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ABSTRACT

Horizontal gene transfer is an important mechanism of microbial evolution and is often driven by the movement of mobile
genetic elements between cells. Due to the fact that microbes live within communities, various mechanisms of horizontal
gene transfer and types of mobile elements can co-occur. However, the ways in which horizontal gene transfer impacts and
is impacted by communities containing diverse mobile elements has been challenging to address. Thus, the field would
benefit from incorporating community-level information and novel approaches alongside existing methods. Emerging
technologies for tracking mobile elements and assigning them to host organisms provide promise for understanding the
web of potential DNA transfers in diverse microbial communities more comprehensively. Compared to existing
experimental approaches, chromosome conformation capture and methylome analyses have the potential to
simultaneously study various types of mobile elements and their associated hosts. We also briefly discuss how fermented
food microbiomes, given their experimental tractability and moderate species complexity, make ideal models to which to
apply the techniques discussed herein and how they can be used to address outstanding questions in the field of horizontal
gene transfer in microbial communities.
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INTRODUCTION et al. 2006). It can also turn non-virulent bacteria into pathogens
(Avery, Macleod and McCarty 1944; Waldor and Mekalanos 1996;
Faruque and Mekalanos 2012; Khalil et al. 2016) or allow bacte-
ria to adapt to entirely new niches through the acquisition of
metabolic pathways (Hehemann et al. 2010; Tasse et al. 2010).
Genes associated with these phenomena are frequently found
on mobile genetic elements (MGEs) or are moved alongside
them. In brief, MGEs are pieces of DNA that can show mobility
within their host’s genome or between genomes of donor and
recipient cells. Microbial MGEs include plasmids, bacteriophages
and transposable elements. These elements differ in regards to

Horizontal gene transfer (HGT) involves the intragenerational
sharing of genetic material, as opposed to the intergenerational
sharing characteristic of vertical inheritance. In bacteria, it is
an effective evolutionary process that allows the rapid acqui-
sition of new phenotypes and metabolic abilities (Wiedenbeck
and Cohan 2011; Hall, Brockhurst and Harrison 2017), and has
been hypothesized to significantly alter microbial communi-
ties, such as the one associated with the human gut, and its
interactions with the body (Lerner, Matthias and Aminov 2017;
Sitaraman 2018). For example, HGT can lead to rapid adapta-
tion to new environmental pressures such as antibiotics (Lester
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their genetic structure as well as means of mobilization as out-
lined in the next section.

Due to the fact that microbes live together in microbial com-
munities, or microbiomes, MGEs can form a web of potential
concurrent DNA transfers. Furthermore, other types of interac-
tions between species within a community may influence the
process of HGT. Thus, it is crucial to understand not only the
movement of individual MGEs, but to also understand how they
move collectively within communities, and how this process is
impacted by interactions with other species and the environ-
ment. Therefore, we need global approaches that are capable of
tracking as much of the diversity of MGEs as possible within a
variety of communities and in as wide a range of hosts as pos-
sible.

In this review, we discuss open questions related to the pro-
cess of HGT specifically within communities, and approaches
that allow the tracking of genetic material within them. In dis-
cussing the breadth of techniques available, a particular focus
is put on the transfer of plasmids between bacteria. Since plas-
mids often carry antibiotic resistance genes (ARGs) and the dis-
semination of ARGs via HGT has critical implications for public
health, we will also incorporate discussions of techniques par-
ticularly aimed at these genes of interest. In the second half of
the review, we highlight the emerging metagenomics techniques
based on chromosome conformation capture (3C) and methy-
lome analyses as they are opening new doors for studying the
presence and transfer of MGEs in communities. Since the best
techniques are not useful unless they can be applied to suitable
model systems, we will end the review on discussing how the
communities associated with fermented foods might constitute
useful models to be studied with techniques discussed here.

HORIZONTAL GENE TRANSFER IN MICROBIAL
COMMUNITIES: CANONICAL AND EMERGING
MECHANISMS

Canonical HGT mechanisms

MGEs move within and between bacterial genomes through
four canonical mechanisms: transformation, transposition, con-
jugation, and transduction. In transformations (Fig. 1.1), envi-
ronmental DNA is taken up via a proteinaceous DNA uptake
machinery (Chen and Dubnau 2004; Claverys, Martin and Polard
2009; Dubnau and Blokesch 2019). Bacteria that express this
machinery are referred to as competent. Transposition (Fig.
1.2) is mediated by transposable elements (TEs) that move, or
transpose, between different locations in the genome (Siguier,
Gourbeyre and Chandler 2017). In bacteria, it has long been
known that antibiotic-encoding transposons can integrate into
and transpose between MGEs such as plasmids, and then these
transposons can be horizontally shared along with their host
plasmids (Hedges and Jacob 1974). Integrons are another class of
elements that have been found to capture genes associated with
antibiotic resistance very efficiently. They employ site-specific
recombination downstream of a resident promoter to enable
expression of the integrated genes (Mazel 2006). These elements
are not mobile by themselves, but have been found on trans-
posons and plasmids, thereby contributing to HGT of their cargo
genes via conjugation. Conjugation (Fig. 1.3) is the transfer of
DNA, such as extrachromosomal, circular plasmids, at points
of physical contact (or mating junctions) between neighboring
cells, often referred to as mating pairs (Chen, Christie and Dub-
nau 2005). In addition to circular plasmids, linear plasmids are
known to exist in Gram-positive and Gram-negative bacteria

Saaketal. | 607

Figure 1. In microbial communities, a web of potential horizontal gene trans-
fer mechanisms can co-occur. In transformation (1), free DNA (light green), for
example released by lysed cells, is taken up from the environment. In transpo-
sition (2), DNA (blue) translocates from one location in the genome to another. If
this location is on a conjugative element, such as an integrative and conjugative
element (ICE, orange), it can then move to another cell by conjugation (3a). Other
conjugative elements include plasmids (mauve, 3b). Transduction is mediated by
prophages (dark green), which are integrated into the host genome. Given suit-
able conditions, they excise and induce production of infectious phage particles,
which can carry host DNA (4).

(Hinnebusch and Tilly 1993) and to be able to undergo conju-
gation (Dib et al. 2015). In addition to plasmids (Fig. 1.3b), con-
jugative and integrative elements (ICEs), sometimes referred to
as conjugative transposons, can be shared by conjugation given
suitable conditions (Fig. 1.3a). Prior to conjugation, ICEs excise
from the host genome and circularize; after transfer they can
integrate into the new host’s genome (Wozniak and Waldor 2010;
Delavat et al. 2017). Prokaryotic viruses, called bacteriophages,
mediate transduction of DNA (Fig. 1.4). Transduction can hap-
pen due to faulty DNA packaging into viral particles (general
transduction), or due to imprecise excision of prophages from
genomes (specialized transduction), or through emerging mech-
anisms (Chiang, Penadés and Chen 2019).

Emerging HGT mechanisms

While these major classes of MGEs and their associated mech-
anisms of HGT have been studied for decades, new information
about these elements is continuously coming to light. For exam-
ple, ICEs are not always encoded in one contiguous sequence,
but can be found in pieces that are distributed along chromo-
somes and that excise individually and then assemble into the
complete ICE before transfer (Haskett et al. 2016, 2018; Green-
lon et al. 2019). In addition, new HGT mechanisms and types
of mobile DNA are still being discovered. Gene transfer agents,
for example, combine elements of transduction and transfor-
mation (Westbye, Beatty and Lang 2017). Additionally, mem-
brane vesicles can form from the donor’s cell membrane or by
phage-induced cell lysis and can carry chromosomal, plasmid
or phage nucleic acids (DNA or RNA) (Griill, Mulligan and Lang
2018). While the packaging mechanisms of nucleic acids into
membrane vesicles are generally unknown, an archaeal plas-
mid has been found to cause its own transfer to plasmid-free
related strains via membrane vesicles (Erdmann et al. 2017). The
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term “vesiduction” was recently proposed for this type of mem-
brane vesicle-mediated HGT (Soler and Forterre 2020). It was
further proposed that vesiduction is comprised of the extru-
sion of membrane vesicles into the environment, followed by
their attachment to recipient cell surfaces, transport of DNA
into the cytoplasm and finally the acquisition of genetic mate-
rial. Distributive conjugal transfer (Gray and Derbyshire 2018;
Clark, Gray and Derbyshire 2020) and mycoplasma chromosomal
transfer (Dordet-Frisoni et al. 2019) are two recently described
conjugative processes that can cause the exchange of large
amounts of unrelated chromosomal loci. While having simi-
lar consequences, the two processes seem to rely on different
machineries. Transjugation, another emerging mechanism, is a
hybrid of transformation and conjugation, but has so far only
been described in Thermus thermophilus (Blesa et al. 2015, 2017). In
addition, nanotubes are being investigated as possible conduits
for non-conjugative plasmids (Dubey and Ben-Yehuda 2011). To
make matters even more complicated, MGEs themselves can
be contained within one another. As mentioned above, trans-
posons can insert themselves into plasmids and even other
transposons, for example (Sheppard et al. 2016).

Open questions about HGT in microbial communities

A multitude of open questions remains specifically about HGT
in the context of communities. We believe that many of these
questions can be addressed with emerging metagenomics tech-
niques discussed in this review, since they aim at providing a
comprehensive overview of the MGE pool and its movement
through diverse microbial communities. In the future, this could
allow us to predict how individual MGEs and their transfer might
be affected by the overall pool of mobile DNA present. Gain-
ing this birds-eye view is important both for understanding
MGEs within an individual cell, as well as understanding HGT
within communities. For example, conjugative elements have
been found to silence transformation machinery in Legionella,
showcasing that the different routes of HGT can affect each
other’s efficacy (Durieux et al. 2019). Conjugative elements are
also known to affect each other’s intercellular transfer and
can be divided into three classes based on their transmissibil-
ity: self-transmissible, mobilizable and non-mobilizable (Smillie
et al. 2010). Self-transmissible plasmids encode their own type
IV secretion system in addition to other elements required for
transmission including relaxases, which are proteins that recog-
nize the origin of transfer (oriT) and are crucial for the initiation
and completion of conjugation. As such, they can be shared by
conjugation between two bacterial cells in what is also referred
to as a bi-parental mating. Mobilizable plasmids carry only the
relaxases and an oriT, while relying on type IV secretion systems
that are available in trans, for example from the chromosome
or a co-resident plasmid. In tri-parental matings, the plasmid
supplying the type IV secretion system is introduced into the
donor cell by a third bacterial strain, often referred to as a helper
strain. Last, non-mobilizable plasmids carry none of the factors
required for conjugative transfer. Given the potential complex-
ities of DNA transfer in microbial communities, techniques are
required that enable the monitoring of many different MGEs at
the same time.

