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Bacteria acquire novel DNA through the process of 
horizontal gene transfer (HGT), which enables them 
to adapt to changing environmental conditions. This 
foreign DNA (that is, DNA that can be horizontally 
transferred between bacteria) can contain elements 
that expand the niche of an organism, change its rela-
tionships with its host or provide a competitive edge 
against other organisms within its environment. Most 
notably, antibiotic resistance genes carried on trans-
ferrable cassettes may render infections recalcitrant to 
first-line antibiotic treatments. The functions conferred 
by mobile genetic elements (MGEs) extend beyond antibi-
otic resistance and are quite diverse, including digestion 
of most classes of carbohydrates1, mercury resistance2,3, 
virulence4 and catabolism used in bioremediation5. 
Despite the importance for defining large phenotypic 
differences between strains, surprisingly little is known 
about the what, when and how of HGT within natural 
microbial communities, in large part due to technical 
difficulties in examining the mobile gene pool in situ.

Collectively, this foreign DNA (also referred to as 
mobile DNA) has been dubbed the ‘mobilome’, and pro-
vides ecological insight into the processes of adaptation 
and speciation. Although profiling communities via 16S 
ribosomal RNA marker sequencing has become com-
monplace in inferring putative functional differences 
between bacterial communities6,7, this ignores the mobile 
gene pool as a source for phenotypic variation. In real-
ity, upwards of half of the genome of an organism may 
comprise mobile genes8,9, and numerous case examples 

prove that strain-level heterogeneity based on horizon-
tally acquired traits can drastically alter natural ecosys-
tems, such as the impact of the cholera toxin-encoding 
phage CTXφ on the emergence of toxigenic strains of 
Vibrio cholerae10 or the introduction of an integrative 
conjugative element that encodes genotoxins into entero-
bacteria linked to colorectal cancer11. Answering the 
question of how extensively HGT shapes the function of 
natural microbial communities is starting to be within 
reach given a wider suite of tools to probe HGT with 
unprecedented resolution and breadth.

DNA can be mobilized through several means: con-
jugation, transposition or transformation being the most 
characterized, although other means are coming to light, 
including outer membrane vesicle uptake12 and transfer 
via virus-like particles13 (Fig. 1). DNA involved in these 
processes is heterogeneous and dynamic. Viral genomes 
may be packaged in phage virions or, in the case of 
lysogenic phages, integrated in the genome; plasmids 
can remain as extrachromosomal circularized DNA or 
as linearized DNA or may integrate into the genome; and 
transposons can be found within the genome or within 
plasmids or phages. Although foreign DNA is a help-
ful way of delineating contributions to the genome that 
are horizontally versus vertically acquired, a complete 
analysis of this eclectic DNA requires an assortment of 
genomic techniques.

The process of HGT has been studied in laborato-
ries starting with seminal work performed by Joshua 
Lederberg and Oswald Avery in the 1940s, and methods to  
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coax bacteria to take up DNA have since been used to 
manipulate various organisms14. These types of test-tube 
experiments have been particularly useful in measuring 
the rates of HGT and testing general triggers for HGT, 
and although we can artificially induce HGT through 
electroporation or chemically induced competence, 
much less is known about HGT in natural commu-
nities. Pioneering work in this field using reporters 
on plasmids (reviewed in ref.15), for example to study 
HGT in biofilms16,17, has set the stage for measuring the 
rates of gene transfer more widely, and this method is 
being revisited now with next-generation sequencing 
tools within the context of a microbiome. Similarly, 
methods to detect genomic signatures of HGT18,19 have 
been further advanced by the exponential increase in 
the number of available genomes. This Review focuses 
primarily on methods to assess recent HGT (Table 1), 
as methods to study ancient gene transfer may differ. 
Nevertheless, many of the methods to study ancient 
HGT events (reviewed in ref.20) are mature and may 
be robust for identifying modern events. As this field 
is rapidly emerging with novel technologies that may 
not yet be fully vetted, cross-verifying results using 
multiple methods and confirming results using data-
bases or culture-based approaches will be essential in 
determining which of these methods prove accurate and  
reliable.

A major goal of this Review is to synthesize advances 
made across disciplines. Many of the basic questions 
about HGT are common across different ecologies: 
what genes are most often transferred? Between which 
bacteria? By what means? Under what conditions? With 
what barriers? And at what rate? Many of the meth-
ods described here are universally applicable, requiring 
only minor adjustments suited to different microbiota 
characteristics; that is, whether they are dilute (for 
example, marine or skin microbiomes), whether there 
is heavy particulate matter (for example, human stool); 
whether there are many hard-to-lyse Gram-positive 
organisms (for example, soil) or whether PCR inhibitors 
are present (for example, avian cloacal microbiomes). 
MGEs differ across environments in terms of G+C 
proportion21, k-mer composition22 and gene content. For 
example, plasmids carrying biocide resistance or metal 
resistance genes tend to be much larger and more likely 
to harbour toxin–antitoxin systems than plasmids car-
rying antibiotic resistance genes23, which may reflect 
underlying selective pressures in different environ-
ments. With better methods to assess gene transfer, 
we will soon be able to answer second-order questions 
such as the following: what is the role of HGT in the 
resiliency and adaptability of communities? Is crosstalk 
between transferred genes and bacterial host genes24,25 
the exception or the rule? Does gene transfer confer 
generally beneficial or deleterious outcomes for micro-
bial recipients? And what is the relative contribution of  
HGT mechanisms to speciation and to the evolution  
of microbial communities at large?

