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ABSTRACT Current models of horizontal gene transfer (HGT) in mycobacteria are
based on “distributive conjugal transfer” (DCT), an HGT type described in the fast-
growing, saprophytic model organism Mycobacterium smegmatis, which creates ge-
nome mosaicism in resulting strains and depends on an ESX-1 type VII secretion
system. In contrast, only few data on interstrain DNA transfer are available for tu-
berculosis-causing mycobacteria, for which chromosomal DNA transfer between
two Mycobacterium canettii strains was reported, a process which, however, was not
observed for Mycobacterium tuberculosis strains. Here, we have studied a wide range of
human- and animal-adapted members of the Mycobacterium tuberculosis complex
(MTBC) using an optimized filter-based mating assay together with three selected
strains of M. canettii that acted as DNA recipients. Unlike in previous approaches, we
obtained a high yield of thousands of recombinants containing transferred chromo-
somal DNA fragments from various MTBC donor strains, as confirmed by whole-genome
sequence analysis of 38 randomly selected clones. While the genome organizations of
the obtained recombinants showed mosaicisms of donor DNA fragments randomly inte-
grated into a recipient genome backbone, reminiscent of those described as being the
result of ESX-1-mediated DCT in M. smegmatis, we observed similar transfer efficiencies
when ESX-1-deficient donor and/or recipient mutants were used, arguing that in tuber-
cle bacilli, HGT is an ESX-1-independent process. These findings provide new insights
into the genetic events driving the pathoevolution of M. tuberculosis and radically
change our perception of HGT in mycobacteria, particularly for those species that show
recombinogenic population structures despite the natural absence of ESX-1 secretion
systems.

IMPORTANCE Data on the bacterial sex-mediated impact on mycobacterial evolution
are limited. Hence, our results presented here are of importance as they clearly dem-
onstrate the capacity of a wide range of human- and animal-adapted Mycobacterium
tuberculosis complex (MTBC) strains to transfer chromosomal DNA to selected strains
of Mycobacterium canettii. Most interestingly, we found that interstrain DNA transfer
among tubercle bacilli was not dependent on a functional ESX-1 type VII secretion
system, as ESX-1 deletion mutants of potential donor and/or recipient strains yielded
numbers of recombinants similar to those of their respective parental strains. These
results argue that HGT in tubercle bacilli is organized in a way different from that
of the most widely studied Mycobacterium smegmatis model, a finding that is also
relevant beyond tubercle bacilli, given that many mycobacteria, like, for example,
Mycobacterium avium or Mycobacterium abscessus, are naturally devoid of an ESX-
1 secretion system but show recombinogenic, mosaic-like genomic population
structures.
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Horizontal gene transfer (HGT) is a major factor in bacterial evolution, and it has
shaped the genomes of many important pathogens (1, 2). In mycobacteria, evi-

dence of genetic transfer between different strains of the saprophytic bacterium
Mycobacterium smegmatis started to emerge decades ago (3–5), and the research on
this subject was revisited and extended years later (6). From this research, it became
apparent that M. smegmatis uses a unique form of conjugal chromosomal DNA transfer
whereby DNA is unidirectionally transferred from one strain (the donor) to a second
strain (the recipient). This transfer probably originates from multiple transfer initiation
sites, requiring recipient recombination functions as well as extended homology
between the transferred donor DNA and the recipient chromosome (7, 8). This form of
transfer was designated distributive conjugal transfer (DCT) because it results in mosaic
transconjugant genomes containing several donor DNA segments randomly distrib-
uted around the chromosome (9).