Spatial heterogeneities within communities should also be
considered when addressing HGT dynamics in diverse commu-
nities. For example, the concept of microbial hotspots and hot
moments in soil was recently introduced and is characterized
by increased activity and cellular interactions (Kuzyakov and

Blagodatskaya 2015). It has been proposed that by contribut-
ing to the creation of these hotspots within soil, fungal hyphae
change HGT dynamics within the soil community (Pratama and
van Elsas 2019). To address the effect of spatial heterogeneities
on HGT dynamics, tools are required that allow the tracking of
MGEs at relevant spatial scales.

HGT in communities does not happen independently of
other microbial interactions. For example, type six secretion
(T6S) activity has been shown to be co-regulated with the com-
petence machinery of V. cholerae; DNA released by suscepti-
ble, lysed cells was shown to be horizontally acquired by the
predatory cells (Borgeaud et al. 2015). In a follow-up study, it
was shown that V. cholerae can acquire large genomics regions
(larger than 150 kilobases) in a T6S-dependent manner (Matthey
et al. 2019). Similarly, T6S-mediated killing of E. coli by Acine-
tobacter baylyi was shown to increase horizontal acquisition of
genetic material by A. baylyi (Cooper, Tsimring and Hasty 2017).
To study these microbial interactions in more complex systems
or environments, it will be necessary to develop tools that allow
simultaneous monitoring of a wide range of HGT events and
other types of microbial interactions such as contact-dependent
killing.

Together, these examples demonstrate that in order to
understand global HGT dynamics in microbial communities,
a variety of factors ranging from environmental and biotic
interactions to the presence of other HGT machineries and
MGEs should be considered. While more targeted approaches
described in this review alone might not allow for this global
approach, emerging metagenomics approaches are now open-
ing the door to studying these aspects of HGT in microbial com-
munities. Additionally, as better tools for bacterial single-cell
genomics and RNA-seq become available, it should be possible
to address HGT dynamics in the context of other processes hap-
pening in communities.

EXPERIMENTAL APPROACHES TO
INTERROGATING MGE TRANSFER IN
MICROBIAL COMMUNITIES

Within the context of microbiomes, MGEs can be exchanged
either between experimentally introduced organisms (transfer
direction I), between introduced and native organisms (transfer
directions Il and III) or between native organisms (transfer direc-
tion 1IV) (Fig. 2A). While transfer directions I-III might be of par-
ticular interest for assessing the risk of an introduced organism
acquiring an undesirable gene from the native community or
vice versa, transfer direction IV is particularly important when
one wants to understand how microbes evolve within the con-
text of natural microbial communities. A variety of techniques
is available to researchers to track MGEs in microbial commu-
nities, some more suitable for certain research questions than
others. For example, some techniques are appropriate for track-
ing plasmids, while others might be designed to track the overall
population of mobile elements.

In this review, we give an overview of techniques available to
study transfer of mobile DNA in microbial communities (Fig. 2B).
In Section 1, we discuss techniques that target pre-determined
MGEs, i.e. that require pre-existing knowledge about specific ele-
ments. In Section 2, we discuss techniques that are partially
targeted and allow the study of specific groups of MGEs, such
as plasmids that can be maintained in a specific host, without
requiring pre-existing knowledge about specific elements. How-
ever, certain research questions might require a broader view of

020z Jaquia1deg 9z uo Jesn olod op apepisianiun Aq £8+42/8S5/909/S/v/o0nie/aiswal/wod dno-olwapeoe//:sdiy Wol) papeojumo(]



(A)
! O Introduced
n Native
\%
<=0
(B)
el
L, N
m -
o q shotgun Hi-C/
gL epicPCR ) [ metag. || methylomes
5
)
g - fluorescent
= %2 reporters .
« eS8l Section
) o P
e 85 in situ 3
g T matings
T —_—
9 -
g Section | exog. | optical A
“é;' 1 isol. |mapping
o]
; Section| TRACA/
©
T T T
targeted partially untargeted
targeted
MGE

Figure 2. Considerations and approaches to studying horizontal gene transfer
in microbial communities. (A), Potential transfer directions in microbial com-
munities. Mobile genetic elements (MGEs, intracellular grey circles) can move
between donor and recipient cells that have been introduced into a native com-
munity (transfer direction I, red arrow). Alternatively, the introduced donor can
transfer MGEs to native recipients within the community (transfer direction II,
green arrow). MGEs can also move from a native donor to an introduced recip-
ient (transfer direction III, yellow arrow). Last, they can be exchanged between
native members of the community (transfer direction IV, blue arrow). (B), Experi-
mental approaches to detecting MGEs and/or identifying their original or poten-
tial host(s) in microbial communities. Color outlines indicate the highest order
transfer direction potentially detected based on (A); grey outlines indicate the
inability to detect transfer direction. exog. isol. = exogenous plasmid isolation,
TRACA = transposon-aided capture, MDA = multiple displacement amplifica-
tion, WGS = whole genome sequencing, shotgun metag. = shotgun metage-
nomics, n.d. = not determined.

MGEs in the community, such as those questions addressing the
potential for microbial evolution within the context of micro-
bial communities. To this end, in Section 3, we discuss various
genomics and metagenomics techniques that have the potential
to provide information about a wider range of mobile elements
and their hosts and thus afford a more untargeted approach
to studying HGT in microbial communities. The novel metage-
nomics techniques described herein, 3C-related methods and
the analysis of methylation profiles, are especially helpful for the
study of DNA transfer in microbiomes since they have the poten-
tial to assign extrachromosomal elements such as plasmids to
their host genomes, which remains challenging with traditional
metagenomics approaches.
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SECTION 1: TECHNIQUES TARGETING KNOWN
MGES

Detection of MGEs and associated genes of interest in
microbiomes

In some cases, the potential HGT of specific genes or groups of
genes is of interest. For example, the dissemination of ARGs is
a world-wide problem and the presence of ARGs has been stud-
ied in diverse microbiomes ranging from those in wastewater
(Karkman et al. 2018) and hospitals (Kamathewatta et al. 2019) to
those associated with various types of food (Boehme et al. 2004;
Devirgiliis et al. 2014; Fraqueza 2015; Abriouel et al. 2017; Quin-
tieri, Fanelli and Caputo 2019). While experimental confirmation
of antibiotic resistance is a common approach to confirming a
suspected antibiotic resistance, this relies on the isolation and
cultivation of specific microbial species, which is often not feasi-
ble. However, for clinical or public health surveillance, knowing
the antibiotic resistance profile of unculturable or slowly grow-
ing community members can be critical. To avoid issues related
to culturability, PCR-based approaches of candidate ARGs can be
used to interrogate the presence of panels of pre-determined
ARGs (Nawaz et al. 2011; Guo et al. 2017). In a variety of micro-
biomes, the PCR-based approach has also been directed at vari-
ous MGEs including plasmids and integrons (Smalla et al. 2000b;
Gillings et al. 2015) that are frequently associated with ARGs,
such as those associated with river waters (De la Cruz Barrén
et al. 2018) and full-term infant guts (Ravi et al. 2018). A recent
review of MGEs associated with ARGs showed that this is indeed
a viable approach (Partridge et al. 2018).

The described PCR-based approaches rely on updated and
stable databases of both MGEs and genes of interest, a myriad
of which have been developed (Table 1). For example, databases
allow researchers to search for common motifs of MGE types,
therefore helping the detection of these elements by PCR. Auto-
mated screening of published genomes and manual curation
of published phenotypic studies of isolated species and their
antimicrobial resistance profiles further helps in generating
these databases. Surveillance programs such as WHO AWaRe
(Assessing Worldwide Antimicrobial Resistance Evaluation) and
INFORM (International Network for Optimal Resistance Monitor-
ing), CDC/FDA/USDA NARMS (National Antimicrobial Resistance
Monitoring System), Pfizer ATLAS (Antimicrobial Testing Lead-
ership and Surveillance) are not included in this table, but they
use similar databases to track these elements epidemiologically.
Many MGE databases overlap in their contents, but use differ-
ent filtering and inclusion methods. We do not show special-
ized databases that only contain ARGs within a specific genus or
against specific antibiotics. Additional databases combine and
filter those found in databases listed in Table 1, such as ARG-
ANNOT (uses NCBI) (Gupta et al. 2014), PATRIC (uses CARD, NCBI,
manually curated) (Davis et al. 2016; Antonopoulos et al. 2019),
DeepARG-db (based on CARD, ARDB (Liu and Pop 2009), UniProt
(Uniprot Consortium 2019)) (Arango-Argoty et al. 2018), SARG
(CARD, ARDB and NCBI-NR (Yin et al. 2018)) and BacMet (based on
NCBI Genbank, UniPortKB, Transporter Classification Database,
and publications; separated into experimentally confirmed and
predicted in NCBI-nr; manually curated) (Pal et al. 2014). Table
S1 (Supporting Information) contains additional databases cat-
aloguing antibiotic resistance genes, virulence factors, genomic
islands, plasmids, transposons and integrons.
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Table 1. Public databases of genes of concern and mobile genetic elements (MGEs). Table S1 (Supporting Information) is an extended version

of this table.