Mobile genetic elements in metagenomes
Shotgun metagenomic sequencing captures some MGEs, 
but short-read lengths (100–300 bp with the Illumina 
platform) pose major obstacles in assembling and iden-
tifying horizontally transferred regions (Fig. 2a). MGEs 
often contain components that are overrepresented and 
present in multiple genomes26; within a sample, they may 
have recombined within and between MGEs27; and the 
presence of direct or inverted repeats flanking MGEs28 
complicates de novo assembly (Fig. 2b,c). Furthermore, 
assemblers also struggle with variable sequencing depths 
of MGEs compared with their host genomes that result 
from free-floating phages, high-copy plasmids29 or the 
presence of common mobile genes across MGEs (Fig. 2d). 
Metagenomic assemblers, especially those that use de 
Bruijn graph assembly, generate fragmented contigs in 
the face of complicated graphs30.

There are defining features or markers consistent 
across MGEs that can be used for their identification, 
such as machinery proteins (for example, resolvases), 
enzymes and structural proteins (for example, phage cap-
sids) involved in the process of HGT. Specifically, these 
include proteins that assemble into phages (for example, 
phage capsid and tail proteins), proteins involved in 
conjugation (for example, plasmid relaxases, which nick 
DNA at the origin of transfer to induce mobilization, or 
the Tra genes, which include conjugative pili proteins) 
and transposases and insertion sequences. Raw reads 
or assembled contigs can be aligned directly to MGE 
databases31–35, but these databases may not be congruent 
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Fig. 1 | general routes of horizontal gene transfer within natural communities. The 
schematic shows the different mechanisms of horizontal gene transfer. a | Transformation 
involves the uptake of naked DNA from lysed cells in the environment. b | During transduction, 
genetic material is introduced from a phage into bacterial genomes. c | Conjugation 
involves the transfer of DNA through conjugative pili and is the predominant mechanisms 
by which DNA is transferred between bacteria. d | Additional mechanisms involve outer 
membrane vesicles and DNA packaged into virus-like particles (not shown), although  
their contribution to overall horizontal gene transfer is unknown.
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with all samples. Hybrid identification approaches 
combine annotation with gene-agnostic methods, such 
as differences in G+C content, methylation patterns, 
k-mer content or the ability to identify circular plas-
mid genomes36–39. Because much of the sample-unique 
genetic diversity may arise from MGEs40, a large por-
tion of the mobile gene pool may go unnoticed when 
reference-based alignments are used. In a study of the gut 
microbiota of Fiji Islanders, the mobile genes observed 
were substantially less complete for alignment to MGEs 
identified from existing reference genomes than to a 
dataset that also included MGEs identified in bacterial 
genomes from the Fijian population being surveyed26. 
Overall, reference databases of MGEs are notoriously 
incomplete and biased towards well-studied patho-
genic organisms. The diversity of phages is extensive41, 
although computational approaches are being applied to 
understand their movement between hosts42. Ultimately, 
there is no comprehensive reference database of MGEs 
to draw comparisons with, nor could there easily be as 
MGEs have rapidly evolving gene content. There is a need 
for computationally cheap methods to identify MGEs in 
metagenomic shotgun sequences while preserving their 
content and genomic context.

Short-read mapping. Horizontally transferred regions 
can be detected by comparing reads or assemblies with 
reference genomes. Large gaps or extreme peaks in cov-
erage within a reference genome may reflect structural 
variants indicative of HGT29 within the sequenced sam-
ple. Similarly, paired-end reads individually mapping 
to different references or assemblies or a single read 
partially mapping to different genomes may also sug-
gest recombination of transferred DNA, gene gain or 
gene loss. MetaCHIP (metagenomics community-level 
HGT identification pipeline) is one such method that 
examines the best-match homology for open reading 
frames within an assembled contig43. Putatively trans-
ferred DNA is identified as those parts of assemblies 
showing high-homology alignments to alternative 
genomes and little homology to the flanking DNA. 
An alternative approach is to look for regions in a ref-
erence genome that do not recruit paired metagen-
omic reads, despite decent coverage of the rest of the 
reference genome44,45. One such method, split-read 
insertion detection (SRID), implemented in packages 
such as MGEFinder138 and DaisyGPS46, has been used 
for genomes137 and metagenomes32 alike. Whereas 
MetaCHIP is useful for finding transferred regions in 

Table 1 | Approaches to study horizontal gene transfer in microbial communities

goal Method Advantages limitations

Identifying 
mobile genetic 
element

Phage, transposon or plasmid 
identification using gene markers in 
metagenomic assembled genomes34,35,37

High-confidence hits Largely dependent on comprehensiveness 
of reference databases

Sequence comparison (k-mer-based 
partitioning or binning) of metagenomic 
reads or contigs22,36

De novo method that is straightforward 
to implement

Low sensitivity, potential false associations

Split-read insertion detection32,46,137,138 Easy to implement May be complicated by intragenomic 
recombination, low sensitivity, prone to 
false positives

Sequencing phages53–57 Higher rate of capture than standard 
sequencing approaches

