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Graphical Abstract

Distributive conjugal transfer (DCT) in mycobacteria results in transconjugant progeny with 

mosaic genomes more resembling chromosomes following meiotic recombination. Multiple, 

donor segments (blue) recombine into the recipient genome (yellow) resulting in both macro- and 

micro-mosaicism. Transconjugants can become donors if they inherit the mating identity locus. 

This review describes the unique features of DCT and compares it to other mechanisms of 

horizontal gene transfer.

Summary

This review discusses a novel form of horizontal gene transfer (HGT) found in mycobacteria 

called Distributive Conjugal Transfer (DCT). While satisfying the criteria for conjugation, 

DCT occurs by a mechanism so distinct from oriT-mediated conjugation that it could be 

considered a fourth category of HGT. DCT involves the transfer of chromosomal DNA 

between mycobacteria and, most significantly, generates transconjugants with mosaic 

genomes of the parental strains. Multiple segments of donor chromosomal DNA can be co-

transferred regardless of their location or the genetic selection and, as a result, the 

transconjugant genome contains many donor-derived segments; hence the name DCT. This 

distinguishing feature of DCT separates it from the other known mechanisms of HGT, which 

generally result in the introduction of a single, defined segment of DNA into the recipient 

chromosome (Fig. 1). Moreover, these mosaic progeny are generated from a single conjugal 

event, which provides enormous capacity for rapid adaptation and evolution, again 

distinguishing it from the three classical modes of HGT. Unsurprisingly, the unusual mosaic 

products of DCT are generated by a conjugal mechanism that is also unusual. Here, we will 

describe the unique features of DCT and contrast those to other mechanisms of HGT, both 
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from a mechanistic and an evolutionary perspective. Our focus will be on transfer of 

chromosomal DNA, as opposed to plasmid mobilization, because DCT mediates transfer of 

chromosomal DNA and is a chromosomally encoded process.

A primer on Mycobacterium species

Mycobacteria are a GC-rich Gram-positive genus belonging to the Actinomycetales. 

However, in contrast to most Gram-positive bacteria, mycobacteria are surrounded by a 

lipid-rich envelope that contains an outer (myco)membrane composed of mycolic acid-lipids 

(Daffe et al., 2014). This mycomembrane endows the mycobacterium with a cell structure 

more closely resembling that of Gram-negative diderms, and it is thought to constitute an 

additional barrier against anti-mycobacterial agents (Hoffmann et al., 2008). While most 

everybody is familiar with the pathogens Mycobacterium tuberculosis and Mycobacterium 
leprae for the diseases they cause, there are hundreds of mycobacterial species. They are 

broadly classified by pathogenicity and whether they are fast- or slow-growing.

Many of the slow-growing strains (doubling time around 24hrs) are pathogens, which 

includes the M. tuberculosis complex (MTBC; M. africanum, M. bovis, M. caprae, M. 
microti, M. mungi, M. pinnipedii and M. tuberculosis). These very closely related 

subspecies are greater than 99.9% identical with a phylogenetic structure radiating from a 

clonal source, with no evidence of recent HGT from outside the MTBC (Boritsch & Brosch, 

2016, Brosch et al., 2002, Gagneux, 2018). MTBC subspecies have adapted to the host they 

infect (sometimes referred to as ecotypes) and can cause TB-like disease; for example, M. 
bovis infects cattle, and M. caprae infects goats. M. canettii is the outlier of the MTBC for 

several reasons. M. canettii has a smooth colony morphology, which distinguishes it from 

the rough colonies of other MTBC members (van Soolingen et al., 1997, Boritsch et al., 
2016a). M. canettii is not descended from the clonal founder of the rest of the MTBC, 

sharing less genomic identity (~97 %) with other members of the MTBC (Boritsch et al., 
2014). Most importantly, M. canettii isolates are genetically diverse, not of clonal origin, and 

their chromosomes contain many remnants of HGT events (Gutierrez et al., 2005, Supply et 
al., 2013).

Many, but not all, of the fast-growing (2–4 hr doubling time) mycobacterial species are 

harmless soil saprophytes. The most relevant of these is Mycobacterium smegmatis, which 

is the model organism used by scientists as a surrogate for its slow-growing pathogenic 

cousins (Shiloh & DiGiuseppe Champion, 2009). M. smegmatis is the workhorse of 

mycobacterial genetics and biochemistry because many of its genes are highly conserved in 

the slow-growing pathogens (2,334 M. tuberculosis genes have orthologs in M. smegmatis 
with >50% amino acid identity). The strain of M. smegmatis ubiquitously used in research 

laboratories is a highly transformable derivative called mc2155, with the mc2 designation an 

homage to the founding institution, Albert Einstein College of Medicine (Snapper et al., 
1990, Panas et al., 2014). While this strain serves as the generic M. smegmatis for the 

research community, sequence comparisons of other M. smegmatis isolates suggests that – 

as for M. canettii – it is a genetically diverse species that may therefore differ 

phenotypically. Most relevant for this review is MKD8, an independent isolate of M. 
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smegmatis that we routinely use as a recipient strain in mycobacterial conjugation (Parsons 

et al., 1998).