Genes or MGEs of Concern Name Description Reference
Antibiotic Resistance Genes CARD Functional ARGs and mutations (Alcock et al. 2019)
(reviewed in Hendriksen using Antibiotic Resistance
et al. 2019) Ontology. Manually curated
ResFinder Acquired antibacterial resistance (Zankari et al. 2012)
or chromosomal mutations
MEGARes ~8000 antibiotic, metal and (Lakin et al. 2017)

Virulence Factors

Plasmids

Pathogenicity Islands

NCBI National Database of
Antibiotic Resistant
Organisms (NDARO)

EMBL-ENA Antimicrobial
Resistance data hub

ABRES, ResFams, SARGfams
(ARGs-OAP)
NCBI Pathogen Detection

Victors

Virulence Factor Database

ACLAME

NCBI plasmids, PLSDB,
PlasmID

PAIDB

biocide resistance sequences.
Manually curated and formatted
for bioinformatics

Public collection of antibiotic
resistance sequences, including
Resfinder, AMRFinder, CARD and

individual contributions. Includes

phenotypic antibiograms, as
designed by EMBL AMR data hub

Central infrastructure to share and

analyze pathogen sequencing,
including phenotypic

antibiograms and metadata about

source
Hidden Markov Models for
antibiotic resistance genes
Includes NCBI NDARO above as
well as pathogenic isolate
sequences

Virulence factors of human and
animal pathogens. Manually
curated

Medically significant bacterial
pathogens and virulence factors
Gene ontology specific for MGEs,
especially phage, prophage and
plasmids

NCBI database contains public
submissions. PLSDB and PlasmID
contain curated plasmid
sequences from NCBI-nt
Pathogenicity and antimicrobial
resistance islands from the
literature and those with similar
GC bias

(Matamoros et al. 2019)

(Gibson, Forsberg and Dantas 2015;
Xavier et al. 2016; Yin et al. 2018)

(Sayers et al. 2019)

(Liu et al. 2019a)

(Leplae, Lima-Mendez and
Toussaint 2010)

(Brooks, Kaze and Sistrom 2019;
Galata et al. 2019)

(Yoon, Park and Kim 2015)

However, despite these vast resources several problems still
remain to be overcome. First, as indicated above, database-
centered approaches to identifying ARGs rely on database accu-
racy and completeness (Boolchandani, D’Souza and Dantas
2019). Thus, unknown ARGs will be missed. Additionally, results
from PCR-based approaches do not always correlate with actual
phenotypic antibiotic resistance profiles (Aristimuno Ficoseco
et al. 2018). Various reasons for the discordance between geno-
typic and phenotypic antibiotic resistance profiles have been
put forth (Hughes and Andersson 2017). For example, bacteria
can be intrinsically resistant to antibiotics due to slow antibi-
otic uptake or efficient antibiotic efflux due to efflux pumps.
Alternatively, the genomic context of a given resistance gene can
affect its phenotypic expression. In addition, these approaches
merely detect the presence of particular ARGs and MGEs without
information about their genomic context or host species, mak-
ing risk assessment of transfer to unwanted species impossi-
ble. Nevertheless, as our understanding of antibiotic resistance

and HGT improves, these databases will continue to expand and
inform computational tools that can identify these sequences in
metagenomes for surveillance and tracking purposes.

Linking genes and MGEs of interest to their host

While these approaches have the potential to investigate ARGs
and MGEs in communities, they fail to associate these ele-
ments with their hosts. One method to overcome this challenge,
epicPCR (Emulsion, Paired Isolation and Concatenation PCR) was
developed (Spencer et al. 2016). epicPCR is based on the premise
of encapsulating individual cells in polyacrylamide beads before
lysis. The DNA is released into the confinement of the bead and
amplified by fusion PCR, which can be used to create a physical
linkage of phylogenetic markers such as 16S rRNA genes with
functional genes of interest. Control experiments showed that
this technique was able to detect representatives of all major
bacterial groups of a lake water community, with additional lysis
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steps improving detection of certain groups of bacteria includ-
ing Actinobacteria and Bacteroidetes. According to the authors,
millions of cells can be screened this way for the cost of a sin-
gle sequencing library preparation (Spencer et al. 2016). Given
its ability to link genes or DNA sequences of interest to their
bacterial host, this technique could hypothetically be used to
investigate the linkage of specific MGEs of interest, including
plasmids, with their host genomes. Since it does not require
manipulation of the MGE or cultivation of its host, epicPCR has
the potential to detect HGT events in all four transfer directions
listed in Fig. 2. Previously, this technique has been used to assign
ARGs and a class I integron to their hosts in wastewater treat-
ment plant communities (Hultman et al. 2018). Comparing influ-
ent and effluent water, this study detected putative HGT of resis-
tance genes between operational taxonomic units. However, the
authors concede that they were not able to definitely attribute
the change of association between ARGs and 16S rRNA genes to
HGT given the observed experimental variation. Further devel-
opment of this technique or combination with other techniques
discussed in this review might improve its power to detect HGT
events.

Detecting transfer of plasmids to culturable members
of microbiomes

Some of the initial experiments that were aimed at estimating
the potential for ARGs to spread through a microbial commu-
nity involved the introduction of donor species carrying ARGs on
known mobile elements into microbiomes and selecting recipi-
ents on the respective antibiotic. In this type of experiment, it is
important to be able to distinguish between donors and recip-
ients. If both are co-introduced into the community (transfer
direction I) and express different antibiotic/metal resistances,
it is possible to enumerate recipients by selective plating (Bale,
Day and Fry 1988; Richaume et al. 1992). Alternatively, preventing
expression of the MGE’s resistance marker in the donor elimi-
nates the need for additional, selectable markers in the poten-
tial recipients (Top et al. 1990). For these experiments it is nec-
essary that the introduced donors and recipients can survive in
the investigated environment long enough to allow horizontal
transfer to take place.

In other cases, it is of interest to what degree native bacteria
of a particular environment can act as hosts for a mobile ele-
ment originating from an introduced donor (transfer direction
1I). In such experiments, it is also crucial to be able to distinguish
original donors from potential recipients, especially if transfer
efficiencies are low and the number of introduced donors is high.
This can be done by ensuring that the donor has a limited lifes-
pan within the probed community, while persisting long enough
for transfer to occur. For example, an early study measured the
transfer of a plasmid-encoded tobromycin resistance gene from
E. coli SM10xpir, a strain capable of efficient plasmid mobiliza-
tion, to a soil microcosm. This experiment was able to identify
tobromycin-resistant recipients native to the soil microbiome
after 25 days due to the disappearance of the introduced E. coli
that was not adapted to the soil environment (Henschke and
Schmidt 1990). On the other hand, it might be of interest to test
transfer dynamics involving a donor that is able to survive in the
community long-term. In these cases, an additional selection
criterion is required to efficiently distinguish recipients from
donors and non-recipients. Auxotrophic donors can be counter-
selected for by plating on selection media lacking the compound
the donor cannot self-produce. This approach was used to test
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the transfer of RP4 to the native microbiome present in a lake
water microcosm (Sengelgv and Sgrensen 1998). RP4 is a con-
jugative plasmid from the incompatibility group P« (IncP«) that
has along history of use as a genetic tool (Jacob and Grinter 1975;
Babic, Guérout and Mazel 2008). As the authors of this study
point out, there are several potential problems that could lead
to an underestimation of the true extent of plasmid transfer:
recipients that are native to the interrogated microbiome could
be auxotrophic themselves; recipients could be prototrophic, but
unable to express the transferred resistance gene or grow under
laboratory conditions; the auxotrophic donor’s ability to transfer
plasmids in the tested environment could be impaired as com-
pared to an otherwise isogenic non-auxotrophic strain. Another
option to select against donors is to use bacteriophages that
specifically eliminate donor cells from the population and allow
the detection of native recipients (Smit et al. 1991; Richaume
et al. 1992; Daane et al. 1996). Last, in a study comparing dif-
ferent donor counter-selection methods, counter-selection via
donor-encoded suicide genes was found to be successful in
filter-matings, but not in microcosm experiments (Sengelgv and
Sgrensen 1998).

The in situ mating approaches described above have not only
been applied to detecting the transfer of plasmids to native
members of microbiomes, but also of other genetic elements
subject to HGT. One study tested the transfer efficiency of gene
transfer agents in marine environments using antibiotic selec-
tion of the transconjugants (McDaniel et al. 2010). Elimination
of the donor was not necessary in this study, since the authors
subjected the communities directly to the MGE.

Detecting transfer of plasmids to unculturable
members of microbiomes

As hinted at in the previous section, one common problem with
the in situ mating approaches to tracking MGEs in communities
is that they rely on the cultivation of recipients under labora-
tory conditions, which might lead to an underestimation of the
true extent of HGT in communities. In experiments in which
the interest is only in specific bacteria that are culturable under
known conditions, this drawback might not be prohibitive. How-
ever, often all possible recipients within a community are of
interest. In these instances, culture-independent approaches to
identifying MGE recipients are required.

This class of approaches relies largely on the expression of
fluorescent reporter genes in the cells that harbor a particu-
lar mobile element. These approaches have been extensively
reviewed (Sgrensen et al. 2005; Pinilla-Redondo et al. 2018), thus
we will only give a brief overview. As with antibiotic resistance
markers, lack of expression of fluorescent reporters in the recip-
ient can be responsible for false negatives and lead to an under-
estimation of the true extent of HGT in a community. However,
unlike with antibiotic resistance markers, cultivation under lab-
oratory conditions is not required for many of these techniques,
because reporter expression can be evaluated on a cellular level
in a high-throughput manner. The next few paragraphs will dis-
cuss the various reporter methods that have been used to inves-
tigate HGT in microbial communities.

Generally, these approaches are targeted at MGEs that can
be isolated, genetically manipulated and re-introduced into a
donor. In addition, as with the in situ mating approaches, steps
need to be taken to distinguish between donors and recipients.
This was originally done by repressing reporter expression in the
donor, for example by utilizing a lactose-repressible promoter.
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One of the earliest studies employing this approach investi-
gated how a plasmid encoding a GFP-reporter under the con-
trol of a lac promoter was transferred from an introduced Pseu-
domonas putida strain to native recipients of a marine bacte-
rial community (transfer direction II) (Dahlberg, Bergstrom and
Hermansson 1998). In this study, GFP expression was repressed
in the donor cells, which chromosomally encoded the repres-
sor Lacl, and it was de-repressed in recipients, which did not
encode Lacl and could thus be enumerated by epifluorescence
microscopy. While the single-reporter approach can be power-
ful, it does not distinguish donors and native non-recipients
based on fluorescent signals. As such, dual-reporter approaches
have been developed that distinguish the donors via a sec-
ond, chromosomally encoded fluorescent reporter (Mglbak et al.
2003; Klimper et al. 2015). This creates three different pools
of bacteria: donors expressing the chromosomally encoded flu-
orescence, non-fluorescent potential recipients and recipients
expressing the plasmid-encoded fluorescence.