Laborious, captures only lytic phage

Sequencing plasmids66,67,139 Higher rate of capture than standard 
sequencing approaches

Potentially biased capture

Comparison of identical regions 
in distantly related organisms’ 
genomes26,43,87,89

High-confidence identification of recent 
HGT

Low sensitivity for full MGE sequences

Obtaining 
genomic context

Long-read sequencing77–79 High-confidence hits, can obtain 
full-length mobile elements, may retrieve 
host associations for integrated elements

Does not capture plasmid–host 
associations

Inverse PCR75 Gains contextual information May provide local context that may not 
contain taxonomic information

Methylation sequencing83,140 High accuracy Limited resolution

Linking mobile 
genetic 
elements to 
hosts

Whole-genome sequencing Accurate, standard approach Culturing is laborious

Single-cell sequencing26,100 Obtain host-relevant information on 
MGEs without the need for culturing

Genomes can be incomplete, certain 
methods are prone to contamination

Viral tagging, reporter constructs and 
other FACS-based sorting with tagged 
phage or plasmids107–109

Straightforward implementation Cell sorting is technically difficult, may 
require genetic engineering

Proximity ligation (Hi-C or 
XRM–seq)112,115–118,141,142

Comprehensive Low sensitivity, expensive, laborious

Single-cell fusion PCR (epicPCR, 
OIL-PCR)119,121

High sensitivity Low throughput (few genes can be 
identified at once)

epicPCR, emulsion, paired isolation and concatenation PCR; FACS, fluorescence-activated cell sorting; HGT, horizontal gene transfer; MGE, mobile genetic 
element; OIL-PCR, one-step isolation and lysis PCR; XRM–seq, ribosome crosslinking and sequencing.
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assemblies, SRID is useful for finding flexible regions in 
isolates or reference genomes. Resulting regions must 
be interpreted with caution as these methods are prone 
to false positives137, due to the recruitment of reads from 
closely related organisms and recombination within 
individual genomes.

Binning methods. Binning raw metagenomic reads or 
contigs to assemble genomes with higher complete-
ness also results in better assembly of MGEs, and in 
some cases, can be used to link MGEs with their bac-
terial hosts (Fig. 2e). Binning methods generally use 
k-mer or G+C composition and/or the abundances of 
k-mers or contigs47–49. Contigs from highly promiscu-
ous MGEs will fail to be binned with their hosts if there 
are many variants. However, this method has proven 
to be useful with MGEs that are more closely linked 
with one host, namely host-specific phages. Emergent 

self-organizing map clustering of time-series contigs 
assembled from metagenomic data, according to their 
abundance profiles, was used to find Staphylococcus 
epidermidis-specific phages and plasmids50, as well 
as plasmids for Enterococcus faecalis in infant gut 
microbiota51. Similarly, latent strain analysis52, a binning 
method based on the k-mer profiles of individual reads 
across many related samples, was able to find phages 
along with their host genomes. These methods pro-
vide an incomplete picture of the MGEs in samples, but 
simultaneously suggest that there may be opportunities 
to improve metagenomic assembly further to account for 
this fast-evolving portion of the microbiota.

Direct sequencing of plasmids or phages. Phage sequenc-
ing has opened doors into understanding the ecology 
of microbial systems, as they seem to have a key role 
in modifying community structure. For example, phage 
populations may have a role in shaping the developing 
microbiota in infants53, and are altered in health con-
ditions such as inflammatory bowel disease54,55 and 
malnutrition56. Phage concentrations may differ greatly, 
sometimes requiring large sample sizes (for example, 
upwards of 500 g for human stool57) depending on the 
protocol. The diversity of phage genomes — DNA based 
or RNA based, single stranded or double stranded — 
presents a challenge in isolating all types of viruses 
simultaneously. Rather than identifying prophages in 
metagenomic data, one can directly isolate and sequence 
lytic phages to examine their gene content, while disre-
garding their respective hosts58. Commonly used meth-
ods involve using a CsCl density gradient to isolate 
phages, tangential-flow filtration and polyethylene gly-
col precipitation59–61. These methods favour smaller viral 
or virus-like particles, and therefore several extremely 
large viruses identified in wastewater62 or the human 
gut (for example, the 97-kb crAssphage63 and the 540-kb 
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• Mobile contigs are often not 
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due to flanking repetitive regions
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Fig. 2 | Metagenomic assessment of the mobilome.  
a | Metagenomic shotgun reads of a mixed microbial 
community lose their genomic context when they  
are sequenced on short-read sequencing platforms.  
Plasmids lose their genomic context, even with long-read 
sequencing. b | Mobile genetic elements (MGEs) are 
especially recombinogenic, due to repeated elements 
(direct repeats (DR) or inverted repeats (IR)) present in 
phages, transposable elements and common machinery 
genes that can result in translocation, rearrangement or 
looping out of DNA. The resulting heterogeneity within a 
population complicates metagenomic assembly. c | The 
mobility of transposons within a single genome complicates 
metagenomic assembly. d | MGEs present in multiple 
genomes or sharing similar regions may improperly recruit 
sequencing reads derived from a different MGE or genome 
within a microbiome to reference genomes or metagenomic 
assembled genomes (coloured segments). Similarly, a 
reference genome may fail to recruit reads to regions in  
the genome representing MGEs. Coverage of mobile DNA 
therefore may poorly reflect the abundance of a particular 
genome. e | Contigs containing mobile DNA are often left 
unbinned and/or are incorporated into only a subset of 
their host genomes. Many cannot be annotated at all  
due to the relatively poor annotations of mobile genes 
compared with core genes.
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megaphage of Prevotella species64) may be missed. 
Furthermore, these methods are prone to sample loss, 
and verification using staining, functional screening or 
testing for the presence of genomic DNA contamination 
using 16S or 18S ribosomal RNA primers is advisable.

