through fluorescence or
antibiotic selection [S]. Improvements in
culturomics now also enable further com-
prehensive study of HGT. Finally, with
the development of sequencing tech-
nology, comparative genomics based on
whole-genome sequencing of different
bacterial species in culture has been an
appealing approach for examining HGT
[1]. This approach identifies highly
identical (>99%) DNA segments shared
between distant species, as defined by
an average nucleotide identity < 95%
or a 16S rRNA gene similarity < 97%
between species. Through this approach,
we have now learned that HGT is more
likely to occur between phylogenetically
related, highly abundant bacteria that co-
occur in a microbial community [9,11].
Despite these advances, culture-based
approaches for studying HGT in the
human gut microbiome are currently
limited as most gut bacteria remain dif-
ficult to culture and in vitro conditions
cannot fully mimic the in vivo intestinal
environment or recapitulate the entire
microbial community [S]. However, the
large amount of shotgun metagenomics
sequencing data now being generated
for human fecal samples, combined with
development of bioinformatic tools to
probe this data, should open up new
opportunities to assess HGT in human
gut bacteria at an unprecedented scale.
In this perspective, we focus on the
bioinformatic tools developed to detect
HGT in metagenomic data (Table S1)

and the new insights they bring. We
have grouped these tools into different
categories based on the main features of
HGT they capture, although individual
tools can combine multiple strategies.
Strategies based on sequence ho-
mology: Horizontally transferred genes
exhibit high homology across genomes
and low homology to flanking DNA,
although genes with high homology can
also be mistaken for conserved genes [1],
raising questions about whether our def-
inition of conserved genes might be con-
flated with HGT. The simple, conserva-
tive comparative genomic strategy when
using whole-genome sequences is to
identify nearly identical DNA in distantly
related organisms [S]. However, this does
not capture HGT among closely related
species. To solve this, the populations as
clusters of gene transfer (PopCOGenT)
approach uses an alternative method that
infers HGT by detecting regions with low
genetic variation (likely acquired through
HGT) and regions with high genetic vari-
ation (likely inherited from ancestor to
descendant) between genomes in phylo-
genetically close bacteria. PopCOGenT
is a powerful tool for detecting HGT
in closely related species, but not in the
genomes of distant ones. A more flexible
tool, Rapid ANalysis of Gene family
Evolution using Reconciliation-DTL
(RANGER-DTL), infers HGT in both
closely and distantly related organisms by
comparing the rooted phylogenetic tree
constructed from their conserved genes
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(or whole genomes) with trees built from
the putative HGT region. In brief, the
phylogenetic distance between the recip-
ientand donor organisms is distinct, plac-
ing them in different clades of the phylo-
genetic tree. However, transferred regions
will exhibit high sequence similarity be-
tween the two genomes. Consequently,
when considering only the phylogenetic
distance of the transferred region, the re-
cipient genome would cluster within the
same clade as the donor genome (Fig. 1B,
Table S1).