For higher throughput studies, the recipients can also be enu-
merated by flow cytometry and even isolated by fluorescence-
activated cell sorting as was done for an experiment that intro-
duced plasmid donors into a barley rhizosphere (Musovic et al.
2006). Subsequent 16S rRNA analysis of the sorted recipients
showed broad range transfer, including from the Gram-negative
donor to a Gram-positive recipient. One disadvantage of the
flow cytometry-based approach of enumerating recipients is its
failure to separate true recipients from cells that have verti-
cally inherited the MGE. An alternative approach has thus been
employed based on minimal-cultivation solid-surface matings
followed by the enumeration of fluorescent microcolonies in a
community, since it is presumed that each microcolony origi-
nated from a single recipient cell (Musovic et al. 2010; Klimper
et al. 2014). Stereomicroscopy coupled with micromanipulation
can then be used to isolate recipients. The feasibility of this
approach in natural environments depends on its complexity
and ease of microscopic investigation. In addition, it was found
that while stereomicroscopy made for a more efficient proto-
col, confocal microscopy detected higher rates of conjugation
(Musovic et al. 2010). Last, mating approaches that rely on min-
imal cultivation re-introduce potential biases associated with
growing complex microbial communities under laboratory con-
ditions.

Another potential blind spot to consider is the transfer of
plasmids from primary recipients to secondary recipients. For
example, if the plasmid of interest can be efficiently shared
between the potential recipients, high numbers of transconju-
gants sorted by fluorescence-activated cell sorting might lead to
an overestimation of initial transfer rates between the donor and
the primary recipients. This experimental gap is starting to be
addressed through methods using barcoded plasmids that allow
the distinction between primary and secondary transfer events
(Bakkeren et al. 2019). Other approaches to exclusively estimat-
ing conjugation rates from donor cells to primary recipient cells
exploit the different types of plasmid transmissibility. In one
study, the transfer of a mobilizable, but not self-transmissible
plasmid was induced by a second plasmid present in donor cells
that itself is non-mobilizable due to lack of a suitable origin of
transfer (del Campo et al. 2012).

In addition to the classification of the recipient pool, it might
also be of interest to characterize effects of spatial organization
on HGT in communities. Flow-cytometry approaches require
the breaking apart of communities into individual cells caus-
ing a disruption of spatial organization. In contrast, combining
the dual-reporter approach with confocal microscopy allows the

interrogation of spatial dynamics of MGE transfer. For example,
confocal microscopy was used to investigate the spatial distri-
bution of plasmid recipients on alfalfa sprouts and it was found
that transfer to native community members was dominant on
the roots (Mglbak et al. 2003).

To really understand HGT dynamics in communities, it is
necessary to not only understand spatial aspects, but also tem-
poral dynamics. Microfluidics can continuously supplement a
growing community with nutrients over extended periods of
time, while allowing the observation of cellular changes. To this
end, microfluidics approaches have been applied to the ques-
tion of HGT in microbial communities. For example, a study
investigating the transfer of the broad host range plasmid RP4
from a Pseudomonas putida donor to a recipient community made
up of activated sludge bacteria combined the dual-fluorescence
approach with temporal imaging in a microfluidics device and
16S rRNA sequencing of the final recipient pool (Li et al. 2018a).
It was found that more than 46% of the genera present in the
activated sludge community were permissive to the RP4 plas-
mid. While these microfluidic devices allow a temporal study of
the transfer dynamics in communities, the community needs
to be grown in the microfluidic device under known conditions,
which reintroduces the limitation imposed by culturability.

While most of the other reporter gene approaches discussed
above allow the circumvention of problems associated with
recipient culturability, they are still subject to shortcomings,
which have also been recently reviewed (Pinilla-Redondo et al.
2018). One of such shortcomings is associated with expression
and activity of the reporter gene in the new host. Similar to in situ
mating approaches, this might cause an underestimation of the
true extent of HGT within a community. In addition, if detectable
levels of the fluorescent reporter are not reached before the MGE
is lost from a recipient cell, these transient transfers will be
missed. The reporter gene approach also relies on the genetic
manipulation of donors and MGEs limiting the kind of ques-
tions that can be answered with this approach. While alternative
quantitative PCR approaches have been developed to address
this shortcoming by detecting changes in donor-plasmid ratios
without the need for genetic manipulation (Bonot and Merlin
2010; Merlin et al. 2011), they cannot be used to determine the
identities of recipients. Another limitation of the reporter gene
approaches is the reliance on fluorescent proteins, which might
not be functional in all recipients or environmental conditions.
For example, anaerobic or acidic environments often interfere
with proper functioning of fluorescent proteins. This has been
started to be addressed, for example by exposing cells to oxygen
for aerobic fluorescence recovery before analysis by flow cytom-
etry (Pinilla-Redondo, Riber and Sgrensen 2018). Last, strong aut-
ofluorescence of environmental samples can impede the detec-
tion of native recipients (Bellanger et al. 2014). Overall, while the
fluorescent reporter approaches have been powerful tools, their
associated limitations cause them to provide a still partially tar-
geted view on potential hosts of the introduced MGEs.

SECTION 2: PARTIALLY TARGETED
TECHNIQUES THAT ALLOW THE STUDY OF
SPECIFIC GROUPS OF MGES

While certain research questions are sufficiently addressed by
focusing on known MGEs, other questions require a broader
view. For example, it might be of interest to determine the fre-
quency with which a species acquires ARG-containing MGEs
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from a given environment. In other cases, it might be of inter-
est to characterize the diversity of mobile elements carrying a
gene of interest within an environment. In cases such as these,
techniques targeting specific groups of MGEs can be appropri-
ate. These groupings can be based on host range, genetic cargo
or element type.

Identifying plasmids that can be transferred to specific
recipients

As mentioned above, sometimes it is important to know
whether a specific bacterium, such as a pathogen, is at risk
of acquiring MGEs from the surrounding microbial community.
One area in which this knowledge is of particular importance
is the emergence and risk management of antibiotic-resistant
bacteria in the hospital environment, which while recognized
as important for slowing the global increase of antibiotic resis-
tance, has so far been understudied (Lerminiaux and Cameron
2019). However, one of the few studies addressing this question
detected a diverse reservoir of carbapenemase-encoding plas-
mids in hospital plumbing and even found evidence for hori-
zontal transfer of a carbapenemase-encoding plasmid between
Enterobacter cloacae and Klebsiella pneumoniae in a hospital sink
(Weingarten et al. 2018). In this case, E. cloacae had been intro-
duced into the sink by one patient and was able to establish itself
in the surrounding community. Klebsiella pneumoniae was later
introduced into the same sink community by another patient
and engaged in conjugative plasmid exchange with E. cloacae.

Exogenous plasmid isolation has been employed to investi-
gate the mobile plasmid fractions of various microbiomes that
can be transferred to a specific, introduced recipient (transfer
direction III). A variety of questions can be addressed by dif-
ferent variations of the exogenous plasmid isolation experi-
mental design. For example, bi-parental matings between bac-
teria from porcine manure slurries as donors and Escherichia
coli or Pseudomonas putida as recipients identified a variety of
plasmids belonging to the incompatibility group Q (IncQ) in
the porcine manure bacterial community (Smalla et al. 2000a).
Curiously, IncQ plasmids are usually mobilizable, but not self-
transmissible, indicating that mobilizing plasmids must have
also been present in the donor community. The ability of micro-
bial communities to mobilize an IncQ-derived plasmid, pD10,
was previously demonstrated for the microbial community of a
river epilithon (algae growing on rocks) (Hill, Weightman and Fry
1992). In this experiment, tri-parental matings including a pD10-
carrying P. putida donor, a plasmid-free P. putida recipient and
homogenized bacteria isolated from the epilithon were carried
out to identify plasmids in the microbial community that could
mobilize pD10. As with the in situ mating approaches described
above one important consideration for exogenous plasmid iso-
lation is the ability of the chosen recipient strain to colonize
and persist in the community of interest. For example, a study
involving a marked P. fluorescens strain, which is known to be able
to colonize and persist in the natural sugar beet phytosphere,
isolated a handful of likely related plasmids (Lilley and Bailey
1997).

Exogenous plasmid isolation approaches rely on the pres-
ence of selectable markers on the transferred MGE which can
be expressed in the chosen recipient strain. Mobile elements
encoding for more complex phenotypes that might not be
straightforward to select for can therefore be easily missed.
In addition, this approach relies on favorable conditions for
transfer and maintenance of the plasmid in the new host.
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For example, in a study employing exogenous isolation from
porcine manure, more recipients were originally identified than
the ones that were retained after three rounds of sub-culturing.
This indicated that the pool of captured MGEs contained
additional elements that could not be maintained in the E.
coli host long-term (Binh et al. 2008). In contrast, a recently
developed method employing an E. coli recording strain that
stably integrates DNA sequences from acquired plasmids into
a genomic CRISPR array does not rely on maintaining the MGE
in the cell and can thus provide information on more transient
transfer events (Munck et al. 2020).

Overall, using exogenous plasmid isolation to identify plas-
mids in microbial communities that can be transferred to a
specific host is almost guaranteed to underestimate the range
of MGEs present in a microbial community. In addition, this
method fails to identify the original hosts of the isolated plas-
mids. However, as described above this technique is still of great
interest to the scientific and medical community, for example
if one wants to assess the risk that a particular species that
has been introduced into an environment acquires specific resis-
tance genes.

Culture-independent isolation of plasmids from
microbiomes

In other cases, the overall pool of MGEs from a given commu-
nity are of interest, rather than only those elements that can
be transferred to a particular recipient of interest. For exam-
ple, a bioinformatic algorithm designed to detect chromosomal
mobile elements in human gut microbiomes identified many
elements containing genes with predicted adaptive functions in
this environment (Jiang et al. 2019). Thus, having insight into the
overall pool of mobile elements in a given environment has the
potential to shed light on the adaptive pressures it exerts on its
resident bacteria. In the next few paragraphs, we will give an
overview of culture-independent methods that have been devel-
oped to investigate the plasmidome of microbial communities,
which represents one important constituent of the overall MGE
pool. Since the described techniques specifically isolate circu-
lar episomal elements, such as circular plasmids, and each have
technical limitations as outlined below that make the determi-
nation of the complete plasmid content of a sample unlikely,
they fall into the category of partially targeted techniques
(Fig. 2B).