Sequencing plasmids, albeit in isolation from their 
hosts, can reveal differences in the recombination fre-
quencies of plasmid-associated transposable elements65 
and has been used to identify functional differences in 
a wide range of environments, including cow rumen66 
and wastewater treatment plant sludge67,139. Plasmids can 
be isolated using alkaline lysis, although the efficiency 
may vary by microbiome type, or filtration methods 
similar to those mentioned above. Plasmid DNA can be 
enriched in metagenomic DNA preparations by selective 
digestion of linear DNA with a plasmid-safe exonuclease 
and by use of multiple displacement amplification, which 
amplifies plasmids particularly efficiently due to the pro-
cessivity of the Φ29 polymerase. An alternative approach 
for amplifying plasmids called ‘transposon-aided cap-
ture’ involves tagging isolated plasmids with a transpo-
son carrying antibiotic resistance, amplifying them in an 
exogenous host, such as Escherichia coli, and then recov-
ering plasmids after antibiotic selection68,69. Quantifying 
the abundance or copy number of plasmids in natural 
communities has remained elusive.

By combining virome sequencing with sequencing of 
the microbiota, it is sometimes possible to identify putative 
hosts by analysing the content of CRISPR arrays. As part 
of a bacterial adaptive immune response, CRISPR–Cas 
systems protect against deleterious phages or plasmids 
by incorporating DNA complementary to the transferred 
DNA into their CRISPR arrays, functioning as a regis-
try of the cell’s previous exposures. CRISPR arrays have 
been mined to understand HGT within host-associated 
environments70 and marine environments71. In some cases, 
this enables the linking of single CRISPR elements to 
their MGE targets72,73 and, if contigs can be taxonomically  
annotated, their host bacteria74.

Additional genomic context of MGEs
Beyond identification of MGEs, several technologies 
provide a better localized context in which to situate 
MGEs. In some cases, these methods may be sufficient 
to assign MGEs to specific hosts.

Inverse PCR. The genomic contexts of integrated MGEs 
are often lost during assembly, especially for integrated 
MGEs that are especially promiscuous. Although the  
synteny of reads has been used to try to establish  
the immediate genomic context of an MGE, this method 
is limited to the quality of mapping of individual short 
reads26. Rather, inverse PCR is a low-throughput 
method, gene or MGE specific, and can be used to obtain 
the local genomic contexts of MGEs by sequencing the 
area surrounding a gene or MGE of interest, which may 
additionally contain taxonomic information. Rather 
than designing primers that amplify the DNA segment 
interior to the two primers, the inverse PCR approach 
enables sequencing of the regions exterior to a primer 
pair. In short, DNA is digested into large fragments (tens 
of kilobases or longer) and circularized. Outward-facing 

primers are then used to amplify distal regions. This 
method has been applied to mobile antimicrobial resist-
ance genes harboured by wastewater communities75. Its 
utility depends on the genomic diversity of the contexts 
in which an MGE is situated. For example, it could be 
used to identify host bacterial species if species-level 
markers are situated in the MGE-adjacent regions.

Long-read and synthetic long-read sequencing. MGEs 
in natural microbial communities range in size from 
1 kb to upwards of 1 Mb (ref.76). Within the gut micro-
biome, two phage families, including crAssphage63 
and Lak megaphages (more than 500 kb in size)64 are 
widespread. Illumina shotgun sequencing results in 
paired-reads with, at most, 600 sequenced bp, so there 
is a utility in applying long-read sequencing technolo-
gies to MGEs and other difficult-to-assemble genomic 
regions, despite their higher error rates. Newer meth-
ods, such as barcoding DNA fragments arising from 
one larger fragment and sequencing them on the 10X 
Genomics platform, have been used to examine intraspe-
cies differences77,78, but these methods are still being 
developed. Long-read sequencing technologies such as 
PacBio’s single-molecule, real-time (SMRT) platform 
and Oxford Nanopore’s sequencing platform typically 
sequence DNA fragments well in excess of 10,000 bp, and 
in the case of the latter upwards of 100,000 bp, which is 
sufficiently long to span a complex transposon insertion, 
a prophage and even some full plasmids79. These tech-
nologies both have higher error rates and higher costs 
than short-read platforms, such as the Illumina platform, 
although these metrics are rapidly improving80. The 
choice of one platform, or both81, will depend on the goal 
of the sequencing effort (identifying integrated MGEs 
or examining sequence variants). These methods for 
obtaining large contiguous genomic sequences are espe-
cially useful for integrative elements and in assembling 
plasmids that frequently recombine; however, they are 
inherently limited in their ability to link non-integrative 
plasmids with their host microorganisms.