DCT generates mosaic genomes

Early studies described the transfer of auxotrophic marker mutations between pairs of 

independent M. smegmatis isolates (Mizuguchi et al., 1976). Subsequent analyses showed 

that the recombination process bore the characteristic hallmarks of conjugation (Fig. 2; 

Derbyshire & Gray, 2014). Transfer required stable, extended (>18 hr), cell-cell contact on 

solid medium or in a pellicle biofilm but not in planktonic culture (Nguyen et al., 2010, 

Parsons et al., 1998). DNA transfer was unidirectional, from a donor to a recipient strain and 

was not observed in same-strain experiments (e.g. differentially marked recipient to recipient 

transfer). The conjugation classification was further supported by exclusion of other known 

transfer mechanisms: no phage were detected (excluding transduction); episomal plasmids 

introduced into the donor strain were not transferred to recombinants (excluding cell fusion); 

genetic exchange was resistant to DNase treatment and exogenously added DNA was not 

taken up by the recipient (excluding transformation; Parsons et al., 1998). In addition, 

naturally occurring plasmids were not detected in the participating strains, and known 

conjugation genes are absent from their chromosomes. Transfer was of chromosomal DNA, 

similar to oriT-mediated, Hfr transfer in E. coli. However, genes on the donor chromosome 

were transferred with equal efficiency regardless of their location (Wang et al., 2005). This is 

a fundamental difference with Hfr transfer, in which the integrated plasmid oriT leads a 

procession of genes into the recipient, resulting in a progressive decrease in transfer 

efficiency with distance from oriT (Wollman et al., 1956)

More recent molecular studies compared the genome sequences of transconjugants with 

their parental genomes to identify the tracts of DNA transferred in independent events (Gray 

et al., 2013). These comparative sequence analyses were feasible because the M. smegmatis 
parental strains used in these experiments differ significantly at the nucleotide level 

(averaging 1 Single Nucleotide Polymorphism (SNP) per 56 bp). These SNPs allowed 

definitive determination of the parental origin with nucleotide resolution of transconjugant 

DNA. Most of the transconjugant genome was of recipient origin and, as expected, 

contained the donor-derived selectable marker flanked by varying amounts of donor DNA 

(Fig. 2). Surprisingly, many unlinked – and therefore, unselected – donor DNA segments 

were co-inherited in the transconjugant genomes. The transconjugant genomes analyzed (n = 

22 transconjugants) contained on average 575 kb of donor DNA in 13 segments, ranging in 

size from 59 bp to 226 kb. The transferred segments were found distributed around the 

chromosome and, as a result, the chromosome is a mosaic blend of both parental genomes. 

This defining characteristic led to the descriptive term, Distributive Conjugal Transfer 

(DCT) and, more importantly for the transconjugant bacterium, it effectively blends the 

genomes of the parental bacteria.

DCT generates both macro- and micro-mosaicism

From a birds-eye perspective, macro-mosaicism is easy to visualize and can be explained by 

homologous recombination promoting double cross-over events that replace large segments 
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of the recipient chromosome with transferred DNA (Fig. 3). The transfer of large segments 

of donor DNA can result in the acquisition of entire genes or operons from the donor (or 

their loss if they resided in the replaced recipient homologous segment) and, thus, have the 

potential to dramatically alter the biochemical properties of a cell. However, DCT also 

concurrently creates microcomplexity; small segments of DNA that contain alternating small 

(<100 bp) segments of donor and recipient DNA, which are identified by parent-specific 

SNPs (Fig. 3; Gray et al., 2013). The precise recombination mechanism that creates this 

microcomplexity is unclear, but the net result is that small numbers of donor SNPs are 

blended into a defined region of the recipient. If these SNPs map within a gene and 

introduce amino acid substitutions, then they may result in subtle changes in enzyme activity 

by emulating spontaneous mutations. These substitutions could, for example, modulate 

enzyme activity by altering substrate specificity, protein stability or protein conformation, in 

contrast to the more dramatic qualitative changes caused by macro-mosaicism.

Hallmarks of DCT are evident in other mycobacterial species

WGS analyses of other independent isolates of M. smegmatis show that their genomes are 

also mosaic. The patterns of SNPs present in these genomes indicate they are blends of not 

only each other, but also segments of DNA of unknown origin (Derbyshire and Gray, 

unpublished). The mosaicism strongly suggests that DCT is prevalent among environmental 

M. smegmatis. In contrast to our laboratory DCT matings, where the genome sequences of 

parents and progeny are all determined, the pedigree of the natural isolates is not known, so 

the DCT-like mosaicism we observe may arise from other processes. However, we have 

demonstrated that all of these independent isolates are conjugative, with defined donors and 

recipients within the group (Parsons et al., 1998). The resulting laboratory-generated 

transconjugant genomes are mosaic assemblages of their parental strains, confirming that 

DCT is not an anomaly of our characterized mating pair but is a general property of M. 
smegmatis (Derbyshire and Gray, unpublished). Since these strains are DCT-proficient, their 

chromosomal DNA—both core genome variants as well as novel sequences—should be 

viewed as mobile components of gene flow within the mycobacterial pangenome.