Transposon-aided capture (TRACA) of extrachromosomal,
circular elements such as plasmids allows the capture of ele-
ments that might not encode a selectable marker or might not
be stably maintained in a lab-adapted host. This method has
been used to investigate various plasmidomes including those
of the human gut (Jones and Marchesi 2007) and dental plaques
(Warburton et al. 2011). To isolate the plasmidome, chromoso-
mal DNA is sheared and removed with plasmid-safe DNAse.
While it is possible to directly sequence the isolated DNA,
contaminating chromosomal DNA that remains after exonu-
clease treatment can complicate assembly of sequencing reads
(Zhang, Zhang and Ye 2011; Dib et al. 2015). Instead, TRACA calls
for tagging the remaining circular DNA with a Tn5 transposon
containing a selectable marker and transforming it into E. coli
(Fig. 3). Since the transposon also contains its own origin of
replication suitable for E. coli, the transformed plasmids can be
maintained in the cells regardless of their native origin of repli-
cation. Downstream analyses include sequence determination
of isolated plasmids using primer walking (Jones and Marchesi
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Figure 3. Transposon-aided capture (TRACA) and multiple displacement ampli-
fication (MDA) of plasmidomes rely on common pre-processing steps of metage-
nomic DNA. For both techniques, metagenomic DNA is extracted from the micro-
bial community of interest. The extracted DNA is subjected to shearing and
sheared DNA is removed with a circular plasmid-safe DNAse. Quantification of
16S rRNA gene sequences can be used to control for the successful removal of
chromosomal DNA. The extracted plasmidome can then be subjected to high-
throughput sequencing, TRACA and/or MDA. In TRACA, the plasmidome DNA
is tagged with a Tn5 transposon containing a selectable marker (black insert)
and transformed into E. coli. The isolated plasmids can then be analyzed in var-
ious ways including sequence determination by primer walking or phenotypic
characterization. In MDA, the extracted plasmidome is amplified using random
hexamer primers (short, grey arrows) and phi29 polymerase (thick, black arrows).
When phi29 contacts the primer of the adjacent fragment, it displaces the newly
synthesized strand and continues synthesis. The displaced strand is then bound
by new random primers and further amplified, resulting in a branched net-
work of amplified DNA, which can be analyzed by various techniques, such as
transformation into E. coli for phenotypic characterization or high-throughput
sequencing for bioinformatic analyses.

2007; Warburton et al. 2011; Zhang, Zhang and Ye 2011) and
phenotypic analyses, such as determination of antibiotic resis-
tance profiles (Delaney, Murphy and Walsh 2018). This approach
allows the isolation of plasmids lacking selectable markers and
did not show a GC bias (Jones and Marchesi 2007). It thus has the
potential to help fill the picture of which plasmids are present
in a given microbial community. However, only relatively small
plasmids (3 - 10 kb) were isolated by TRACA (Jones and Marchesi
2007; Warburton et al. 2011). The authors of both studies pointed
out that it is still under investigation whether this points to a
limitation of this method or whether the studied microbiomes

contained predominantly small plasmids. Additionally, linear
plasmids remain undetected with TRACA since they require
a different type of replication machinery and can thus not be
maintained in the E. coli host (Warburton et al. 2011; Dib et al.
2015).

Another approach to plasmid isolation from uncultured
microbiome samples is the use of CsCl-ethidium bromide gra-
dient ultracentrifugation. This technique allows the purifica-
tion of plasmid DNA and its separation from proteins, RNA
and chromosomal DNA (Garger, Griffith and Grill 1983). It
has been used to enrich plasmid DNA in samples of acti-
vated sludge communities (Sentchilo et al. 2013). Since DNA
is not amplified before analysis, large amounts of DNA are
required, and thus low abundance plasmids are likely to be
overlooked.

Multiple displacement amplification (MDA) was found to
be another promising alternative (Delaney, Murphy and Walsh
2018). As with TRACA, exonuclease treatment is used in this
technique to eliminate sheared chromosomal DNA and other
linear DNA molecules. Random hexamer primers are then added
to the sample along with phi29 polymerase. When the poly-
merase comes into contact with the primer of the adjacent
amplified fragment, it displaces one of the strands and con-
tinues DNA synthesis. The displaced single strand of DNA is
in turn bound by new primers and amplified (Fig. 3). This pro-
cess leads to a branching network of amplified DNA (Dean et al.
2001). The final amplified plasmidome can then be analyzed
in various ways, including transformation into an E. coli host
for further phenotypic characterization (Delaney, Murphy and
Walsh 2018) or high-throughput sequencing for bioinformatic
analyses (Kav et al. 2012, 2019; Li et al. 2012; Norman et al.
2014). MDA has been used to interrogate the plasmid contents
of environmental (Li et al. 2012; Norman et al. 2014) or animal-
associated communities (Kav et al. 2012, 2019). The amplifica-
tion of DNA prior to downstream analyses can be viewed as a
double-edged sword. On one hand, it can help generate enough
DNA for high-throughput sequencing (Li et al. 2012). On the
other hand, it can bias plasmid detection towards smaller plas-
mids (Norman et al. 2014). However, including an electroelution
step in the MDA protocol allowed the recovery of larger plas-
mids (median size of 30 kb) from wastewater samples (Norman
et al. 2014).

For both TRACA and MDA, the need for shearing chro-
mosomal DNA reduces the chances of isolating and identi-
fying very large plasmids, which are more likely to also be
sheared than smaller plasmids. In addition, linear plasmids
are excluded from detection in both methods since they are
degraded during treatment with circular plasmid-safe DNase
(Dib et al. 2015). Last, since these techniques isolate plas-
mids from bulk extracted DNA, they fail to provide informa-
tion about their hosts in the community context and thus
cannot by themselves be used to interrogate actual transfer
events in communities. A recent study compared six meth-
ods for extracting plasmidomes (exogenous plasmid isolation,
alkaline lysis- and commercial kit-based methods as well as
TRACA and MDA) from chicken cecal microbial communities
consisting of hundreds of bacterial species (Delaney, Murphy
and Walsh 2018). The authors found that exogenous plasmid
isolation was the most consistent method for isolating a range
of plasmids (at least four different plasmids), while MDA iso-
lated a slightly larger number of diverse plasmids. The best plas-
midome isolation method probably depends on the nature of
the respective community and likely requires combining various
approaches.
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Comparing MGEs from species carrying a common
gene of interest

From an epidemiological standpoint, one might only be inter-
ested in the specific MGEs associated with an antibiotic-
resistant infection. This was the case in a study on extended-
spectrum g-lactamase (ESBL)-producing Enterobacteriaceae iso-
lated during an outbreak in a neonatal intensive care unit. Here,
the authors investigated whether the presence of two ESBL-
producing strains, Klebsiella pneumoniae and E. coli, in the same
patient was due to horizontal transfer of the ESBL-carrying plas-
mid (transfer direction IV) (Bikkarolla et al. 2019). The study
employed a method termed optical mapping, which uses fluo-
rescent probes that differentially label AT- and GC-rich regions
of the MGE of interest and fluorescence microscopy to visualize
individual DNA molecules in nanofluidic devices. The authors
coupled this approach with a CRISPR-guided identification of
the location of the ESBL gene on each plasmid. Comparison of
the resulting plasmid bar codes and locations of the ESBL genes
led to the conclusion that HGT of the ESBL-carrying plasmids
had likely not occurred between the co-colonizing strains. Other
methods for analyzing the isolated MGE DNA include sequenc-
ing, restriction fragment length polymorphism analysis as well
as pulsed-field gel electrophoresis. However, the authors of the
described study posit that their optical mapping approach con-
stitutes a faster and more efficient way (Bikkarolla et al. 2019). As
such, this method might also be of interest if one wants to ana-
lyze and compare MGEs isolated from microbiomes using previ-
ously described techniques.

SECTION 3: UNTARGETED TECHNIQUES FOR
INVESTIGATING MGE TRANSFER BETWEEN
NATIVE MICROBIAL COMMUNITY MEMBERS

The techniques described in the previous sections target
known or specific groups of MGEs. However, discovering novel
mobile elements, genes of interest, and mechanisms of trans-
fer requires techniques that provide less-biased overviews of
the MGE pool and their hosts in communities. To this end,
cultivation-independent techniques are needed that allow the
direct linkage of native MGEs to their host genomes and deter-
mine their transfer between native community members (trans-
fer direction IV). Ideally, these techniques should enable the
simultaneous tracking of many different types of mobile ele-
ments, including chromosomally integrated elements such as
prophages and ICEs, as well as non-integrated elements such
as plasmids. In the following section, we will address different
metagenomics approaches that allow the association of various
types of MGEs with their host genomes. We will first discuss how
different metagenomics approaches have been used to interro-
gate the presence of MGEs in microbiomes. We will then specif-
ically highlight how high-throughput 3C-based techniques as
well as DNA methylome analyses can be used to assign extra-
chromosomal elements to their host genomes in microbiomes
of varying complexity.

Identifying genes of interest and MGEs in
metagenomes

Whole genome sequencing can allow for sequence analysis
of MGEs and genes of interest in isolated species. However,
this requires the ability to cultivate the particular species in
isolation and under lab conditions. Metagenomic sequencing
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does not rely on cultivation and can provide insights into the
genomic content of microbial communities in an untargeted
manner. It thus allows for a more exhaustive characterization
of genes of interest or MGEs present in a given microbiome. For
example, Zhang et al. used shotgun metagenomic sequencing
to analyze the occurrence of ARGs in communities from differ-
ent environments: glacial soil, permafrost and sediment (Zhang
et al. 2018a). Further combining shotgun metagenomic sequenc-
ing with functional metagenomic selections against predeter-
mined panels of antibiotics allows not only the detection of
known ARGs, but also the confirmation of their phenotype
and the discovery of new ARGs. In brief, functional metage-
nomics selections involve the subcloning of DNA fragments
from metagenome extractions into a lab-adapted plasmid and
host strain, which can then be screened for a phenotype of inter-
est, such as antibiotic resistance (Handelsman et al. 1998; Ron-
don et al. 2000; Moore et al. 2011). This approach was used, for
example, to interrogate the resistomes of preterm infant gut
microbiomes (Gibson et al. 2016). In this study, a total of 794
ARGs functional against 16 different antibiotics were detected.
79% of these genes were identified as ARGs for the first time.
Similarly, functional selection of soil metagenomic libraries lead
to the discovery of 2895 ARGs, most of which were previously
unknown (Forsberg et al. 2014). Interestingly, this study also
found that the genomic co-localization of ARGs and MGEs is
lower in soil genomes as compared to pathogenic genomes, sug-
gesting that HGT of ARGs might play different roles in different
environments. For example, shotgun metagenomic sequenc-
ing of a microbiome isolated from a lake affected by industrial
antibiotic pollution revealed the presence of a wide variety of
ARGs and genes associated with MGEs (Bengtsson-Palme et al.
2014). What is more, in several instances their co-localization
suggested the potential for HGT of ARGs in this environment.
Despite these useful metagenomics approaches, the content
and genomic context of MGEs often remain elusive and the ele-
ments themselves can be difficult to assemble with short-read
sequencing data, given the repetitive sequence structure often
associated with these elements. This is starting to be addressed
with microfluidics-based techniques (Lan et al. 2017; Bishara
et al. 2018) and long-read sequencing technologies, such as
PacBio SMRT sequencing (Eid et al. 2009) and Oxford Nanopore
sequencing (Branton et al. 2008).