While both PopCOGenT and
RANGER-DTL perform well on whole-
genome sequences, the availability of
bacterial isolates from the human gut
microbiome remains limited. To enable
HGT analysis in metagenomics data,
metagenomics Community-level iden-
tification of HGTs (MetaCHIP) is the
first tool that can detect HGT in assem-
bled genomic contigs or metagenome-
assembled genomes (MAGs) from short
sequencing reads [12]. It combines the
comparative genomic and phylogenetic
tree comparison strategies to detect HGT.
The advantage of this approach is that the
timing of transfer events can be inferred
based on the similarity of homologous
genes. Using this strategy, Song et al.
demonstrated that HGTs predominantly
carried various mobilomes, including
prophages and transposons. Messerer
et al. found that HGTs from different
historical eras are enriched with distinct
functions. Recent HGTs (0-10 000 years
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ago) are enriched for defense mecha-
nisms, intracellular trafficking and secre-
tion, whereas ancient HGTs (>10000
years ago) are primarily enriched with
genes related to metabolism [ 11]. By con-
structing a pangenome for each species,
the authors also observed that the prob-
ability of encountering a transferred
gene in the cloud genome (the accessory
genome) is more than twice that of en-
countering a non-transferred gene [13].
Strategies based on split sites:
Transferred sequences have special
split sites, resulting in non-homologous
regions flanking highly homologous
transferred regions (Fig. 1C). When
mapping shotgun metagenomic reads
to reference genomes, a sequenced read
that can be divided into two parts, each
mapping to a different genome, is consid-
ered a split read. The region between two
split reads then indicates the transferred
region (Fig. 1C). The Daisy method de-
tects HGT based on this strategy. Daisy
first identifies HGT boundaries with split
reads and then filters candidate regions
using coverage and read pair informa-
tion. The distribution of read coverage
across the genome can be used to further
validate HGT based on the assump-
tion that the transferred region in the
donor should have similar coverage to
other regions in the recipient. However,
Daisy’s effectiveness in detecting split
reads depends on the availability of
accurate genomes for both donor and
recipient organisms. LEMON solves
this issue by clustering split reads using
the DBSCAN (density-based spatial
clustering of applications) algorithm to
identify candidate HGT breakpoints,
so it does not need to know donor and
recipient genomes in advance, making
it suitable for analyzing metagenomic
data (Table S1). More recently, the same
research group developed a new tool,
LocalHGT [14], which further improves
computational efficiency by introducing
a k-mer-based fuzzy matching approach
for breakpoint discovery, thereby re-
ducing CPU usage by 82%. This can
allow fast HGT detection in a large num-
ber of metagenomic samples, enabling
HGT-based microbiome epidemiology
studies. LocalHGT’s utility has been
shown by HGT detection in >2000
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Figure 1. Different strategies for detecting horizontal gene transfer (HGT). (A) HGT mechanisms.
The main HGT mechanisms include transformation, conjugation and transduction. Transformation
(left) is the process of absorbing free DNA from the environment, which is limited by DNA homol-
ogy. The higher the homology between free and host DNA, the easier it is to integrate into the
host genome. Conjugation (middle) is primarily mediated by plasmid, which facilitates the transfer
of DNA through conjugative pili. However, integrative and conjugative elements can also facili-
tate conjugation and be integrated into bacterial chromosomes. Transduction (right) is a process
mediated by bacteriophages, which can integrate into the host genome and carry host DNA for
further dissemination. The host DNA carried varies depending on the type of transduction mech-
anism. Specialized transduction can only carry host genes that neighbor the prophage, whereas
generalized transduction can carry genes from throughout the host and lateral transduction can
carry large segments of host genes that neighbor the prophage. The donor genome is in blue
and the recipient genome is in orange, with the transferred region from the donor highlighted
in blue. (B—F) Strategies to identify HGT based on specific features. (B) Strategies based on se-
quence homology. To infer HGT, this approach identifies nearly identical DNA in distantly related
genomes (e.g. based on their phylogenetic distance). For instance, if the phylogenetic distance
at the whole-genome level is high (average nucleotide identity (ANI) > 95%), while the phyloge-
netic distance of the transferred region is low (ANl > 99%), this region is likely to be transmitted.
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Figure 1. (Continued) Comparing the species tree and the gene tree can infer the direction of transfer. (C) Strategies based on split reads. In this
approach, sequence reads are mapped to reference genomes and a set of reads are defined as split reads’ when they can be divided into two parts that
each map to a different genome. After assembling and binning, the regions flanked by these split reads represent the transferred region. (D) Strategies
based on genomic coverage. Due to the integration of donor DNA, reads mapped to HGT regions often show distinct sequencing coverage patterns
compared to those mapped to other genomic regions. (E) Strategies based on heterogeneous regions. These approaches are based on the fact that the
horizontally transferred region and the rest of the recipient genome can have a significantly different sequence nucleotide composition, exemplified
by variations in GC content, codon usage and the taxonomic origin of genes. (F) Strategies based on other mobile elements. HGT regions are likely
to be mobile genetic elements (MGEs), which can be characterized by the presence of plasmids, phages and specific genes such as integrase and

recombinase.

human gut microbiome samples, with
results showing that HGT profiles could
be host-specific. Differential HGTs can
be used for disease prediction, as well
as for functional implication in disease
etiology.