Methylation signatures. MGEs are exposed to host meth-
yltransferases and acquire methylation patterns matching 
their host’s DNA, and these organism-specific methyla-
tion signatures can therefore be used to bin MGEs with 
their host genomes. DNA methylation can be detected 
by bisulfite sequencing, PacBio’s SMRT sequencing plat-
form or IonTorrent’s long-read sequencing platform, as 
chemical modifications of DNA affect the kinetics of 
sequencing82,83. By exploitation of this feature, MGEs 
have been linked with their host genomes in a mouse 
gut microbiome140 and a simple cheese microbiome84. 
Among the challenges in scaling up this approach is the 
necessity to use a platform that provides information 
about the methylation status of DNA sequences, either 
through bisulfite sequencing or SMRT sequencing, 
which is more expensive and of lower throughput than 
its short-read relatives. It is also limited to larger MGEs, 
which contain adequate coverage of unique or identifi-
able methylation motifs to be able to assign host-MGE 
associations. Additionally, methylation patterns can be 
altered in response to environmental stimuli85, which 
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limits the utility of such a method for examining changes 
in plasmid–host associations over time or in comparing 
the same species present in different hosts86.

Associating MGEs with their hosts
A major goal of many of the approaches outlined here 
is to obtain accurate and complete information about 
host–MGE associations within a community so we can 
dissect the dynamics of HGT in natural communities.

Comparative genomics. Comparative genomics using 
whole-genome sequences has been the gold standard 
method for examining HGT, providing high-quality 
data for associating integrated MGEs and plasmids 
with their host. Although genome sequencing is of low 
throughput and covers a fraction of the community, it has 
still been useful in constructing HGT networks in var-
ious environments87, including the gut microbiome26,88 
and within cheese communities89. Improvements in 
culturomics have resulted in capturing greater diversity 
than ever before within a microbiome90,91, enabling a more 
comprehensive snapshot of the HGT network. Still, care 
must be taken to avoid contamination, which may falsely 
appear as HGT, and artifacts introduced during culturing, 
such as conjugation that occurs during culturing and the 
gain and loss of plasmids during plate-based culturing92,93. 
In closely related strains, detecting horizontally trans-
ferred regions requires observing DNA segments that 
differ across isolates88 that are not likely to be explained by 
gene loss. Others have applied a simple, conservative heu-
ristic to identify recently transferred DNA by identifying 
nearly identical DNA in distantly related organisms87, by 
examining the length of stretches of nearly identical DNA 
in closely related organisms94 or by examining insertion 
sites within sequenced genomes95. Identifying regions 
of recent HGT in isolates of intermediate relatedness 
can be more challenging, relying on subtler techniques  
(for example, differences in codon usage96).

Newer technologies such as single-cell sequencing 
promise to increase the number of available genomes 
by several magnitudes. Single-cell sequencing, through 
cell-sorting97, microfluidic98 or hydrogel-based99 
isolation, is attractive for several reasons: it does 
not require a priori knowledge of culturing condi-
tions; it is taxonomically unbiased; and it may be less 
labour-intensive and, theoretically, higher throughput 
than culture-based assays, which require colony pick-
ing. Single-cell sequencing is not without caveats, as 
assemblies are often incomplete and more fragmented 
than those of sequenced isolates98, and are more prone 
to contamination. Combining single-cell sequencing 
with metagenomics offers the possibility of identifying 
mobile genes in a population and then surveying the 
mobile gene pool in a large number of samples as well 
as examining differences in the architecture of MGEs 
across samples26,100.

Mobile reporter constructs in microbial communities. 
The traditional way of studying HGT in vitro is to use 
reporter constructs built into plasmids or phages that 
enable the detection through fluorescence or antibiotic 
selection, and these methods have been illustrative in 

examining conjugation in natural communities101,102 and 
within biofilms103 (Fig. 3). Rates of HGT can be inferred 
from increases in the number of transconjugants, trans-
formants or transductants over time. This method is 
inherently limited to those MGEs that can be geneti-
cally altered or are tractable, but has been used, with 
some success, to track HGT in microbial communities 
in vivo. In a recent study, a genetically modified phage, 
SopEΦ, was introduced into two trackable Salmonella 
enterica subsp. enterica serovar Typhimurium strains104. 
Newly formed lysogens were identified by the incorpo-
ration of antibiotic resistance traits carried by the phage, 
resulting in strains of donor and recipient bacteria that 
had different resistance profiles. Barcoding a subset of 
phage virions enabled the study authors to examine the 
rates of independent transfer events and conclude that  
the frequency of transfer events must be high.