A recently developed microfluidics-based technique, single
cell genomic sequencing (SiC-seq), distributes intact cells into
individual droplets and tags each genome with unique bar-
codes (Lan et al. 2017). SiC-seq has been used to associate bac-
terial genera with ARGs as well as virulence factors and phage
sequences within a coastal seawater community (Lan et al.
2017). While this technique can theoretically associate episo-
mal sequences with their host genomes, the lack of genome
amplification prior to sequencing yields low genome cover-
age (0.1%—-1%) per barcode (i.e. per microbial cell), limiting the
assembly of whole genomes from metagenomic data. Gener-
ally, for the study of extrachromosomal mobile elements, deep
metagenomic sequencing and assembly, followed by single cell
sequencing approaches may allow for association of physically
unlinked sequences (Stepanauskas 2015). For example, combin-
ing metagenomic and single-cell sequencing has been used to
explore the biology and genomes of uncultured cells from novel
phyla (Dodsworth et al. 2013).

Just like microfluidics-based techniques, long-read tech-
nologies aim to preserve long-range sequence information.
These technologies generate sequencing reads of many kilo-
bases, which inherently preserve genomic context and improve
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assemblies of MGEs. For example, a study of metagenomic sam-
ples from a veterinary hospital comparing PCR-based detec-
tion and Oxford Nanopore sequencing of ARGs found that the
PCR-based approach could detect very low-abundance ARGs,
while the long-read approach was able to assign chromosomal
ARGs to bacterial genera (Kamathewatta et al. 2019). Another
publication associated ARGs and their host mobile elements
using long-read sequencing in wastewater treatment plant sam-
ples (Che et al. 2019). Open-access web tools are being devel-
oped to analyze Nanopore sequencing data of environmen-
tal samples and return information on ARGs, metal resistance
genes, MGEs and associated taxa (Arango-Argoty et al. 2019). In
another study, combining Illumina short-read with both PacBio
SMRT and Oxford Nanopore long-read sequencing technolo-
gies allowed researchers to assemble full genomes from low-
complexity natural whey starter cultures, distinguish between
microbes on a strain level and assign prophages to their host
genome (Somerville et al. 2019).

The described metagenomic sequencing generates reads
that can then be mapped against the databases in Table 1 to
screen for known resistance and mobile genes. The current
standard in medical and research settings is unbiased, metage-
nomic Illumina short-read sequencing, but this remains time-
consuming due to quality-controlled library preparation and
bioinformatics analysis (Gu, Miller and Chiu 2019). Real-time
sequencing and basecalling through Oxford Nanopore Technolo-
gies creates the opportunity to quickly screen communities,
such as those associated with an infection, against a database
of ARGs or MGEs. The Nanopore system involves parallel pro-
cessing of DNA molecules through biological pores that mea-
sure displacement of the molecules (Branton et al. 2008). As
sequence data for each piece of DNA becomes available in real
time, each molecule can be screened for similarities against
a known database with software by Metrichor called ARMA
(Real-time detection of antibiotic-resistance genes using Oxford
Nanopore Technologies’ MinION 2016; Schmidt et al. 2017) or a
licensed University of California San Francisco pipeline called
MetaPORE (Greninger et al. 2015) in just a few minutes after
library preparation. Long-read technologies may further be able
to provide genomic contexts to these resistance genes to allow
for host association if these genes are chromosomally integrated
and real-time analysis of reads may allow background human
genomic reads to be removed to increase sequencing depth of
the microbial community (Loose, Malla and Stout 2016). Web-
based tools, such as nanoARG (Arango-Argoty et al. 2019) for
Nanopore reads, and PATRIC (Wattam et al. 2017) or MG-RAST
(Keegan, Glass and Meyer 2016) for Illumina short reads, as well
as alignment against databases in Table 1, can be used for anal-
ysis of raw sequences. Together, these metagenomic sequenc-
ing techniques continue to expand databases and generate data
sets that can be used to develop tools for computational analy-
sis and cataloguing of MGEs within metagenomes (Table 2, Table
S2, Supporting Information).

Generally, metagenomic sequencing and assembly gener-
ates contiguous sequences, or contigs, that can then be ana-
lyzed by various computational techniques and tools to identify
known and putative MGEs and suggest a host, as was recently
reviewed in (Bertelli, Tilley and Brinkman 2018; da Silva Filho
et al. 2018; Douglas and Langille 2019). Some groups have gen-
erated pipelines that combine multiple tools to annotate multi-
ple classes of MGEs within metagenomes (Hasan et al. 2012; Lee
et al. 2013; Soares et al. 2016; Bertelli et al. 2017; Gargis et al. 2019;
Guliaev and Semyenova 2019; Song et al. 2019); lab-maintained

servers and programs such as snakemake (Koster and Rah-
mann 2012) and docker (docker.com) increase the reproducibil-
ity of these pipelines. Generally, these computational tools dif-
fer in the type of input requirements, such as completeness of
genomes to be analyzed, their tolerance of fragmented genes,
whether they require contigs binned into genomes, as well as
the generated output, e.g. the types of MGEs identified. Further-
more, these tools identify mobile elements either using compar-
ative phylogenetic approaches or using parametric approaches
considering factors such as GC content, gene functions or inte-
gration sites. For example, various computational methods have
been developed to assemble and detect plasmid sequences from
metagenomic data, such as those using sequencing coverage,
codon-bias or the presence of plasmid-associated genes (Rozov
et al. 2017; Arredondo-Alonso et al. 2018; Krawczyk, Lipinski and
Dziembowski 2018; Antipov et al. 2019; Wood, Lu and Langmead
2019). However, while these tools are useful for assembling plas-
mids from metagenomic data, they often fall short in identify-
ing their hosts. For example, recently transferred plasmids may
not have been ameliorated to the host chromosome’s codon bias
and thus might show a different GC profile. In addition, plas-
mids are often present in cells at a different copy number than
chromosomes making the use of coverage information less use-
ful for host assignment. Hence, despite the improvements of
metagenomic assemblies, the association of extrachromosomal
MGEs with their host genomes remains a challenge. The next
two parts of this review will discuss 3C- and methylome-based
analyses that are promising emerging strategies for overcoming
these limitations.

Assigning MGEs to their hosts based on their
interaction with host chromosomes

The 3D organization of chromosomes within cells has long
been an interesting open question in the field of genetics. 3C-
based techniques, also known as proximity ligation, have been
used to address this question. These techniques rely on the
cross-linking of DNA-binding proteins to tether pieces of phys-
ically proximal DNA within intact cells. After cross-linking and
cell lysis, DNA is digested with restriction enzymes. The frag-
mented DNA-protein complexes are diluted prior to the sub-
sequent ligation. This encourages ligation of DNA ends part
of the same protein-DNA complex, rather than the ligation
of DNA ends of separate complexes. The resulting chimeric
ligation junctions combine DNA that was co-localized within
the cell. Cross-links are then reversed and DNA is purified
(Fig. 4A). Ligation junctions can be analyzed in various ways,
ranging from investigating the interactions between two spe-
cific loci by PCR to the investigation of all versus all genomic
loci by next generation sequencing (Dekker, Marti-Renom and
Mirny 2013).

The earliest 3C technique detects interactions between two
specific loci (Dekker et al. 2002). This technique requires the
design of primer pairs that allow the detection of hybrid liga-
tion junctions that would be created if two genomic loci of inter-
est interact, such as a gene of interest with a putative regula-
tory region. This technique was then further developed into 4C
(Simonis et al. 2006; Zhao et al. 2006), which detects interactions
between one specific loci and all other loci from the genome.
This is achieved by circularizing the hybrid ligation product and
using inverse PCR to amplify all genetic loci captured by the
locus of interest. The resulting PCR fragments can then be iden-
tified by microarray (Simonis et al. 2006) or sequencing (Zhao
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(A) Chromosome conformation capture (3C) in microbial communities
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Figure 4. Novel metagenomics techniques that have the potential to assign extrachromosomal elements to their host genomes (A), Chromosome conformation capture
(3C)-based metagenomics in microbial communities. Common steps of 3C-based techniques include the crosslinking of proteins (grey dots) associated with DNA
molecules in intact cells followed by cell lysis. The DNA is digested with a restriction enzyme (or a combination of restriction enzymes) and diluted to encourage
the formation of intramolecular ligation junctions (black bars) in the subsequent ligation reaction. Last, crosslinks are reversed. 3C techniques have the potential
to detect contacts between chromosomal DNA (orange) and extrachromosomal DNA, such as plasmids (red circles). Hi-C, a high-throughput 3C-based technique,
has the potential to detect HGT of MGEs, such as plasmids, in metagenomes. During Hi-C library preparation, the ligation junctions (black bars) are marked with
biotin allowing for the specific enrichment of ligation junction-containing fragments, which can subsequently be sequenced using short-read sequencing. The black
arrowhead indicates a ligation junction detected due to HGT of the plasmid from the original host (orange chromosome) to the new host (green chromosome). (B),
Methylation profile-based assignment of MGEs to their hosts in microbial communities. Both chromosomally integrated and extrachromosomal elements carry their
host cell’s methylation profile (diamonds). Long-read sequencing that also detects these methylation patterns allows the assignment of MGEs to their host genomes.
If DNA is shared with an organism that exhibits a measurably different methylation profile, it will acquire its new host’s profile. New methylation patterns associated

with MGEs are thus indicative of HGT in the community.

