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Trends and barriers to lateral gene transfer in prokaryotes

Ovidiu Popa and Tal Dagan

Gene acquisition by lateral gene transfer (LGT) is an important
mechanism for natural variation among prokaryotes.
Laboratory experiments show that protein-coding genes can
be laterally transferred extremely fast among microbial cells,
inherited to most of their descendants, and adapt to a new
regulatory regime within a short time. Recent advance in the
phylogenetic analysis of microbial genomes using networks
approach reveals a substantial impact of LGT during microbial
genome evolution. Phylogenomic networks of LGT among
prokaryotes reconstructed from completely sequenced
genomes uncover barriers to LGT in multiple levels. Here we
discuss the kinds of barriers to gene acquisition in nature
including physical barriers for gene transfer between cells,
genomic barriers for the integration of acquired DNA, and
functional barriers for the acquisition of new genes.
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Introduction

Prokaryotes possess the unique ability to acquire DNA
from the environment, or their neighbors, and incorporate
it into their genome in a process called lateral gene
transfer (LGT) [1]. Accumulating evidence shows that
LGT plays a major role in prokaryote genome evolution
[2-4], affecting virtually all genes [5-7], with only few
genes that are resistant to it [8]. Lateral gene transfer is
crucial to our understanding of microbial evolution;
furthermore, as a source of natural variation it facilitates
the emergence of novel infectious diseases through the
spread of virulence mechanisms (e.g. [9,10]).

The known mechanisms for LGT include transformation,
conjugation, transduction, and gene transfer agents.
T'ransformation involves the uptake of naked DNA from
the environment [11,12]. Conjugation is the transfer of
DNA via plasmids, a process that is mediated by a

proteinaceous cell-to-cell junction, forming a tunnel
through which the DNA is transferred [13,14]. Trans-
duction is DNA acquisition following a phage infection
[12], and gene transfer agents (G'TA) are phage-like
DNA-vehicles that are produced by a donor cell and
released to the environment [15,16] (Figure 1). An
additional transfer mechanism — nanotubes — was discov-
ered recently [26°°]. These are tubular protrusions com-
posed of membrane components that can bridge between
neighboring cells and conduct the transfer of DNA and
proteins (Figure 2).

Lateral gene transfer frequency

Several experiments have been conducted in order to
quantify the frequency of LGT in nature. For example,
Babic ez al. [27] tested the success rate of gene acquisition
by conjugation in Escherichia coli. Using a plasmid encod-
ing a gene for fluorescence protein (YFP) they quantified
the odds for a successful integration of plasmid genes into
the recipient genome. They found that in 96% of the
population the YFP gene was integrated into the chromo-
some and inherited to the next generation. The percola-
tion of an acquired DNA within the population can be
extremely fast in Bacillus subtilis where the cells are
arranged in chains. Tracking the spread of an integrative
and conjugative element (ICE) encoding a gene for green
fluorescence protein (GFP) under the microscope showed
that in 43 (81%) out of 53 cases a recipient cell turned into
a donor and transconjugated the ICE to the next cell in
line, often within 30 min [28°°].

Lateral gene transfer via transduction takes place during a
phage infection. Hence gene acquisition by this transfer
mechanism depends on the survival of the recipient. In a
recent study Kenzaka ¢z /. [29] quantified the survival rate
of phage infected enteric bacteria as 20% of the population.
These surviving bacteria may acquire DNA from previous
hosts of the attacking phage. Recent measurements of
LGT by gene transfer agents (GT'As) in marine a-proteo-
bacteria revealed that this transfer mechanism is probably
the most efficient one. McDaniel ez @/. [30°°] measured the
frequency of LGT by the acquisition rate of Kanamycin
resistance gene. Their results show that gene transfer by
G'TA is more efficient than transformation or transduction
by orders of magnitude.

The exact mechanism of DNA transfer via nanotubes is
yet unknown. In addition to intracellular molecules,
nanotubes conduct also nonconjugative plasmids and
even viral particles [26°°]. The promiscuity of the nano-
tubes attachment and their architecture dimensions
suggest that they play an important role in all transfer
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Figure 1
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LGT mechanisms. (a) The uptake of raw DNA in transformation is enabled during a competence state that involves 20-50 proteins, including the
type IV pillus and type Il secretion system proteins [11,12]. In some species, an effective transformation requires the presence of uptake signal
sequences (USSs; called also DUS: DNA uptake signal). These are specific DNA motifs, about 10 bp long, that are encoded within the recipient
genome in a frequency that is much above that expected by chance [17]. Environmental DNA molecules bearing the USS motif are recognized
by specific receptors at the cell surface, imported into the cytoplasm, and can then be readily integrated into the recipient chromosomes, usually
via homologous recombination [11,12,18,19]. (b) During conjugation, plasmids can integrate into the recipient chromosomes by homologous
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Figure 2
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A schematic representation of cells interconnected by nanotubes. The
nanotubes are between 30 and 130 nm wide and up to 1 um long. The
tube dimension is correlated with the distance between the connected
cells. Proximal cells are commonly connected by several small
nanotubes, while thicker tubes connect distant cells. The rate of transfer
via the nanotubes correlates negatively with the size of the transferred
substance. Cellular interconnection mediated by nanotubes is not
species specific. However, morphology and diameter of the tubes seem
to depend on characteristics of the connected cells [26°°].