Strategies based on genomic cover-
age: Due to HGT, a DNA segment may
be present in both donor and recipient
genomes. Therefore, HGT regions of-
ten show distinct sequencing coverage
patterns compared to other regions of
the donor/recipient genome (Fig. 1D),
resulting in detection of structural varia-
tion. The tool SGVFinder was designed
to identify SVs by aligning metage-
nomic reads to species-representative
genomes and calculating the coverage
variation across genomic regions [2].
While SGVFinder was not developed
specifically to detect HGT, distinct se-
quencing coverage regions may indicate
multiple copies or deletion of genomic
regions, which can be partially explained
as outcomes of HGT. For instance, we
used SGVFinder to detect the SV re-
gion in Faecalibacterium prausnitzii that
harbors the GalNAc utilization path-
way [4]. Interestingly, we also found
that this SV region is likely to be an
MGE and that SV-sharedness is higher
between co-housing individuals [4].
This strategy can therefore be used as
a supplementary method to validate
gene transfer. WAAFLE (workflow to
annotate assemblies and find lateral gene
transfer event), Daisy, LEMON and Lo-
calHGT all employ a similar strategy to
enhance the reliability of the transferred
regions they identify (Table S1). After
identifying HGT regions, these tools
further map the distribution of coverage
of sequencing reads on the donor and
recipient genomes (especially the distri-
bution of HGT regions) to see whether
the coverage of the HGT region differs
significantly.

Strategies based on heterogeneous
regions: HGT results in heterogeneous
regions in the recipient bacterial chromo-
some that may exhibit a nucleotide se-
quence composition significantly differ-
ent from the rest of the genome. This is
exemplified by variations in dinucleotide
frequency, guanine-cytosine (GC) con-
tent, and codon usage [S] (Fig. 1E).
Several tools were developed to com-
pare the sequence characteristics across
the genome to detect heterogeneous re-
gions. One particular example used to
infer GIs, Islandviewer, is a web-based
server thatincorporates three types of GI-
detection method: IslandPath-DIMOB
based on nucleotide composition and
the presence of mobility genes, SIGI-
HMM based on codon usage bias, and
IslandPick based on a comparative ge-
nomics approach (Table S1). The ensem-
bled method Islandviewer has been used
to perform more comprehensive classi-
fication of GIs. Recently, DICEP (de-
tection of islands by composition, en-
richment and phylogenetics) was devel-
oped as a powerful combined method
for GI prediction. DICEP jointly consid-
ers specific characteristics of GIs, includ-
ing compositional bias, unusual phyloge-
netic patterns and marker gene enrich-
ment. GIs are large HGT regions (nor-
mally >10kb), and the sensitivity of these
Gl-detection methods can be affected by
the size of assembled genomic contigs
(Table S1). Alternatively, genomic het-
erogeneity can also be assessed for in-
dividual genes at the level of potential
species origin through a homolog-based
search. This is the specific strategy of
WAAFLE [15]. The WAAFLE develop-
ers first constructed pangenomes for over
4000 species; WAAFLE uses this to per-
form a homolog-based search and assign
each gene from a specific genomic con-
tig to its potential taxonomic origin. If a
gene’s taxonomic origin differs from that
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of other genes, WAAFLE suggests it as
likely to be transferred. Since the con-
structed pangenome also includes species
outside the sample’s microbial commu-
nity, WAAFLE is well-suited to detect
HGTs beyond a single community sam-
ple. Using this method, Hsu et al. pro-
filed HGT events in the human micro-
biome in >2000 metagenomic samples
from various human body sites and found
that HGT events were highly specific to
each site [15]. They also showed that
HGTs are enriched in MGEs and genes
with transport functions and that highly
abundant species are more likely to act as
donors in HGT events.