et al. 2006). This technique could be useful, if one is interested
in potential HGT events of a specific MGE that has a known
sequence and thus allows the design of appropriate primers.
While 4C investigates the interaction of one locus with all other
genomic loci, another variation of 3C, called 5C, detects inter-
actions between many specific genomic loci (Dostie et al. 2006).
Finally, Hi-C tests the interactions between all possible pairs
of loci in the genome and is the only unbiased 3C-based tech-
nique (Lieberman-Aiden et al. 2009). This is achieved by repairing
restriction fragments with biotinylated nucleotides before liga-
tion thus creating ligation junctions that can be affinity-purified.
This ligation-junction enriched library can then be subjected to
high-throughput, paired-end sequencing with each sequencing
read from a pair representing one of the two interacting loci.
Together, 3C-based methods have helped develop 3D mod-
els of genomes of a variety of organisms and general prin-
ciples are starting to be identified (Dekker, Marti-Renom and
Mirny 2013). For example, the 3D structure of the Caulobacter
crescentus genome was found to be organized at least partly by
parS sequences (Umbarger et al. 2011). These centromere-like
sequences have been shown to be essential for chromosome
segregation in C. crescentus (Toro et al. 2008). Since 3C-based
techniques exploit physical contacts between DNA in the con-
fines of cells, it was posited that the resulting contact maps
could be exploited to bin contigs, including those of extrachro-
mosomal MGEs, for de novo assembly of genomes in the con-
text of metagenomes. Table 3 gives an overview of studies that
have used Hi-C-based approaches to associate MGEs with their
hosts in microbial communities of varying diversity. They all
follow the general outline shown in Fig. 4A. One of the first
published studies, a synthetic community of five bacteria was
parsed at strain level and DNA molecules residing in the same
host cells, such as plasmids or multiple chromosomes, were
associated with each other (Beitel et al. 2014). Similarly, the Hi-
C-based MetaPhase workflow was shown to effectively parse
genomes belonging to a synthetic community of 16 yeast strains
and another community consisting of eight yeasts, nine bacteria
and one archeon at species level (Burton et al. 2014). That same
year, a workflow termed meta3C was applied to other micro-
bial communities, including an environmental community of

unknown composition that was collected from river sediments
and enriched for bacterial microorganisms capable of growth
in lysogeny broth (Marbouty et al. 2014). Contact data from this
experiment revealed 184 significant clusters. The 11 largest clus-
ters were further investigated and over 80% of genes identi-
fied by MG-RAST within in each cluster were attributed to the
same taxonomic class. Further, the contact data enabled the
authors to study the 3D genome organization of an unknown
species within the community. More recently, 850 draft genomes
were assembled from cow rumen metagenomes using tradi-
tional methods, but with the help of Hi-C contact information,
an additional 63 draft genomes could be assembled (Stewart et al.
2018). In other studies employing Hi-C, plasmids and other MGEs
were repeatedly associated with their presumed host genomes
in microbiomes of varying levels of complexity (Marbouty et al.
2017; Press et al. 2017; Bickhart et al. 2019; Yaffe and Relman
2019). For example, it was shown that Hi-C can be used to assess
host ranges for natural plasmids in a wastewater community
without the need for cultivation of the hosts (Stalder et al. 2019).
The authors of this study report a detection limit of 0.01%,
meaning that at least 1 in 10000 cells in the sample must be
of a particular host-plasmid association. Finally, it will be inter-
esting to test to which degree Hi-C is able to detect recent or
transient plasmid transfer. This likely depends on the level of
noise in the Hi-C data and the frequency of plasmid transfer, i.e.
how many recipients are to be expected within the community
at any given time. Being able to detect transient transfers might
also help illuminate transfer routes since the detection of a par-
ticular MGE in a new host might not be due to transfer to this
organism from the initial host but might be due to secondary
transfer via a third organism.

Since DNA interactions can be studied directly through Hi-
C, they do not rely on cultivation of host organisms or on the
expression of reporter genes. It thus has the potential to detect
the transfer of artificially introduced MGEs (transfer direction
I and II) as well as the transfer of native mobile elements to
introduced recipients (transfer direction III) or between native
community members (transfer direction IV) regardless of the
microbes’ culturability. While these approaches are very promis-
ing toward gaining new insights into HGT dynamics within
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Table 3. Studies employing Hi-C techniques to assign MGEs to their hosts in microbial communities. All Hi-C libraries in these studies were

sequenced by Illumina short-read approaches.

Reference

Metagenome sequencing

Community

Taxonomies reported

Interactions reported

(Beitel et al. 2014)

(Burton et al. 2014)

(Marbouty et al. 2014)

Simulation of Illumina short

reads using reference
genomes

[lumina short reads and
mate-pair reads or
simulation of 10 kilobase
contigs from reference
genomes

from meta3C library

synthetic (5 bacteria)

synthetic (16 yeasts);
synthetic (8 yeasts, 9
bacteria, 1 archaeon)

synthetic (3 bacteria);
synthetic (11 yeast);
environmental (river

bacteria

bacteria, archaea, yeast

bacteria, yeast

plasmid-chromosome

plasmid-chromosome

plasmid-chromosome

sediment)

(Marbouty et al. 2017) from meta3C library host-associated (mouse mostly bacteria, few phage-chromosome
feces) archaea or eukaryotes

(Press et al. 2017) [lumina short reads host-associated (human  bacteria plasmid-chromosome
feces)

(Bickhart et al. 2019) Mlumina short reads and host-associated (cow mostly bacteria, few phage/ARG-chromosome

PacBio long reads rumen) archaea or eukaryotes

(Stalder et al. 2019) Mlumina short reads environmental bacteria ARG/plasmid/integron-
(wastewater) chromosome

(Yaffe and Relman 2019)  Illumina short reads host-associated (human  bacteria various MGE-host
feces) associations

microbial communities, they are not without drawbacks. For
example, strain-level genome deconvolution remains challeng-
ing (Burton et al. 2014). In addition, Hi-C data poses a computa-
tional challenge and requires expertise in its analysis. In regards
to the latter barrier, open source computational pipelines, such
as MetaTOR (Metagenomic Tridimensional Organisation-based
Reassembly), have been developed to aid in the analysis of data
from metagenomic samples (Baudry et al. 2019). In this study,
the authors collected a total of 20 mouse gut samples, con-
structed meta3C libraries, and compared assembly bins gener-
ated by MetaTOR to other binning softwares, MetaBAT (Kang
et al. 2015) and CONCOCT (Alneberg et al. 2014). They report that
MetaTOR compares favorably to these computational pipelines.
When combining all 20 samples, MG-RAST (Keegan, Glass and
Meyer 2016), a short-read metagenomics analysis pipeline, pre-
dicted the presence of 268 bacterial genomes; of these MetaTOR
was able to provide 82 high-quality genomes, while MetaBAT
and CONCOCT generated 22 and 12, respectively. A drawback
to the MetaTOR pipeline is that it excludes MGEs that share
physical contacts with more than one host genome, i.e. those
that might have been transferred. However, the authors posit
that this drawback can be overcome by incorporating additional
analysis tools such as VirSorter (Roux et al. 2015) and PlasFlow
(Krawczyk, Lipinski and Dziembowski 2018). Other computa-
tional pipelines developed for the analysis of Hi-C data gen-
erated from metagenomes include the proprietary ProxiMeta
(Press et al. 2017) and the open source bin3C (DeMaere and Dar-
ling 2019). Both studies tested their computational pipeline on
the same data set generated from the microbiome isolated from
a human fecal sample by (Press et al. 2017). bin3C showed an
improved retrieval of high-quality, nearly complete genomes
as compared to ProxiMeta for this data set. The best analy-
sis pipeline to use for a given experiment probably depends
on the sample type and complexity as well as the noisiness of
the data.

Assigning MGEs to their hosts based on methylomes

3C-based techniques are not the only ones that have been used
to address the largely unexplored transfer direction IV. An
alternative approach is based on analyzing methylation profiles
generated by sequencing technologies such as Illumina bisulfite
sequencing (5mC/CpG, 5-hmcC, 5-caC, 5-fC (Darst et al. 2010;
Booth et al. 2012, 2014; Yu et al. 2012; Dalia, Lazinski and Camilli
2013; Lu et al. 2013; Song et al. 2013; Chen et al. 2017)), PacBio
SMRT bisulfite sequencing (5SmC/CpG, 5-hmC, m6A, m4C (Flus-
berg et al. 2010; Clark et al. 2012; Fang et al. 2012; Zhu et al. 2018;
Chen et al. 2019; Hiraoka et al. 2019)), and Nanopore sequencing
(5mC, 5hmC, 4mC, 5 mA; (Rand et al. 2017; Simpson et al. 2017;
Stoiber et al. 2017; McIntyre et al. 2019; Ni et al. 2019; Liu et al.
2019b)) (Fig. 4B). In brief, prokaryotes often encode restriction-
modification (RM) defense systems, which employ restriction
endonucleases that target specific DNA sequence motifs. To
prevent self-targeting by the restriction endonuclease, these
systems encode methyltransferases to mask the targeted motifs
within the host genome, creating characteristic methylation
signatures. Known RM systems in prokaryotic genomes have
been catalogued in REBASE (Roberts et al. 2010). In fact, a recent
survey of 230 prokaryotic genomes found that 93% of genomes
showed signs of methylation with 834 distinct methylation
motifs (Blow et al. 2016). Since these systems are often asso-
ciated with MGEs (Kobayashi et al. 1999), even closely related
strains can display unique combinations of methylation motifs,
also known as methylation profiles. Since all DNA molecules
within a given host are exposed to the same RM systems, they
are expected to receive the same methylation marks by their
host cells, which has indeed been observed experimentally
(Beaulaurier et al. 2018). In this study, the authors were not only
able to use methylation profiles to identify 9 distinct contig bins
in the fecal microbiome of low-to-medium complexity from an
adult mouse, but they were also able to assign eight of the 19
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detected MGEs to their respective hosts. This technique allowed
for the association of both small and large MGEs to their hosts.
What is more, five of the assigned MGEs were circular plasmids,
showing the ability of this approach to assign extrachromoso-
mal elements to their host genomes. Since this approach relies
on the ability to detect unique methylation profiles for each
member of the community, it follows that the ability to unam-
biguously assign MGEs to their hosts decreases with increasing
community complexity. Indeed, in a simulation using methy-
lomes available on REBASE, communities ranging from 20 to
200 members were investigated for their methylome diversity,
and a sharp decrease of methylome uniqueness was observed
beyond 20 community members (Beaulaurier et al. 2018). Since
this study only took into account 6 mA methylation motifs
detected by SMRT sequencing, the authors posit that future
pipelines incorporating other methylation motifs, such as 5 and
4 mC, might allow for the study of more complex microbiomes.
In addition, combining this method with other computational
binning methods such as CONCOCT or with Hi-C approaches
might improve MGE detection and assignment to hosts.

Methylome analysis of SMRT sequencing data was also used
to assign plasmids to their hosts in low-complexity natural whey
starter cultures (Somerville et al. 2019). One of these cultures
consisted of three species, one S. thermophilus, one L. delbrueckii
and two L. helveticus strains, and contained three plasmids. One
of the plasmids could not be assigned to its host. Low plasmid
coverage as well as small plasmid sizes can both cause the fail-
ure to assign plasmids to host genomes. The other two plas-
mids showed methylation profiles consistent with a L. helveti-
cus host. Since the methylation profiles of the two L. helveticus
strains were found to be quite similar, the authors also consid-
ered coverage data to suggest specific hosts for these plasmids.
This example demonstrates that combining different metage-
nomic analysis approaches usually generates more comprehen-
sive results as compared to each individual tool by itself.