Recent WGS of isolates of M. abscessus (a fast-growing, opportunistic pathogen) and M. 
canettii revealed that they also have broadly mosaic genomes (Gutierrez et al., 2005, Sapriel 

et al., 2016, Supply et al., 2013). Again, these observations were facilitated by mapping 

large numbers of SNPs in the genomes of multiple isolates and comparing blocks of shared 

SNPs between different isolates. The formation of their mosaic genomes is entirely 

consistent with the process of DCT. However, without knowledge of the parental genotypes 

this can only be inferred. This problem plagues analysis of any clinical or environmental 

isolate where both the origin(s) of the mobile sequences and the elapsed time from the HGT 

event(s) are unknown. However, two M. canettii isolates have been demonstrated to 

recombine in experimental conditions identical to those used for DCT in M. smegmatis 
(Boritsch et al., 2016b). The transconjugants generated have mosaic genomes of the parental 

pair, confirming that these isolates are proficient in DCT. This has two important 

implications. One is that DCT has now been experimentally demonstrated in both major 

clades of mycobacteria: fast- (M. smegmatis) and slow- (M. canettii) growers, suggesting 

that it is likely an activity found throughout the genus. Secondly, DCT is likely to have 
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played a role in shaping the mosaic genome architectures found in extant mycobacteria and 

continues to be active in promoting gene flow within the genus. The evidence will be in their 

genomes and we anticipate many more examples will be identified. We note, for example, 

that limited sequence analysis of four different isolates of M. avium (a slow-growing 

opportunistic pathogen) identified a 4 kb region that contained segments of microcomplexity 

similar to DCT patterns documented in M. smegmatis (Krzywinska et al., 2004).

Can M. tuberculosis mediate DCT like its M. canettii cousin?

M. canettii is a slow-growing pathogen that causes tuberculosis in humans. Notably, while 

other MTBC members are genetically homogeneous, M. canettii genomes contain large 

numbers of SNPs (as many as 60,000 SNPs between sequenced isolates) and exhibit 

mosaicism when compared within the species or with the MTBC (Boritsch et al., 2014, 

Supply et al., 2013, Blouin et al., 2014, Mortimer & Pepperell, 2014). Based on these 

analyses, M. canettii is considered an extant member of a genetically diverse progenitor 

species, M. prototuberculosis, that has undergone extensive HGT, which resulted in the 

observed genome mosaicism (Gutierrez et al., 2005). M. tuberculosis (and subsequently the 

MTBC) is hypothesized to have emerged as a particularly successful derivative of M. 
prototuberculosis, with the subsequent clonal expansion giving rise to the MTBC (Brosch et 
al., 2002, Gutierrez et al., 2005, Smith et al., 2009, Gagneux, 2018). As extant isolates of M. 
canettii are capable of DCT, and mosaicism is evident in M. canettii versus M. tuberculosis 
genomes, it is highly likely that DCT blended the genetic repertoire of M. prototuberculosis 
strains to generate a more successful human-adapted version that emerged as M. 
tuberculosis. However, in spite of its possible role in shaping the genome of M. tuberculosis, 

there is no indication that DCT remains active in this lineage. The low sequence diversity 

(99.9% identical, with only ~2,000 SNPs between MTBC members) of non-M. canettii 
MTBC genomes suggests that few, if any, HGT events have occurred in this clade since its 

clonal beginning. Moreover, the clonal nature of the MTBC would likely preclude active 

DCT among the species, as all isolates would be of the same mating type (either all donor or 

recipient), and therefore would not constitute a productive mating pair.

Despite this, there is evidence of recent genetic exchange between M. canettii and M. 
tuberculosis (Supply et al., 2013). M. tuberculosis and M. canettii genomes are diverse with 

some isolates containing >60,000 SNPs, when compared with M. tuberculosis. However, 

sequence comparisons have identified small regions (up to 4 kb) of almost complete 

sequence identity embedded in a sea of SNPs, which is consistent with HGT having 

occurred since the two species diverged. While the HGT mechanism underlying these rare 

events is unknown, given that DCT is active in M. canettii, it must be considered as one 

possible mechanism, along with transduction by mycobacteriophages. Opportunities for 

HGT are few because M. tuberculosis resides in the solitary environment of a macrophage 

and, therefore, it rarely interacts with other mycobacteria, even in co-infections. Thus, in 

summary, we suggest that DCT was a major player in the initial evolution of M. tuberculosis 
from its progenitor species, but its continued activity in this species is unlikely.
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Genetics points to a significant role for ESX secretion systems in DCT

Genetic studies using transposon mutagenesis have identified many genes that affect DCT in 

both donor and recipient M. smegmatis (Coros et al., 2008, Flint et al., 2004, Nguyen et al., 
2010, Nguyen et al., 2009). While these genes have shed little light on the mechanism of 

transfer per se, they have provided fundamental insights on the modes of DCT regulation 

and cell-cell sensing. A majority of the genes identified from the transposon screens belong 

to a class of genes associated with ESX secretion systems (Abdallah et al., 2007, Ates et al., 
2016a, Bitter et al., 2009, Groschel et al., 2016). ESX secretion systems (also known as Type 

VII secretion) are found throughout the Actinobacteria and often occur in multiple copies 

per genome; M. smegmatis and M. tuberculosis contain three and five esx loci respectively. 