Extending this framework to examine multiple MGEs 
or various organisms may be challenging. Regarding the 
use of antibiotic resistance reporters, organisms differ in 
their intrinsic or acquired resistance to antibiotics, which 
may obscure the detection of organisms with newly 
acquired resistance traits. Alternatively, fluorescent 
reporters may be used to screen HGT events between 
diverse species, but expression may differ across species. 
In one such attempt, plasmids isolated from soil commu
nities were engineered to express green fluorescent pro-
tein (GFP) and introduced into donor cells105. Donor  
cells carried red fluorescent protein (RFP) and a repressor 
for the promotor driving GFP expression so that GFP 
would be expressed only in cells that received the plas-
mid. Laboratory conjugation experiments between these 
bacterial donors and soil communities were performed 
and then subjected to fluorescence-activated cell sorting 
followed by 16S sequencing, revealing subpopulations 
with transconjugants that were able to acquire the plas-
mid. This study had provocative results, showing exten-
sive transfer across the bacterial phylogeny. Because this 
method may be subject to false positives due to chal-
lenges of sorting heterogeneous populations of bacteria, 
they necessitate genetic confirmation. Viral tagging 
has also been effective in obtaining phage–host inter
actions; isolated phages are fluorescently labelled and  
adsorbed to the cellular envelopes of specific hosts106  
and sequenced in bulk or are reintroduced into a micro-
bial community and sorted by fluorescence-activated 
cell sorting into individual wells107–109. This method can 
provide comprehensive information about phage–host 
associations and does not require genetic engineering.

Approaches that use genetic reporters, like the bar-
coded SopEΦ phage, may leverage next-generation 
sequencing to increase their throughput. Cas machinery 
has also been used to inducibly record HGT events110. 
Cas1 and Cas2 proteins, which incorporate mobile DNA 
into protospacers, were introduced into an E. coli reporter 
strain. This reporter strain was introduced into commu-
nities, after which the CRISPR array was sequenced to 
determine the cellular exposures.

Proximity ligation. Hi-C, a type of proximity ligation 
method, is a method that generates long-range DNA–
DNA interactions mediated by DNA-associated proteins 

Culturomics
The study of bacterial cell 
culture using high-throughput 
methods, usually with the goal 
of isolating diverse organisms 
from complex microbial 
communities.

Protospacers
Small DNA fragments found 
within CRISPR arrays that are 
derived from invading mobile 
genetic DNA (plasmids or 
phages).
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within the genome before sequencing (Fig. 4), can be used 
to link mobile genes with their host genomes. Hi-C was 
originally developed to determine chromosomal struc-
ture in eukaryotes. In short, DNA from bacterial cells is 
crosslinked by formaldehyde links between DNA-bound 
proteins while cells are intact, then while cells are intact, 
then subsequently digested, biotin labelled and ligated 
in dilute solution to associate DNA fragments bound in 
the same crosslinked complex. Biotinylated fragments 
are concentrated and sequenced to reveal interactions 
between distal regions of DNA existing in the origi-
nal cells111. Although the main use of Hi-C has been to 
improve the quality of genomic assemblies from micro-
biome samples112, Hi-C sequencing has also proved its 
ability to associate distant portions of bacterial chromo-
somes or a bacterium’s chromosome with its plasmid 

or phage141, even in environmental113,114 or human115,116 
microbiomes. One study focusing on MGEs used Hi-C 
to show that HGT has resulted in the widespread dis-
persal of MGEs within individuals’ gut microbiota117. 
This has led to the development of MGE-specific Hi-C 
protocols that implement computational pipelines spe-
cifically geared towards associating MGEs with their 
hosts, the large portion of which has recapitulated 
known host–MGE associations, lending credence to 
these approaches. Built on the same premise, XRM–
seq (ribosome crosslinking and sequencing)118 instead 
crosslinks ribosomal RNA with total mRNA, including 
viral mRNA that is being transcribed. Chimeric reads 
can associate active viral genomes with bacterial hosts.

Proximity ligation methods favour comprehensive-
ness, potentially capturing plasmids, prophages and 
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Fig. 3 | reporter constructs for examining recipients of horizontal gene transfer and movement of mobile genetic 
elements. a | Fluorescent reporters have been a mainstay for examining horizontal gene transfer events. In this example,  
a donor strain encodes red fluorescent protein (RFP) and LacI on its chromosome, and green fluorescent protein (GFP) is 
encoded on a plasmid. LacI represses GFP fluorescence in the donor, and therefore the donor appears red. In recipients, 
GFP is expressed and therefore transconjugants fluoresce green. Donors and recipient strains can be distinguished using 
fluorescence-activated cell sorting. b | Genomic reporters are now being used to monitor the movement of specific mobile 
genetic elements, as in the case of phage and plasmids. A library of phages carrying different barcodes (BC1–BC4) can  
be introduced into a bacterial population, and the frequencies of phage transfer events can be detected over time,  
with or without a perturbation such as infection or antibiotic treatment. The largest libraries thus far have comprised 
seven barcoded phages104.
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transposable elements concurrently in a wide range of 
cells. As Hi-C reads align to contigs with few base pairs 
(on average, half of a read pair), Hi-C read pairs may 
therefore ambiguously map to multiple places. The data 
must be interpreted in consideration of the redundancy 
of MGEs. In addition, most of the paired sequence reads 
are proximal to one another within the genome; that is, 
they are uninformative at providing the long-range infor-
mation required to link MGEs to their nascent genomes. 
This method also may not be sensitive to low-abundance 
interactions. Nevertheless, it is notable in its ability to link 
MGEs with their hosts in a high-throughput, unbiased 
fashion.