Together, the established and novel metagenomics tech-
niques described in the above section constitute exciting tools
for studying HGT in microbial communities. However, having
the right tools is not sufficient without suitable model systems.
In the last section of this review, we will discuss how the micro-
bial communities in fermented foods might make ideal models
for studying HGT dynamics within microbiomes.

SECTION 4: STUDYING HGT IN FERMENTED
FOODS

Given the complexity of microbiomes, studying the move-
ment of MGEs in simpler, experimentally tractable microbial
communities could lead to the discovery of general principles
of HGT that can be extrapolated to more complex communi-
ties. In addition, these model communities should allow for
temporal sampling from their native environment. The native
environmental conditions in turn should be easily replicable
under laboratory conditions for further mechanistic studies.
The microbial communities associated with fermented foods,
which are made through the metabolic processes of microbial
communities (Sieuwerts et al. 2008), could provide useful model
systems for studying HGT in microbiomes. Cheese, yogurt,
beer, wine, and chocolate are among the best known fermented
products in the Western world, but cultures across the globe
have developed their own fermented products with a variety
of starting materials and microbes (Chilton, Burton and Reid
2015) providing diverse microbial communities within a range
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of environments to study and compare. Indeed, the diversity
of a variety of these communities has been well characterized
(Marsh et al. 2013; Meersman et al. 2013; Bokulich et al. 2014;
Wolfe et al. 2014; Wolfe and Dutton 2015; Tamang, Watanabe and
Holzapfel 2016; Walsh et al. 2017; De Mandal et al. 2018; Groe-
nenboom et al. 2019). Depending on the type of fermented food,
the associated microbial communities live in surface-associated
biofilms, liquid-suspended biofilms, semi-solid substrates or
in suspended cultures (Wolfe and Dutton 2015). Sometimes
multiple types of these microbial habitats occur within the
same fermented food. One example is kefir, in which part of
the community lives associated with kefir grains, while the
other part lives in the surrounding milk, with the kefir grains
showing a more stable microbial composition than the milk
(Blasche et al. 2019). The variety of microbial lifestyles is a useful
aspect of fermented food communities, since HGT dynamics are
predicted to vary in different environments and studying HGT
in these different communities could thus allow comparison of
gene transfer dynamics in different types of environments and
microbial community lifestyles. For example, HGT is proposed
to be more efficient in biofilms because of more robust physical
interactions between donors and recipients; furthermore, MGEs
themselves often encode factors promoting biofilm formation
(Madsen et al. 2012, 2018).

Another important aspect of finding suitable model commu-
nities for the study of HGT is the actual occurrence of HGT in
these communities. From previous research, it is already known
that bacteria and fungi associated with fermented foods often
carry genes or genetic elements showing evidence of HGT (Rossi
et al. 2014). This survey reported that niche adaptive genes,
such as genes for the utilization of specific substrates, as well
as ARGs and virulence factors have been hypothesized to be
exchanged in food environments, especially in dairy products.
Indeed, culture-dependent approaches that test isolated lactic
acid bacteria against a panel of antibiotics revealed wide and
varied resistance profiles (Nawaz et al. 2011; Guo et al. 2017).
In addition to culture-dependent approaches, various computa-
tional and genomic approaches have been applied to study the
potential for HGT in fermented food environments, especially
the microbial communities associated with cheese (Cheeseman
et al. 2014; Ropars et al. 2015; Bonham, Wolfe and Dutton 2017).
Similar to what was reported by Rossi et al., bacteria isolated
from cheese surfaces are often found to carry MGEs that harbor
genes predicted to be adaptive in the cheese environments (Bon-
ham, Wolfe and Dutton 2017; Pham et al. 2017; Anast et al. 2019;
Levesque et al. 2019). For example, ActinoRUSTI (Actinobacteria-
associated iRon Uptake/Siderophore Transport Island) consti-
tutes a conserved group of predicted siderophore uptake sys-
tems, which are encoded on various mobile elements in Acti-
nobacteria including a plasmid and various ICEs. This uptake
system is predicted to provide access to iron in the cheese envi-
ronment and might thus provide a fitness advantage by pro-
viding access to a limited resource (Bonham, Wolfe and Dut-
ton 2017). Understanding how RUSTI-encoding MGEs are shared
within communities and what their consequences on hosts and
surrounding communities are could help to identify metabolic
approaches to modulating microbial communities.

While the described data hint at HGT happening between
members of fermented food communities, it is unclear whether
HGT happens within the relatively short time period of fer-
mentation or whether it requires longer timescales. It is also
unclear whether HGT happens only between community mem-
bers that are regularly co-cultured during production processes
or between microbes that co-occur in other environments. Since
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the individual community members of fermented foods can
generally be cultured under standard conditions, whole genome
sequencing allows for exact genomic characterization, includ-
ing the presence of MGEs such as ICEs, plasmids and prophages.
Given that in vitro systems containing defined communities
based on fermented foods can be established, this opens up
the possibility of temporal studies of these communities under
laboratory-controlled conditions (Wolfe et al. 2014; Blasche et al.
2019). Applying the techniques discussed in this review, such
as Hi-C and methylome analyses, to these defined communi-
ties could help elucidate how the identified elements are shared
between members. Since abiotic conditions such as the pH or
salinity of the in vitro medium can be easily adjusted, it is possi-
ble to measure the effect of specific environmental parameters
on HGT dynamics as well.

It is also important to consider the possibility that HGT
happens between members of different microbiomes once they
come into contact with one another. For example, a microbiome
that is ingested might come in contact and exchange genetic
material with the resident gut microbiome. Since fermented
foods are meant for consumption often with the microbial
community still intact and alive, the presence and mobility
of MGEs has to be considered from a human health and food
safety perspective. The degree to which genes can be trans-
ferred between ingested microbes and commensal microbiota
is still being investigated and so far, conflicting results have
emerged. For example, one study found no evidence of transfer
of a tetracycline-resistance encoding plasmid from ingested
Lactobacillus reuteri after transfer through the human gut micro-
biota (Egervarn et al. 2010). In contrast, a L. acidophilus strain
was found to acquire vancomycin resistance from resident
microbes in the mouse gut during transit (Mater et al. 2008). The
true degree of HGT between ingested food and the resident gut
microbiota is still unknown and should be further investigated
in future experiments.

While this review has focused on MGE transfer between
prokaryotes, HGT between eukaryotes and even interkingdom
HGT between prokaryotes and eukaryotes should be consid-
ered further in future studies. For example, a genome anal-
ysis of a commercial yeast strain used for wine making was
found to have horizontally acquired genes important for fer-
mentation processes (Novo et al. 2009). Even more intriguing,
some of these genes seem to have originated from another yeast
species, which often contaminates wine fermentations and sug-
gests that invasion of a fermentation community may result in
significant evolutionary effects. An intriguing example of the
horizontal transfer of genetic material between prokaryotes and
eukaryotes is an ancient transfer event of a siderophore syn-
thesis operon from bacteria to yeast followed by operon ame-
lioration (Kominek et al. 2019). Given the changes in gene struc-
ture required to switch from bacterial to eukaryotic gene expres-
sion, itis unclear whether and how such transfers might happen
during relatively fast fermentation processes or whether these
types of transfers are restricted to communities that establish
themselves for long periods of time. Further, discovery of inter-
kingdom HGT in microbiomes can be challenging due to the
resistant cell walls of many eukaryotes, creating greater diffi-
culty with DNA extractions and leading to biased DNA extrac-
tions, longer repetitive genomic regions that limit assembly,
and misassemblies which produce false positive HGT hits (Pig-
natelli and Moya 2011; McLaren, Willis and Callahan 2019). In
vitro cheese communities including yeast and filamentous fungi
have been assembled in the context of other studies (Wolfe et al.
2014; Morin, Pierce and Dutton 2018; Bodinaku et al. 2019) and

the increasing number of sequenced fungal genomes from these
microbiomes might aid in overcoming the challenges in detect-
ing HGT from and to these organisms. The presence of fila-
mentous fungi in fermented food communities is also interest-
ing from the perspective of microbial hotspots within micro-
biomes, to which fungi can contribute (Kuzyakov and Blago-
datskaya 2015). A cheese rind-associated filamentous fungus,
Mucor lanceolatus, was shown to contribute to the dispersal of
various Proteobacteria, likely by allowing these bacteria to swim
along the hyphae in the liquid layer surrounding it (Zhang et al.
2018b); hence it is conceivable that filamentous fungi in cheese
rind communities contribute to the creation of hotspots within
which HGT is facilitated. Indeed, using a fluorescence-based
approach similar to those described herein, the filamentous
fungi Pythium ultimum was shown to facilitate plasmid conjuga-
tion between Pseudomonas putida donors and recipients, likely by
promoting physical contacts between cells (Berthold et al. 2016).
It remains to be seen whether this also applies to more com-
plex microbial communities. Overall, the microbiomes of fer-
mented foods have already been shown to make experimentally
tractable models (Wolfe et al. 2014; Kastman et al. 2016, 2017,
Morin, Pierce and Dutton 2018; Zhang et al. 2018b; Blasche et al.
2019; Bodinaku et al. 2019). Future research will show whether
fermented food communities also make suitable models for
studying HGT dynamics in microbial communities of varying
diversity.

CONCLUDING REMARKS

In this review, we have discussed techniques for associating
MGEs, such as plasmids, with their host genomes in micro-
bial communities. While emerging techniques such as Hi-C-
based methods and methylome analyses open new experimen-
tal doors for studying HGT in communities, the most suited
technique for a given study will depend on the specific micro-
bial community and experimental questions. Given that differ-
ent approaches have different advantages and disadvantages, it
is likely that the most successful experimental designs will com-
bine different approaches. Further combining them with other
molecular approaches such as transcriptomics, proteomics and
metabolomics could be a powerful way of investigating complex,
multispecies HGT dynamics in the context of other forms of bac-
terial interactions, such as T6S-mediated competition. Applying
these techniques to model microbiomes such as those associ-
ated with fermented foods may provide powerful insights into
microbial HGT dynamics and increase our mechanistic under-
standing of HGT in multispecies communities.
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