Each locus contains a similar set of core genes (~10) with non-redundant functions (i.e., the 

genes from different loci do not cross complement) and all evidence suggests that each 

system secretes proteins required for distinct cellular functions (Fig. 4). In addition to 

secreted substrates, the core genes (called ecc for esx conserved component) encode a 

membrane transporter, chaperones, and ATPases thought to facilitate export through a 

membrane channel (Figs. 4 and 5). In M. tuberculosis ESX-1, ESX-3 and ESX-5 are 

required for virulence (Groschel et al., 2016, Tufariello et al., 2016). Only recently have 

functions been associated with ESX-4: DCT in M. smegmatis and, in Mycobacterium 
abscessus, survival and pathogenesis in macrophages indicating a broader role for ESX-4 

and its effector molecules (Gray et al., 2016, Laencina et al., 2018, and below). No functions 

have been assigned to ESX-2. The diverse functions of these apparatus are most likely 

mediated by the unique set of substrates secreted by each system, while the more conserved 

core proteins assemble to form the secretion machine (Fig. 5).

Of the three ESX paralogues in M. smegmatis, ESX-1 and ESX-4 are necessary for DCT in 

the recipient strain; mutations in esx1 or esx4 genes abolished transfer of DNA (Coros et al., 
2008, Gray et al., 2016). In the donor strain, the roles of ESX-1 and ESX-4 in DCT differ: 

esx4 donor mutants transfer at wild-type levels, while esx1 donor mutants are hyper-

conjugative. Again, the differential roles in the donor and recipient underscore the functional 

diversity of ESX secretion systems.

DCT requires a functional ESX-4 apparatus, but only in the recipient

esx4 is the only esx locus found throughout the Actinobacteria and, thus, is considered the 

progenitor esx locus (Gey Van Pittius et al., 2001, Dumas et al., 2016, Gey van Pittius et al., 
2006, Mortimer et al., 2017, Newton-Foot et al., 2016). It is also the smallest esx locus, 

containing only 7 genes, and missing the core genes, eccA, eccE, and espG, which are found 

in all other ESX systems and thought to be required for function (Fig. 4). The lack of core 

genes and an assigned function even led to discussion as to whether esx4 was vestigial, 

despite its high level of conservation across species (Groschel et al., 2016). However, both 

transposon and targeted mutagenesis in an M. smegmatis recipient have confirmed that esx4 
locus genes are required for DCT (Gray et al., 2016). By contrast, esx4 mutations in the 

donor strain have no impact on DCT. The donor and recipient loci are almost identical, 

suggesting that it is the cellular context and not the encoded ESX-4 apparatus that differs 

between strains.
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A second, independent, indication for a role of ESX-4 in DCT was obtained by 

transcriptional profiling studies (Gray et al., 2016). RNA-seq identified an esx4 mRNA 

(esxUT) as highly induced under mating conditions (~30-fold), which was confirmed by 

directed qRT-PCR. Importantly, this esx4 transcript was only induced in the recipient strain 

and this induction was dependent on coculture; no induction was observed in monocultures 

of either donor or recipient grown under the same conditions. These rigorous requirements 

for esx4 expression likely explain why the function of ESX-4 has remained obscure for so 

long. Coculture did not change the transcript levels of esx1 and esx3 genes in donor or 

recipient, demonstrating the esx-specificity of contact-dependent esx4 induction. While the 

functional role of ESX-4 in general, or in DCT specifically, is still not known, what is now 

clear is that mycobacteria can detect the presence of another mycobacterial strain, and then 

activate ESX-4 in response to that presence. For the process of DCT, each of these abilities 

is appropriate to the interaction: donor cell contact is detected by a recipient cell, resulting in 

induction of ESX-4, which enables the recipient to take up donor DNA during conjugation.

ESX-1 and ESX-4 play important non-redundant roles in DCT

ESX-1 has strain-dependent reciprocal effects on DCT: donor mutants are hyper-conjugative 

(Flint et al., 2004) but recipient mutants are defective in DCT (Coros et al., 2008). In the 

recipient, ESX-1 appears to act upstream of ESX-4 by modulating esx4 gene (e.g., esxUT) 

expression. Remarkably, mutation of ESX-1 affected the level of the esx4 expression 

response, which was shown to closely correlate with DNA transfer efficiency (Gray et al., 
2016). For example, esx1 mutant recipients had an impaired esx4 response to the presence of 

the donor, and failed to receive DNA during conjugation. Conversely, esx1 mutant donors 

caused hyper-activation of esxUT in the recipient (~250-fold), providing a molecular basis 

for the observed hyper-conjugative phenotype: the donor mutation intensifies the recipient 

response to coculture, thereby increasing DNA transfer efficiency. It is important to note that 

a mutation in one cell that affects specific gene expression in an adjacent cell is indicative of 

cell-cell communication. The molecular signal has not yet been identified, but a role for 

ESX-1 in mediating communication between mycobacteria presents exciting new 

possibilities in envisioning its function in mycobacterial communities.