Single-cell fusion PCR. Fusion PCR approaches have 
been used to study the host associations of rare genes, 
and the method is slowly being applied to genes that 
may be mobile. For example, emulsion, paired isolation 
and concatenation PCR (epicPCR)119 has been used to 
detect the bacterial hosts of a specific targeted gene with 
high sensitivity. Functional genes are fused with phy-
logenetic markers originating from the same cell during 
PCR (Fig. 5). Although this method has been used to 
establish the host associations of mobile antibiotic resist-
ance genes in wastewater microbial communities120, 
the biomaterials that encapsulate beads may enable 
extrachromosomal elements, such as plasmids, to 
escape and contaminate adjacent beads, increasing the 
false-positive rates by erroneously linking plasmid and 
host. Alternative platforms are being developed, such 
as one-step isolation and lysis PCR (OIL-PCR)121, to 
enable scalable high-fidelity capture of mobile genes  
and their hosts.

Insights into HGT within communities
Due to the aforementioned technologies, we are acquir-
ing a broader understanding of the types of mobile 
genes, their genomes and their genomic contexts. As 
these technologies enable the study of what gets trans-
ferred, how it is transferred and between whom it is 
transferred, it will be necessary to place our observations 
of HGT in the context of the dual processes of HGT and 
natural selection (Fig. 6) to understand the role of HGT 
in shaping microbial communities.

Extensive within-microbiome transfer is possible. After 
analysis of several thousand reference genomes from 
different environments, it became clear that, in addi-
tion to genetic relatedness, shared ecology governs 
HGT87. However, the extent to which organisms in the 
same shared environment engaged in HGT is not well 
understood. Several studies have revealed the poten-
tial for extremely widespread transfer in situ by use of 
fluorescent reporters, as mentioned earlier. Broad host 
range plasmids encoding GFP that were introduced 
into a mouse microbiome via a donor E. coli strain were 
able to disperse widely across phyla122. Importantly, 
this occurred more dramatically within the gut of the 
mouse than when reporter strains were introduced 
into equivalent microbiome samples in vitro. Similar 
experiments in soil communities in vitro showed that 
three different plasmids harboured by three different 
bacterial species were able to disperse across phyla 
into a large number of recipient clades105. These exper-
iments highlight the role of selection rather than dis-
persal in shaping mobile gene pools. Similarly, ongoing 
work suggests that mobile genes are widespread within 
a single individual’s gut microbiota, confirming that 
contact rates and shared environmental conditions 
may favour HGT and selection for specific MGEs. 
More work is needed to determine the contributions 
of HGT between commensal and transient organisms 
and to better evaluate differences in the rates of HGT 
between environments.

Punctuated bursts of HGT rather than gradual gene 
flow. Several in vivo experiments suggest that the rate 
of gene transfer in host-associated microbiomes may 
be high. In experiments performed on S. Typhimurium 
in mice, phage transduction occurred during acute 
inflammation104. Bacteria carrying GFP plasmids intro-
duced by gavage can be transferred to multiple hosts 
within days of inoculation122. Cas1–Cas2 engineered 
reporting systems show an initial burst of spacer incorpo-
ration within hours of introduction of an organism into 
the gut microbiome110. The forces that govern the rate of 
gene transfer, whether they are driven by contacts, envi-
ronmental cues or cellular stress signals, have yet to be 
defined, but these experiments suggest that gene transfer 

1 2 3 4

Crosslinking of MGE–
chromosome interactions

Restriction digest Dilute ligation

Hybrid reads

Fig. 4 | Hi-c applications to identify bacterial host associations of mobile genetic elements. The Hi-C workflow  
starts with crosslinking, creating linkages of extrachromosomal (blue) and integrated mobile genetic elements (MGEs) 
(integrated MGEs are not shown) with their associated genomes within cells in a microbial community (1). DNA is cut 
with restriction enzymes (2). A dilute ligation is performed to promote ligation between DNA crosslinked within the same 
complex. Proteins are digested and the remaining DNA is sequenced (3). Some read pairs, hybrids of chromosomal and 
extrachromosomal DNA, will be sufficient to link MGEs to genomes (4).
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may occur across a number of organisms synchronously, 
rather than at regular frequencies.

Complex selective pressures on MGEs. Of great concern 
is the spread of antibiotic resistance genes commonly 
found on MGEs. Travellers have been shown to accu-
mulate more antibiotic resistance genes after travel123, 
suggesting that the mobile gene pool of an individual 
is flexible and subject to selective pressures; however, 
the scale and time frame are not known. Mobile car-
bohydrate degradation genes have been shown to dif-
fer between the gut microbiota of global populations1, 
despite shared culinary experiences in certain cases. 
Antibiotic resistance genes were also not maintained 
during the transit of microorganisms and MGEs 
through a wastewater treatment plant120. There is a need 
to understand the role of selection on mobile genes 
in different genomes. Often, mobile genes, including 
those providing auxiliary functions and those related 
to carriage of exogenous DNA, can be detrimental, and 
compensatory mutations are often found in genomes 
retaining an MGE124. One illustrative study showed dif-
ferences between the mobility and function of resistance 
genes that convey resistance to antimicrobial peptides as 
compared with resistance genes that convey resistance to 
antibiotics across species in the gut. This work reveals a 
greater requirement for functional compatibility of the 
antimicrobial peptide-resistance genes with their host 
genomes125. In general, we are only beginning to under-
stand the greater selective pressures that shape mobile 
gene pools.