mechanisms, by enabling the propagation of acquired
DNA within the population.

We know that LGT occurs in the laboratory, the issue
is how often it occurs in the wild and how important it
is during evolution. Phylogenetic reconstruction of
microbial genes reveals that LG'T plays a major role in
shaping prokaryotic genomes [5-7,31°,32]. In a pioneer-
ing study, Lawrence and Ochman [33] identified all E. co/i
genes that were acquired since its divergence from the
Salmonella lineage by their aberrant codon usage. They
estimated that 755 (18%) of the 4288 genes in K. co/i strain
MG1655 were laterally acquired over a time period of
about 14 million years (Myr) and estimated the LGT rate
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as 16 kb/1 Myr per lineage [33]. Using gene distribution
patterns across 329 proteobacterial genomes, Kloesges
et al. [32] recently estimated that at least 75% of the
protein families have been affected by LGT during
evolution. Gene transfer rate in those families is on
average 1.9 events per protein family per lifespan [32].
Similar estimates were found in phylogenetic analyses of
broader taxonomic samples [5-7].

The impact of LGT during genome evolution can be
estimated either by the proportion of recently transferred
genes whose unusual base composition and codon usage
still bears the marks of acquired DNA [33-35] or by
phylogenetic analysis of individual genes including
recent and ancient LGTs alike (e.g. [36-39]). A survey
of genes having aberrant nucleotide composition within
proteobacterial genomes revealed that 21 + 9% of the
genes in those genomes comprises recent acquisitions
[32]. Gene distribution patterns across the same species
sample suggest that, on average, 74 £ 11% of the genes in
each genome have been laterally transferred at least once
during evolution [32].

Phylogenetic reconstruction of microbial
genome evolution

Lateral gene transfer during microbial genome evolution
poses an acute problem to standard phylogenetic recon-
struction methodology. Species phylogeny is customarily
represented by using bifurcating phylogenetic trees.
However, the tree model applies only to the reconstruc-
tion of vertical inheritance where genetic material is
transferred from ancestral species to their descendants.
More realistic models of prokaryotic genome evolution
have to embrace lateral gene transfer in addition to
vertical inheritance (Figure 3) [2,3,40,41°42], yet such
methods are still scarce. Network models are an alterna-
tive to bifurcating trees because they permit the recon-
struction and depiction of reticulated evolutionary events
such as recombination, gene fusions, and lateral gene
transfer [43]. A network is composed of nodes (or vertices)
connected by edges corresponding to entities connected
by pairwise relations [44,45]. In a phylogenomic network
the nodes are completely sequenced genomes and
the edges correspond to phylogenetic relations between
the genomes that they connect. Phylogenomic networks
can be reconstructed from shared gene content (e.g.
[6,31°,46]), shared sequence similarity (e.g. [47,48]), or
phylogenetic trees [36,49].

(Figure 1 Legend Continued) recombination that may entail insertion sequences (ISs) or other sequences conserved between plasmid and
recipient chromosomes that carry the minimal sequence similarity required for homologous recombination [14,20,21]. (c) Phages recognize possible
hosts by specific receptors found on the cell surface. Many phages include in their genomes chunks of DNA taken coincidentally from previous
hosts. These are transferred to the new host during the integration of the phage genome into the host chromosomes. DNA integration into the host
chromosome is generally mediated by the phage-encoded enzymes that specifically integrate the phage into the chromosome of the infected
recipient [12]. (d) DNA stored in GTAs is imported into the recipient in a generalized transduction process mediated by a cellular RecA recombination
system [22]. GTAs, unlike phages, are linked to transfer of genomic DNA only and GTA-induced cell lysis was not observed [23]. The mechanism of
DNA packing and capsule release from the cell is still unknown. GTA systems have been documented not only in oceanic a-proteobacteria, but also
in few archaebacteria and some spirochaetes [16,24,25].
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Figure 3
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A phylogenetic tree of microbial genomes. Tree branches correspond to
genomes and branch colors represent different lineages. Horizontal
connections between the branches correspond to LGT events.
Bifurcating phylogenetic tree models cannot account for the lateral
component of microbial genome evolution [3].