ESX-1 and mating identity

Following DCT, a subset of transconjugants are donors (5–10%) indicating they have 

acquired a donor-conferring locus. This again distinguishes DCT from Hfr transfer in which 

transconjugants do not become donors. By comparing the genomes of donor converted 

transconjugants it was possible to map the donor-conferring locus, called mid (mating 

identity) to esx1 (Gray et al., 2013). This was an unexpected result, as loss-of-function 

mutations in these esx1 genes from either strain do not switch mating identity. Mating 

identity, therefore, is an active phenotype determined by products of the mid locus. By 

repeatedly back crossing donor transconjugants with a wild-type recipient, while continuing 

to screen for donor function, it was possible to introgress the donor mid locus into the 

recipient genome; boundaries from independent introgressed lineages delimited mid within 

esx1 to a six-gene region (Figs. 2 and 4). The functions of the proteins encoded by these 

genes are unknown, but some are secreted by ESX-1. The mid region is the most divergent 
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esx1 region between donor and recipient strains, suggesting that these secreted proteins 

identify cells as donor or recipient, or that they are also part of the intercellular 

communication flow necessary to initiate DCT.

How do ESX-1 and ESX-4 modulate DCT?

There is currently no experimental evidence of protein secretion by ESX-4. EsxU and EsxT 

are encoded by the bicistronic esxUT transcript within the esx4 locus and form a WXG100 

heterodimeric protein pair that is the probable primary ESX-4 secretion substrates. Since 

esx4 locus genes are not expressed in traditional monoculture conditions, secretion of these 

(or any esx4-encoded) proteins has not been reported. ESX-1, on the other hand, secretes 

abundant levels of its WXG100 heterodimer, EsxB/EsxA, in traditional monoculture (Fig. 

5), and these are classic diagnostic antigens for M. tuberculosis infection. Beyond the 

EsxB/A heterodimer, the secretory repertoire of ESX-1 can vary between species. Therefore, 

while the structural components comprising the ESX-1 apparatus may operate in the same 

way between species and strains (e.g. M. tuberculosis EsxB and EsxA can be secreted by the 

M. smegmatis ESX-1 apparatus (Converse & Cox, 2005), we suggest it is the secreted 

substrates that confer species or strain-specific functions. Consistent with this, ESX-1 may 

be secreting unique cell-surface mating identifiers and receptor proteins from both the donor 

and recipient (Fig. 6). In one scenario, a donor-secreted ligand binds to an ESX-1-secreted 

receptor, and on the recipient surface, this binding initiates a signal cascade that induces 

esx4, promoting DCT. The absence of a receptor on an esx1-defective donor, reduces 

competition for the available ligand, leaving more to bind the recipient receptor, increasing 

recipient esx4 induction, and leading to higher DCT transfer efficiencies. The absence of the 

recipient receptor in a recipient esx1 mutant prevents ligand binding, esx4 induction and 

DCT. While the model is speculative, it is clear that the recipient responds to cell-contact 

with a donor and that a functional ESX-1 apparatus is required in the recipient strain for 

esx4 expression. This places ESX-1 upstream of ESX-4 in the DCT process and highlights 

an unprecedented interaction between two ESX apparatus, with each performing non-

redundant roles in the same biological pathway.

What are the consequences of esx4 induction for DCT?

This is a key question to understanding DCT and may help us to understand why the 

diminutive esx4 locus is well conserved throughout the genus. We suggest several 

speculative scenarios. One possibility is that ESX-4 secretes the structural or enzymatic 

components that function as the conduit through which DNA is transported into the 

recipient. Conceptually, it is likely that a DNA-uptake apparatus in the recipient would be 

produced only in the presence of a suitable mating partner. This might also explain the 

minimal complexity of the esx4 locus, in that its activation in response to a specific stimulus 

suggests that its function is dedicated to that particular stimulus, and therefore has not 

evolved additional secretory functions. Alternatively, ESX-4 secreted proteins may provide 

general support for DCT by contributing to cell-cell signaling (ligands or receptors), or 

remodeling the cell wall to favor DNA transfer. This more general model is attractive as it 

provides flexibility in explaining the role of ESX-4 in other mycobacteria. For example, in 

M. abscessus, signaling or remodeling the cell wall would be ways to modify the host 
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response or avoid clearance by host macrophages (Laencina et al., 2018). In further support 

of a remodeling scenario, mutations in ESX-1 and ESX-5 alter cell wall composition and 

permeability (Ates et al., 2016b, Garces et al., 2010, Pym et al., 2002). Finally, it is possible 

that ESX-4 is not a functional secretion apparatus per se, but that it now plays a cytoplasmic 

role in DCT. While the precedent established by other ESX systems suggests this is unlikely, 

we cannot rule out the possibility that ESX-4 has non-secretory roles. These hypotheses and 

the functional dissection of ESX-4 form the focus for future research.