Interplay between MGEs and their bacterial host 
genomes. An increasing body of evidence has pointed 
to interactions between mobile elements and their bac-
terial host genomes. This can include specific inter-
actions related to the function of the host species, as 
in the case of plasmid-associated genes modulating 
Acinetobacter baumannii gene expression patterns 
to promote urinary tract colonization24. A phage 
within Listeria monocytogenes is transduced during 
phagocytosis and promotes bacterial survival within 

the phagosome126. Notably, this has also included 
anti-CRISPR systems encoded by phages127. How 
commonly these bacterial host-associated traits are 
carried on MGEs has not yet been assessed in a high- 
throughput manner, but they suggest co-evolution 
between MGEs and their host genomes, despite the 
horizontal transmission of MGEs.

Outlook
Despite a growing toolbox of techniques used to meas-
ure HGT, there are many questions that remain to which 
some of these tools can be applied. The underlying 
dynamics of HGT are not well understood. Experiments 
using phages in mouse models of inflammation show 
that HGT within a single microbial community can 
be rapid128. However, although we have witnessed the 
rapid spread of mobile genes worldwide129, we do not 
know the ecological underpinnings that govern success-
ful or lasting gene exchange and how frequently this 
occurs in natural settings. None of the aforementioned 
techniques can provide a complete or perfect picture 
of HGT in natural communities. The techniques dif-
fer in terms of their comprehensiveness and sensitiv-
ity, MGE length and overall throughput, and breadth 
and accuracy. With regard to the participants of HGT 
in these communities, only a few of these techniques 
can link MGEs to their bacterial hosts. None elucidates 
the direction of gene flow, and even the mechanism 
— transduction, transformation or conjugation — 
may be elusive. Additionally, there are other putative 
HGT mechanisms, such as through outer membrane 
vesicles130–132, which we know little about. To answer 
these systems-level questions about HGT, these meth-
ods need to be more robust. They need to become of 
higher throughput and more cost-effective to be applied 
in the context of a large comparative case–control study 
or time course studies.

These techniques hold the promise of answering 
ecological questions about the role of HGT in micro-
bial communities. When does HGT result in last-
ing genomic integration that may affect changes to 
the microbial ecosystem or host? There has been a 

Single-cell emulsionsMixed community Marker gene (16S rRNA)

Amplicon of 
mobile gene–taxon 
linkages

Fusion PCR

Mobile gene of interest

Fig. 5 | Pcr-based methods for examining single mobile genes and their genomic contexts. Single cells from a mixed 
community are captured in an oil-in-water emulsion, where most of the bubbles are empty and those with cells contain 
only one cell. A standard PCR targets the mobile gene, and a second fusion PCR using bridging primers can physically  
link amplicons of a mobile gene (orange) with a taxonomic marker (blue). The final amplicons will therefore contain only 
PCR fusions with marker genes from cells containing the plasmid, providing information about the specific host or the 
co-occurrence of mobile genes. rRNA, ribosomal RNA.
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long-standing question about the role of antibiotics in 
not only selection but also in the promotion of HGT133. 
Which MGEs are under positive selection, and how do 

individual genes contribute? Which mode of HGT is 
dominant, and how does this differ across microbiome 
types? We need methods that can measure the utility 
of MGEs in novel genomic contexts to measure selec-
tive pressures to keep or lose a mobile gene, as gaining 
MGEs may be initially deleterious134. One way to exam-
ine whether recently acquired MGEs are expressed in 
communities is to examine metagenomic data alongside 
proteomic data131.

Even the most robust methods described here do not 
comprehensively capture all HGT in microbial commu-
nities. The methods outlined in this Review all face the 
challenge of increasing the signal-to-noise ratio and 
increasing sensitivity. However, in addition to detection 
issues, other reasons for not observing HGT in commu-
nities are the myriad natural barriers to gene flow. Some 
of these are well known; for example, restriction endo-
nuclease activity, incompatible HGT machinery, phage 
adsorption specificity and adaptive CRISPR-mediated 
immunity. However, there are complexities emerg-
ing that upend our assumptions; for example, phages 
that can circumvent host modification or CRISPR 
mechanisms25,135,136. The contributions of these barriers 
to the overall observed HGT in natural communities 
may require methods other than those discussed here. 
As microbiome research achieves better understand-
ing of community assembly at the species level, greater 
attention will be focused on aspects of gene flow that 
have remained elusive. There will be increased atten-
tion to HGT as a driver of the spread of antibiotic resist-
ance and in understanding how bacterial communities 
that provide important ecological services adapt under 
changing environmental conditions.
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Fig. 6 | Disentangling the processes of horizontal gene transfer and natural 
selection. a | In a natural microbial community, horizontal gene transfer (HGT), likely  
due to a perturbation, and a subsequent selective pressure imposed on a mobile genetic 
element (MGE) or gene are observed in combination. From an initial starting time (t0), 
there may be an expansion of organisms carrying a specific MGE and a subsequent 
imposed selective pressure that may limit the number of organisms carrying the MGE 
over time. Depending on the time at which a community is observed, it is therefore 
difficult to distinguish the contribution of these two processes: transfer and selection.  
b | Specifically, an increase in abundance of a mobile gene may be due to the replication 
of a small number of hosts (left panel) or the dispersal of a gene throughout a community 
(right panel). Disentangling the respective contributions of HGT and selection can be 
aided by more frequent sampling and by the methods discussed in the main text.
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