The directed network of lateral gene transfer (dLLGT) is a
phylogenomic network recently developed in order to
study the lateral component of recent microbial genome
evolution [49]. The nodes in this network correspond to
species or their ancestors. The edges represent recent
lateral gene transfer events between the species that they
connect and they are directed from the donor to the
recipient in the LGT event (Figure 4A). Reconstructing
a network of recent LGT's has two main advantages: first,
the phylogenetic reconstruction of recent transfers is
based on a comparison of relatively conserved gene
sequences, which is less susceptible to phylogenetic
artifacts [53]. Second, bacterial genomes are highly
dynamic and may change considerably over time
[54,55]; focusing on recent LLGTs allows the coupling
of the information regarding LGT and current cellular
characteristics of donors and recipients. Using the dLLG'T’
network one can study trends in — and barriers to — LGT
during microbial evolution. In what follows we present
some of the insights that this approach permits.

Donor-recipient similarity barrier

Most of the detected LGT in the dLGT network occur
between closely related species from the same taxonomic
group (Figure 4A) [49]. A graphical representation of the
network with species colored by their genomic GC con-
tent reveals that clusters of densely connected donors and

recipients are very similar in their genomic GC content
(Figure 4B). Furthermore, the difference in genomic GC
content between donors and recipients is <5% for most
(86%) of connected pairs [49]. This suggests that there
exists a biological barrier for gene acquisition from donors
of dissimilar genomic GC content. Indeed, one such
mechanism was discovered in Salmonella typhimurium
where a histone-like protein (H-NS) functions as a tran-
scriptional repressor of GC-poor ORF's [56]. A comparison
between the GC content of genes silenced by the H-NS
repressor (46.8%) and the overall genomic GC content of
S. typhimurium 1'T2 (52.2%) reveals that this mechanism
is highly sensitive to foreign DNA with lower GC content
than that of the genome [56]. However, it is apparent from
the dLGT network that some LG'T does occur between
donors and recipients having difference GC content
(Figure 4B). A possible bypass for H-NS silencing is
provided by the plasmid encoded protein sz, which
has been shown to suppress the activity of H-NS, enabling
the expression of GC-poor ORF's within the genome of §.
typhimurium [57]. The sfh bearing plasmid was isolated
from several enteric species, and its DNA sequence is
GC-poor. Hence the sf& gene allows this plasmid to be
transferred among enteric bacteria by escaping from the
transcription suppression of the H-NS protein [57,58].

To further study the effect of donor-recipient genome
sequence similarity on LGT frequency we calculated the
similarity between the genomes of connected donors and
recipients as the total length of all identical >20 bp
genomic segments between the two genomes, divided
by the recipient genome size. Using this measure we
found that the dLG'T network is enriched for connected
donors and recipients having similar genome sequences
[49]. Furthermore, donor-recipient genome sequence
similarity and LGT frequency are positively correlated
(ry=0.55, P <« 0.01) [49]. This suggests that LGT is more
frequent among closely related species, having similar
genomes, while LGT between distantly related species is
more rare [49]. This observation has been recently sup-
ported by a study of LGT using simulated genome
evolution [59] and through the study of tyrosil-tRNA
synthetase phylogeny [60]. High donor-recipient genome
similarity in Gram-negative bacteria from the Neisser-
iales or Pasteurellales orders could be due to frequent
gene acquisition by transformation (Figure 1) leading to a
high frequency of uptake signal sequences (USSs) in the
genomes of both donor and recipient.