Comparing DCT with other mechanisms of HGT

Atypical conjugation in Streptomyces

Mycobacteria are not the only actinomycete that encodes an atypical conjugation system. 

Plasmid DNA transfer in Streptomyces occurs by a process more akin to chromosomal 

segregation that occurs during cell division (Thoma & Muth, 2016). In contrast to oriT-

mediated transfer, plasmid DNA is transferred in a double-stranded form (Possoz et al., 
2001) and is dependent on the plasmid-encoded TraB protein, which binds a cis-acting locus 

of transfer, clt (a cluster of 8 bp direct repeats) (Pettis & Cohen, 1994, Reuther et al., 2006). 

The TraB proteins encoded by different plasmids bind different cognate clt sequences, 

providing specificity to plasmid mobilization. Plasmid TraB proteins are not relaxases (they 

bind but do not nick DNA) and, instead, resemble ftsK/SpoIIIE septal-DNA translocator 

proteins that facilitate chromosomal segregation during cell division or sporulation 

(Vogelmann et al., 2011). Current models posit that the membrane-associated TraB binds 

plasmid clt sequences and that its ATPase drives plasmid transfer from the donor into the 

contacted recipient. Following transfer, the plasmid is spread to other recipient cells within 

the mycelium by a similar TraB-dependent process (Thoma et al., 2016). While most of the 

molecular analyses have examined plasmid transfer, older genetic experiments showed that 

the linear Streptomyces chromosome could also be transferred from donor to recipient. 

Plasmid encoded TraB is required for this process, which is proposed to bind clt-like 

sequences on the Streptomyces chromosome (Sepulveda et al., 2011, Vogelmann et al., 
2011).

While it is always tempting to find connections, the two actinomycete conjugal systems 

appear to be as different from each other as they are from E. coli Hfr transfer. Although the 

Streptomyces and Mycobacterial systems both utilize ftsK/SpoIIIE homologues, the 

similarities appear to end there. However, the unusual nature of each conjugation system 

suggests other novel forms of conjugation will be discovered and underscores the need to 

consider other mechanisms of HGT beyond those discussed in text books.

Bacterial Communication in HGT

DCT is not the first example of cell-cell communication involved in HGT; the most 

extensively studied system is that involving the conjugative plasmid pCF10 in Enterococcus 
faecalis (Dunny, 2007, Dunny & Johnson, 2011). In this system, recipient strains secrete 

small peptides (sex pheromones) that enter the plasmid-carrying donor cell, where the 

peptides bind and inactivate a repressor protein responsible for preventing expression of the 

transfer gene operon. Once the recipient becomes a transconjugant, a peptide made from the 
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transferred plasmid is secreted, which inhibits pheromone sensing and thus turns off transfer 

genes. In E. faecalis, the recipient activates (or communicates with) the donor to trigger 

transfer, which is the opposite of that observed in M. smegmatis where it appears signals 

from the donor activate esx4 in the recipient. Bacterial transformation systems also utilize 

peptides or small molecules to activate competence gene expression (Johnston et al., 2014). 

However, this self-signaling (quorum sensing) is used to determine the cell density of sister 

cells, not the presence of the opposite mating type. Regardless of the intercellular 

communication route, the net goal in HGT processes is presumably to coordinate all the 

molecular and cellular processes necessary for efficient transfer of DNA only when 

appropriate contributors are present.

DCT generates mosaic progeny in a single event unlike other mechanisms of HGT

The mosaic genomes of transconjugant progeny are startling not only because of the 

genome-wide blending of parental DNA, but also because the mosaicism results from a 

single transfer event (Fig. 2). In this regard, transconjugants resemble the progeny of meiotic 

recombination! Indeed, single sperm sequencing has shown that the number of crossovers 

per genome in meiosis is about the same as the average number of donor tracts per DCT 

transconjugant (Wang et al., 2012). The multiple, independent, physical attributes of DNA 

segments transferred by DCT (Fig. 3) ensures an almost infinite number of possible 

genotypes for transconjugants of two parental strains. Hence, the range of genetic outcomes 

from a single DCT event far exceeds that of any other known form of HGT.

Generalized transduction, transformation and classical Hfr-conjugation generally result in 

the acquisition of a single segment of DNA, which is recombined into the chromosome by 

homologous recombination (Fig. 1). We note that, in transformation, multiple, usually small, 

fragments can be co-inherited and often these are clustered in tracts. This is thought to be 

due to the capture of a single segment of DNA that then undergoes multiple rounds of 

recombination (Croucher et al., 2012, Golubchik et al., 2012, Mell et al., 2014, Blokesch, 

2017, Bubendorfer et al., 2016). Thus, multiple, sequential HGT events need to occur to 

approximate the genome-wide mosaicism observed in DCT. The rarity of HGT events would 

likely mean that accruing enough segments to create the mosaic patchwork seen in DCT 

would require successive HGT events in a lineage over many years. Thus, while most 

bacteria evolve over extremely long periods by the gradual accrual of spontaneous mutations 

and serial acquisition of HGT DNA, mycobacteria have the capacity to evolve very quickly 

by blending their genomes through DCT.