Strategies based on other MGEs:
HGT can be mediated by MGEs, particu-
larly through phages and plasmids, so the
transferred regions often contain specific
genes (Fig. 1F). For example, phage-
mediated HGT regions contain phage
integrase, while conjugation involves
mobilization genes and integrative and
conjugative elements. Recombinase and
integrase can serve as additional indica-
tors of HGT regions [S]. Many tools, like
IslandPath-DIMOB, have incorporated
the identification of MGEs for their HGT
region detection, while other tools were
specifically designed to detect plasmids
and phages. For instance, geNomad used
a hybrid approach to identify plasmids
and phages that were based on genetic
markers and alignment-free approaches
(Table S1). But it cannot distinguish lin-
ear or circular plasmids. In contrast, PlasX
is a machine-learning-based tool de-
signed for plasmid detection that utilizes
deep-learning techniques to distinguish
plasmid sequences from chromosomal
DNA [16]. PlasX improves the efficiency
of plasmid detection by constructing de
novo gene families from 16 827 plasmids
and 14367 chromosomal sequences
for model training. By doing so, PlasX
identified over 68000 non-redundant
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plasmids in the human gut microbiome.
The advantage of this strategy for HGT
detection is that it can directly infer
the transfer mechanisms (transduction,
conjugation) through bacteriophages or
plasmids. For example, a recent study
using PlasX found a cryptic plasmid,
pBI143, that is widespread in industrial-
ized populations and replicates rapidly
in patients with inflammatory bowel
disease [17]. Although there is currently
no evidence to support pBI143’s role
in bacterial host fitness, there are data
supporting its potential to track human
colonic inflammatory states [17].

Prospectives in studying HGT
in the human gut microbiome: The
human gut microbiome is a dynamic
ecosystem. With increasing collection of
longitudinal microbiome samples from
human cohorts, research has shifted from
static description of the gut microbial
composition to studying its dynamic
interaction and adaptation over time, as
well as its relevance for host health [18].
HGT is clearly one of the notable pro-
cesses that drives microbial interaction
and adaptation. We note, however, that
the human gut environment is a unique
niche where microbial HGT may show
different patterns compared to other en-
vironments. While our understanding of
the frequency and distribution of HGT is
improving, several key questions remain
unanswered with regard to the human
gut microbiome.

What is the impact of HGT in gut
microbial interaction and resilience? HGT
can facilitate the coexistence of different
bacteria through gene-sharing, thereby
stabilizing microbial communities and
enhancing microbial resilience [19]. We
can thus hypothesize that a community
with a higher frequency of HGT may
show a higher level of resilience. How-
ever, to what extent HGT contributes
to the stability and resilience of the
microbial community remains unclear.
While genes involved in HGT are often
related to antibiotic resistance, virulence,
pathogenicity and metabolism, their spe-
cific roles and contributions in microbial
interaction and resilience have not been
thoroughly explored [18].

What are the driving mechanisms
of HGT in the human gut microbiome?
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drive HGT,
including plasmids, phages, homologous

Numerous mechanisms
recombination and vesicles, yet it re-
mains uncertain which most effectively
facilitates gene transfer within a gut mi-
crobial community and across different
individuals. It is also unclear whether
super-mobile elements that show excep-
tionally high capacity to move or transfer
genes exist in the human gut microbiome.
Different bacteria utilize different HGT
mechanisms, which can have different ef-
fects on their adaptation and colonization
in the gut [18]. Further, it is worth not-
ing that bacteria-targeted metagenomic
sequencing has limited recovery for plas-
mids and the gut virome, so their com-
prehensive profiling requires specialized
techniques for DNA/RNA extraction.

What is the underlying natural selec-
tion and evolutionary mechanism of HGT?
The Baas-Becking hypothesis that ‘every-
thing is everywhere, but the environment
selects’ suggests that both gene transfer
rate and natural selection contribute to
the observed HGT frequency [20]. For
the human gut microbiome, such envi-
ronmental selective pressure might be re-
lated to aspects of the host’s lifestyle.
Antibiotic usage, smoking, alcohol con-
sumption, diet and other medication use
are already known to significantly im-
pact the gut environment, thereby influ-
encing the adaptation of gut bacteria via
HGT and shaping the functionality of
the gut microbiome [9]. Moreover, HGT
rate can be influenced by other evolu-
tionary mechanisms such as population
bottlenecks and drift, host—-microbe co-
evolution, adaptive radiation, gene flow
and human-to-human strain transmission
[21]. However, analyses that assess hu-
man gut microbial HGT dynamics, and
its relevance to human genome, lifestyle
and health, are still limited.