The distribution of shared genes across genomes has a
strong phylogenetic signal [7] hence there must be some
restrictions to DNA acquisition among prokaryotes. Bar-
riers to LG'T between distantly related species (having
dissimilar genomes) are still poorly understood but are
thought to depend on the transfer mechanism. During
transformation and conjugation the acquired DNA is
commonly integrated into the genome by homologous
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Figure 4
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A directed network of LGT [49]. The nodes correspond to contemporary or ancestral species that are connected by directed edges of LGT. The edges
point from the LGT donor to the recipient. (a) Node color corresponds to species taxonomic classification (see legend at the bottom). A cluster of
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recombination [12], which requires high similarity be-
tween recombining sequences [61,62]. Genes encoded
within plasmids that are transferred by conjugation may
also be integrated into the recipient chromosome by trans-
posases [13,14] whose function is independent of donor—
recipient sequence similarity. However, recent advances in
studying the function of the microbial anti-phage CRISPR
system (for review see [63°]) revealed that this system also
identifies and degrades foreign plasmids in addition to
phages [64]. Hence the CRISPR system may function as
a barrier for conjugative gene transfer by blocking non-self
plasmids [63°]. During transduction, the acquired DNA is
integrated into the recipient genome by the phage
enzymes whose function is independent of donor—recipi-
ent genome similarity [12]. Barriers to phage-mediated
gene transfer between distantly related species could be
related to the frequency of phages whose host range is
species-specific. Such phages indeed exist in marine
environments; a test of host specificity for 44 clonal cya-
nophages revealed that 25 phages were Prochlorococcus-
specificand 7 were Synechococcus-specific, while the remain-
ing 12 (27%) could infect both species [65]. A recent report
of antagonistic coevolution between Pseudomonas fluores-
cens and its parasitic phage [66] reveals that species-specific
phages exist in terrestrial environments as well.

Ecological barrier

The physical distance between the donor and recipient in
the LGT event depends upon the LGT mechanism. In
transformation the distance between the donor and reci-
pient depends upon the raw DNA stability within the
environment [67]. Conjugation requires that the donor
and recipient will be close enough for the formation of
the conjugation tunnel. Transduction is considered as the
longest range LGT mechanism because it entails phage
mobility [67]. This suggests that most transfers should
occur within habitats. A graphical representation of the
dLGT network with species colored according to their
habitat (Figure 4C) reveals that several clusters of the
highly connected donors and recipients are variable in
their habitat classification, yet, most (74%) of the detected
LG'T in the network occur between donors and recipients
residing in the same habitat. A network of shared transpo-
sases among 774 microbial genomes supplies further sup-
port for the rarity of inter-habitat gene transfers [68°].

Phylogenomic analyses of microbial genomes support
this notion [31°32]. For example, Halary e a/. [31°]

reconstructed a network of shared protein families among
various genetic entities including microbial chromosomes,
plasmids, and phage genomes. A comparison of network
properties between plasmids and phage genomes revealed
that plasmids are more frequently connected within the
network in comparison to phages. From this they con-
cluded that conjugation is more frequent than transduction
in nature [31°].

Functional barrier

Once imported and integrated into the genome, acquired
genes still have to adapt within the genome in order to be
retained during evolution. Microbes tend to delete non-
functional or otherwise unneeded DNA from their gen-
omes [69,70]. Therefore, the fixation of the acquired
DNA within the genome is highly dependent on its
functionality or utility to the recipient under selectable
environmental conditions [54,71,72]. In order to be
expressed, the gene has to be either inserted near a
recognized promotor, bring one with it, or be acquired
together with the corresponding regulator. Hence,
acquired genes that are inserted within existing regulat-
ory circuits [73,74] or have a promotor of similar GC
content as the recipient genomes [8], have a higher
probability to be retained by the recipient.

Gene encoding by suboptimal codons that do not fit the
tRNA pool of the recipient has been considered a barrier
to LGT [75,76]. However, two recent experimental
studies show that the impact of codon usage on the
expression and retention of acquired genes might have
beenoverrated. Kudlaeza/. [77] compared the expression
level of 154 synthetic gene copies encoding for GFP that
varied randomly in synonymous sites (i.e. in their codon
usage). The synthetic genes were cloned (i.e. trans-
ferred) into K. co/i and the expression level of GFP
was measured by the fluorescence level of the cultures.
The result showed that codon usage and fluorescence
level of genes are not correlated within the recipient
(r=0.02) [77]. Hence the expression level of acquired
genes within a recipient cell immediately after the
acquisition is independent of their codon usage. In
another study, Amor6s-Movya e al. [78°] compared the
fitness of three K. co/i cultures into which they cloned a
chloramphenicol resistance gene encoded by three
different codon usage regimes: optimal, GC-rich, and
AT-rich. Their results showed that cultures encoding for
the suboptimal gene variants were 10-20 times more