DCT, Transformation and Conjugation

The features of DCT described above indicate that its genetics, mechanism, and products are 

very distinct from the current text book versions of HGT. Despite having conjugative-like 

properties (e.g., transfer requires stable contact between donor and recipient cells, DNA 

transfer is resistant to DNase and only occurs from a donor to a recipient) DCT shares 

similar characteristics to transformation. DCT and transformation are chromosomally-

encoded and primarily mediate the transfer of chromosomal DNA (since the transferred 

DNAs rely on homologous recombination for chromosomal integration). In each case, the 

recipient cell encodes the majority of genetic information needed for DNA acquisition, 
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unlike oriT-mediated and Streptomyces conjugation in which the process is donor (plasmid) 

driven (de la Cruz et al., 2010, Frost et al., 2005). The transfer efficiency of any given gene 

is the same regardless of its original genomic location for both transformation and for DCT. 

Finally, while the products of DCT are, in general, quite different from conjugation and 

transformation there are examples of co-inheritance of unlinked segments of DNA during 

transformation and regions of microcomplexity (Croucher et al., 2012, Kulick et al., 2008, 

Mell et al., 2014). In Helicobacter pylori, DNA introduced by transformation contained 

patches of microcomplexity likely created by mis-match repair of heteroduplexes in the 

recombined DNA (Kulick et al., 2008, Bubendorfer et al., 2016). Whether a similar 

mechanism generates the microcomplexity observed in DCT is currently unknown.

Barriers to HGT in mycobacteria

The paucity of mosaicism observed in the sequenced genomes of bacteria suggests that DCT 

is restricted to mycobacteria. However, as more members of a species are sequenced, more 

genetic variation will be found, and mosaic patterns of that variation may emerge. After all, 

with only a single sequenced M. smegmatis genome from strain mc2155 in GenBank, we did 

not appreciate that it was mosaic until other M. smegmatis strains were sequenced and 

aligned with it. Moreover, exchange between similar genomes is difficult to detect and a low 

density of informative SNPs can obscure mosaic patterns. One physical feature of 

mycobacteria that might require a unique HGT mechanism is their lipid-rich cell envelope 

(Fig. 5). This highly hydrophobic barrier is likely to prevent uptake of hydrophilic molecules 

such as DNA by transformation - mycobacteria are not known to be naturally competent. 

Similarly, the thick envelope may prevent access of conjugative pili to surface receptors 

necessary for mating-pair formation. Plasmids are rare in mycobacteria compared with other 

bacteria, and are absent from the MTBC. Only one example of a conjugative mycobacterial 

plasmid has been described, and the mechanism of transfer of that plasmid is unclear as it 

encodes both a type VII ESX system and a more traditional type IV conjugation system with 

a relaxase (Ummels et al., 2014). It is possible that for mycobacteria, DCT fulfills a general 

need for gene flow in bacterial populations to maintain genomic health and to promote 

evolution; a need met by traditional HGT mechanisms in other bacterial clades.

Compared with other forms of HGT, the mechanism of DCT is poorly understood. We have 

learned that ESX secretion systems have central roles and that intercellular communication 

coordinates participation between donor and recipient. But there is much more to learn. For 

example, how is the chromosomal DNA fragmented in the donor, is DNA mobility guided 

by a protein chaperone into the recipient, does the donor cell survive the tryst, and what 

homologous DNA repair mechanisms replace recipient DNA with the donated DNA in the 

transconjugant genome? And those are only the mechanistic questions. Can we model the 

evolutionary impact of DCT on mycobacterial evolution (or reassess the time scales 

involved), and perhaps allow better interpretation of the gene flow and selective pressures 

that drive the emergence of new strains? As we learn more about Distributive Conjugal 

Transfer, we anticipate discovering how DCT has helped shape the Mycobacterium genus 

and more novel aspects of mycobacterial biology.
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Fig. 1. 
Overview of the major mechanisms and products of bacterial HGT. To facilitate comparison 

between classes, a schematic representation of each is shown above a short list of attributes 

for that class. Donor cells have a green outline and contain dark blue DNA; recipient cells 

with a green outline contain pale blue DNA recipient, and varying amounts of transferred 

donor DNA; the dark blue arrow represents the origin of transfer, oriT, from which transfer 

is initiated in a 5′ to 3′ direction. *In transformation most acquired DNA segments are 

small, however, larger fragments (up to 40 kb) can be inherited if their gene content is 

selected (Blokesch, 2017).
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Fig. 2. 
The experimental outline for DCT and the mosaic genomes it generates. Donor and recipient 

strains of mycobacteria with different antibiotic markers are expanded under selection to late 

mid-log densities (1), and equivalent amounts are combined, pelleted, resuspended and 

spotted on agar for 18–24 hr (2). The coculture polycolony is resuspended and plated on 

double selection plates to identify transconjugants, and on single selection plates to recover 

parents for calculating DNA transfer efficiencies (3). Transconjugants arising from 

independent matings from donors marked at varying chromosomal positions are subjected to 

whole genome sequencing (4). The many SNPs (>72,000 between the parental reference 

genomes) facilitate the identification of the parental origin of DNA comprising the 