What is the relevance of HGT in hu-
man health? HGT in the human gut mi-
crobiome exhibits significant functional
differences between ancient and recent
gene transfers [11]. Inter-individual dif-
ferences should be enriched for recent
HGTs, which reflect the dynamic gene
transfer flow within an individual’s gut
community. Evidence supports the role
of HGTs in colorectal cancer and acute
diarrhea, and HGT patterns have shown
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potential as a biomarker for colorectal
cancer prediction [14]. However, studies
that link HGT in the human gut micro-
biome to host health are still scarce.

To answer these questions, it is cru-
cial to comprehensively profile HGT
patterns in individual gut microbial com-
munities and to integrate those patterns
with deep phenotype data in large-scale
human studies. The growing number and
completeness of reference genomes avail-
able for human gut microbiota are also
enhancing our capacity to study HGT.
Above we discussed different strategies
for HGT detection that can be applied
to MAGs constructed in individual mi-
crobial samples, and the advantages and
limitations of each strategy are briefly
summarized in Table S1. Most tools,
if applicable to MAGs, are affected by
MAG quality. First, due to modest se-
quence depth per sample, the number
of high-quality MAGs obtained from a
single sample is still low, which limits the
power of MAG-based HGT analysis at
the individual level. Second, MAGs are
constructed through assembling short
sequence reads and binning genomic
contigs. On the one hand, sequence het-
erogeneity due to HGT, such as diverging
GC content and varying genomic cov-
erage, can influence MAG construction.
As a result, contigs containing hetero-
geneous regions may not be binned
with the rest of the genome [5]. On the
other hand, reads from HGT regions
can map to multiple genomes, leading to
inaccurate binning and the formation of
incomplete or incorrect MAGs, and this
contamination (heterologous sequences)
can be misidentified as HGT [22].

To overcome the technical challenges
related to MAGs based on short reads,
we need to refine existing methodologies
and develop new ones. Some questions
will be addressed when more advanced
sequencing technologies emerge. For in-
stance, long-read sequencing can provide
high-throughput, low-contamination ge-
nomic content [23]. Hi-C metagenomic
sequencing uses a proximity ligation
method to infer the bacterial origins
of plasmids, antibiotic resistance genes
(ARGs) and HGT regions [24]. More-
over, MGEs and their bacterial hosts
can also be simultaneously visualized
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by combining single-molecule DNA
fluorescence in situ hybridization (FISH)
with multiplexed ribosomal RNA-FISH
[25]. A high-throughput single-cell se-
quencing method, Microbe-seq, has now
revealed that 80% of HGT sequences
include MGEs [26]. Likewise, the single-
cell RNA-seq technology BacDrop has
shown that the intraspecies heterogene-
ity in Klebsiella pneumoniae is driven by
MGEs [27].

To address the questions related to
host-microbe co-evolution and the role
of HGTs in human health, we need to
bear in mind that it is a dynamic process.
Studying HGT requires the development
of technologies for real-time, high-
precision, high-throughput recovery of
microbial genomes, phages and plasmids
to analyze their diverse characteristics.
Moreover, multi-omics data, such as
the metabolome from both the human
genome and gut microbiome, can pro-
vide additional molecular information
for understanding gene functionality
and host-microbe interaction. We be-
lieve that the combination of large-scale
metagenomics, omics and phenotype
data will further help us understand the
role of HGT in human health. Of course,
experimental validation remains crucial
to establish causal relationships and
understand the underlying mechanisms.

In conclusion, technical advances will
help us understand how HGT drives mi-
crobial adaptation, evolution and func-
tional changes, and their relationship
with the host’s lifestyle and health. The
potential to harness HGT to introduce
and disseminate health-beneficial genes
in the gut microbiome may also open up
a new avenue for innovative disease pre-
vention and treatment strategies.
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