(Figure 4 Legend Continued) connected Bacilli (marked with a star) is enlarged to exemplify the network underlying data. Species names are shown
next to the nodes. Gene identifier and protein annotation of detected recent gene transfers are noted next to the corresponding edge. The lateral
acquisition of genes for sucrose utilization in Pediococcus pentosaceus from Lactobacillus plantarum has been suggested before [50]. Oenococcus
oeni (strain PSU-1) — that is associated with malolactic fermentation (MLF) in wine — is connected with three different Lactobacillus species as
donor and recipient. Bon et al. [51] showed recently that gene acquisition from various donors, especially lactic acid Bacilli, contributes to genome
plasticity in this species and suggested LGT as a mechanism to enhance O. oeni tolerance for harsh wine conditions. (b) Node color corresponds to
the genomic GC content calculated as the proportion of Guanine and Cytosine (GC) nucleotides within the genome (see scale at the bottom). (c) Nodes
in the network are colored by habitat (the ten main habitats are listed at the bottom). Habitat annotation was extracted from the GOLD database
(ver. 12/2010) [52]. Ancestral nodes are colored by the habitat of their descendants if it is homogeneous or gray otherwise.
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sensitive to the antibiotics than those that encoded for
the optimal variant. However, within 358 generations of
experimental evolution (roughly 54 days) under anti-
biotic selection, these differences vanished. Interest-
ingly, the compensating mutations were restricted to
in cis substitutions within the gene promotor or iz trans
substitutions in the host genome, with no substitutions in
the gene coding sequence [78°]. In this experiment the
new gene acquisition, even of one that is encoded by
suboptimal codons, is highly advantageous because the
selection regime acts on bacteria that have either low or
no antibiotic resistance (i.e. its a matter of life and death).
Notably, the evolution of elevated protein expression
level in this experiment took place without nucleotide
substitutions leading to optimal codons.

Most laterally transferred genes perform metabolic func-
tions while the transfer of genes performing information
processing (including replication, transcription, and
translation) is rare [49,79,80]. According to the complex-
ity hypothesis [79], the scarcity of lateral transfer of
information processing genes is attributed to their role
in complex structures. Proteins that function in a com-
plex structure, for example ribosomal proteins, are
adapted to their common function. An LGT event that
leads to replacement of such a gene with a less adapted
homolog will result in a ‘squeaking wheel” within the
complex and reduced fitness of the recipient [79]. In a
recent study, Cohen ¢z a/. [81] tested the relative impact
of functional category and the number of interacting
partners on LGT frequency. Their result showed that
the complexity hypothesis still passes a reality test in the
genomic era. However, LGT barriers owing to multiple
interacting partners are not restricted to information
processing genes only, but may be observed in all func-
tional categories [81]. Acquisition frequency of metabolic
genes depends on their role within the cellular metabolic
network [71]. A study of the laterally acquired genes
within the E. co/i metabolic network showed that LGT is
more frequent among enzymes involved in peripheral
reactions (uptake and metabolism of nutrients) in com-
parison to those involved in central reactions (biomass
production) [71].

Another functional barrier to LGT is protein dosage [8].
A genome sequencing project that includes the prep-
aration of Fosmid libraries may be considered as a large-
scale experiment in LGT into E. co/i [8]. Genomic
fragments whose cloning into E. co/i is lethal are suspects
for encoding proteins whose acquisition in FE. coli is
extremely disadvantageous [8]. An extensive dataset of
lethal fragments collected during genome sequencing
projects of 79 diverse species showed that these frag-
ments typically encode for single copy genes. The integ-
ration of an additional gene copy into the E. co/i genome
resulted in an elevated protein production that was lethal
to the cell [8].

Trends and barriers to lateral gene transfer Popa and Dagan 7

Conclusions

Experimental work shows that gene acquisition by LGT
among prokaryotes is frequent and that the percolation of
acquired DNA among populations and across generations
is rapid. Phylogenomic analyses reveal that LGT has a
substantial impact on long-term genome evolution, sup-
plying a mechanism for natural variation that is specific for
the prokaryotic domains and allows their adaptation in
dynamic environments. Prokaryote genome evolution
comprises thus vertical (tree-like) and lateral (network-
like) components. At the same time, different types of
barriers to LG'T on the genomic, species, and habitat
levels are becoming increasingly apparent.

The recent discovery of nanotubes [26°°] and the high-
light of GTA transfer efficiency [30°°] along with their
high frequency in natural habitats [25] show that there is
still much to discover about LGT. Some of the open
questions are: what is the role of nanotubes in LGT?
What are the pathways for DNA transfer via the tubes?
How are G'T'As produced in donor cells? How is the GTA
cargo-DNA received in recipient cells? Understanding
the mechanisms for gene acquisition in prokaryotes will
enrich our understanding of prokaryote genetics in the
wild. Moreover, many lab protocols are inspired from
what we see in nature. Examples for utilizing LGT in
basic research include cell transformation and genome
sequencing. More research in this field might contribute
to novel developments in synthetic biology. Under-
standing the barriers to LLG'T and the way they are
bypassed in nature, will improve our ability to manip-
ulate microbial cells in the laboratory for research and
industrial purposes.
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