transconjugant genomes with great precision. Circos plots of the recipient reference 

chromosome (outer ring, yellow), four independent transconjugants, and the donor reference 

chromosome (inner ring, blue). The transconjugants contain both recipient (yellow) and non-

selected donor (blue) DNA. Green segments are those containing the selected kanamycin-

resistance gene, which were located in different positions in the chromosome of each of the 

four donor strain derivatives. The three outermost transconjugants were also shown to have 

acquired the ability to be donors. Consistent with this phenotype, they each contain (blue) 

donor-derived DNA spanning esx1 and the mid locus (at 0.1 Mb), in contrast to the 

innermost transconjugant, which still has a recipient phenotype. Transconjugants show the 

random, complex, mosaicism that can be produced by a single DCT event (5). Modified 

from (Derbyshire & Gray, 2014)
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Fig. 3. 
Localized recombinant architecture suggests different mechanisms that generate two 

potential levels of diversity. A single contiguous tract of donor DNA that has recombined 

into the transconjugant genome exemplifies large chunk exchange, which usually replaces 

the orthologous tract of recipient DNA and can also result in acquisition of novel genes (red 

arrow, left panel). Microcomplexity is likely generated by repair mechanisms that alternate 

between available donor and recipient templates, incorporating SNPs from each in quick 

succession. Collectively, these disparate recombination architectures can bring in new 

operons—and the pathways they encode—or make minor adjustments in regulatory 

elements or individual proteins. Modified from (Derbyshire & Gray, 2014).
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Fig. 4. 
esx4 loci share common genes necessary for ESX function. The seven-gene core locus of 

esx4 is conserved in gene content and order in most mycobacteria, including M. tuberculosis 
and M. smegmatis donor and recipient strains (top panel). The esx1 locus is more complex 

and is more heterogeneous in the composition of genes near its 3′ boundary, particularly 

where the mating identity (mid) genes are located in M. smegmatis (bottom panel). The mid 
genes are expanded at the bottom to show the level of amino acid identity between donor 

and recipient strains (IS represents insertion sequence elements). The genes are colour coded 

to indicate orthologous genes in each ESX system. The M. smegmatis (Ms) and M. 
tuberculosis (Rv) gene numbers are given to indicate the location of each locus in its 

respective genome. The gene names follow the classification according to (Bitter et al., 
2009). ecc genes are conserved components of all esx loci and are thought to encode core 

machinery. esp genes are specific to a locus, in this case esx1, and are thought to mediate 

locus-specific functions. EspB, PE35 and PPE68 are known to be secreted by ESX-1 (and 

figure 5). EsxB and EsxA form the heterodimer secreted by the ESX-1 system. The 

equivalent proteins in esx4, EsxU and EsxT, have yet to be shown to be secreted.
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Fig. 5. 
General schematic of an ESX secretion apparatus based on the ESX-5 structure (Ates et al., 
2016a, Beckham et al., 2017). The core components (Ecc) and secretion substrates (EsxBA, 

EspB, PE/PPE) encoded by each paralogous locus are dedicated to that specific apparatus, 

creating a series of operationally similar, but functionally non-redundant, secretion systems 

(Bitter et al., 2009, Houben et al., 2014). In ESX-1, EccA is thought to act as a chaperone 

delivering the secretion substrates to EccC, the membrane-bound ATPase, which then 

delivers the proteins to the inner membrane channel made by EccD. MycP is a protease, 

required for processing of some secreted substrates (eg. EspB; Ohol et al., 2010). EspG is a 

second chaperone dedicated to secretion of PE and PPE proteins (Abdallah et al., 2006, 

Abdallah et al., 2009). The channel protein and mechanism through which the ESX 

substrates traverse the outer mycomembrane is unknown. The protein cartoons are not drawn 

to scale.
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Fig. 6. 
DCT can be conceptualized as a progression of sequential events. DCT begins with contact-

dependent signaling between the donor and recipient that includes the polar-localized ESX-1 

secretion apparatus from each strain (indicated by curved arrows). We hypothesize that 

proteins secreted decorate both donor and recipient cell surfaces (cups and circles). 

Interactions between the secreted proteins (joined cup and circle) trigger donor- and 

recipient-specific responses. At least one part of the recipient response is to signal induction 

of esx4, which is required for DCT. The dashed arrow in the recipient reflects the multiple 

steps between ESX-1 and esx4 induction. Following cell-cell contact, and the expression of 

genes required to transfer and receive DNA in donor and recipient, respectively, the donor 

chromosome is fragmented by an unidentified nuclease. (Alternatively, following transfer of 

the donor chromosome its fragmentation could occur by a nuclease in the recipient). Large, 

multiple, donor fragments are taken up by the recipient cell, but the DNA import machinery 

and the fate of the donor are not yet known. The imported donor fragments are integrated 

into the transconjugant genomes by homologous recombination or template repair 

mechanisms to create a transconjugant with a mosaic genome. The successful establishment 

of the transconjugant progeny within a growing population will be determined by the 
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relative fitness conferred by the new combination of genetic variants in that transconjugant 

relative to the fitness of the parental strains.
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