How such DNA transfer is established across the mycobacterial cell envelope
remains a challenging question. Indeed, while phylogenetically considered for a long
time to be Gram-positive bacteria, mycobacteria possess a complex cell envelope that
is composed of a plasma membrane, a peptidoglycan layer, an arabinogalactan layer, a
highly hydrophobic outer membrane (mycomembrane), and a capsule, characterizing
them functionally as diderm bacteria (10, 11). However, they seem to lack the tradi-
tional components required for HGT, and the exact mechanisms of mating pair forma-
tion and DNA transfer itself still need to be elucidated. As one important factor, the
involvement of M. smegmatis type VII (ESX) secretion systems in these processes was
reported. Although only components of the transport machinery across the plasma
membrane have been identified so far (12–14), these secretion systems are thought to
be specialized for the secretion of various protein substrates across the complex cell
envelope (15, 16), with five functionally nonredundant ESX systems being present in
Mycobacterium tuberculosis, the causative agent of tuberculosis, and only three being
present in M. smegmatis (ESX-1, ESX-3, and ESX-4) (17). It was observed that in M. smeg-
matis recipient strains, ESX-1 and ESX-4 secretion systems were indispensable for con-
jugation, while deletions in the donor ESX-1 secretion system resulted in a higher con-
jugation efficiency (18–20), leading to the conclusion that these secretion systems
might facilitate cell-cell communication (21, 22). Interestingly, genetic determinants
that define whether an M. smegmatis strain is able to act as a donor or as a recipient
strain were mapped to a six-gene mating identity (mid) segment in the 39 region of the
esx-1 locus, the replacement of which was linked to a switch from a recipient pheno-
type to a donor phenotype (9). In tuberculosis-causing mycobacteria, the ESX-1 secre-
tion system is known to be a key virulence determinant, with its absence causing
severe attenuation, as seen in the ESX-1-deleted vaccine strains Mycobacterium bovis
bacillus Calmette-Guérin (BCG) (23, 24) and Mycobacterium microti MP Prague (25).

A form of chromosomal DNA transfer highly resembling DCT was also observed
between two strains of Mycobacterium canettii, the only example to date of experimen-
tally demonstrated chromosomal DNA transfer in slow-growing mycobacteria (26). M.
canettii strains bear a close resemblance to the putative progenitor of modern M. tuber-
culosis lineages, and they show numerous signs of interstrain recombination (27, 28).
The extent to which the evolution of pathogenic mycobacteria, most notably M. tuber-
culosis, was shaped by HGT has been a subject of several studies, and in contrast to the
rare exception of results from a polymorphism-based sequence analysis (29), it is now
generally accepted that HGT was a major driving force of its evolution before an appa-
rent evolutionary bottleneck after which the M. tuberculosis complex (MTBC) evolved
by clonal expansion into various lineages of human- and animal-adapted tubercle ba-
cilli (27, 30–36). Whereas extensive genome mosaicism was demonstrated in several M.
canettii genomes, suggesting that HGT was widespread in the M. canettii-like progeni-
tor pool from which the MTBC emerged (28, 37–39), the clonal genomic population
structure in the extant MTBC suggested that no such transfer happens in and among
MTBC lineages after branching from M. canettii. The question of whether the ability for
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HGT in extant M. tuberculosis is preserved remains an important point of discussion
(22, 26, 40) given the strong impact of HGT on the emergence of drug resistance and
virulence in many other human pathogens (2).

In this work, we have thus investigated the ability for interstrain DNA transfer in a
wide range of wild-type (WT) and mutant strains of various tubercle bacilli, including
representative MTBC members and M. canettii strains. Our results revealed that the do-
nor capacity for the transmission of chromosomal DNA into other tubercle bacilli is
indeed still active in a wide range of MTBC members and M. canettii strains, whereas
only a few M. canettii strains and no MTBC strains were able to act as recipient strains
in the DNA transfer experiments. To our large surprise, we also did not find any evi-
dence of the potential involvement of ESX-1 type VII secretion systems in DNA transfer
among tubercle bacilli, suggesting that mechanisms of HGT among slow-growing
mycobacteria might be quite different from those reported for the fast-growing M.
smegmatis model despite similar patterns of randomly distributed transferred DNA
fragments in both cases.

RESULTS
Tuberculosis-causing mycobacteria are successful donors of chromosomal

DNA. The originally observed transfer of several genomic DNA fragments from M. can-
ettii strain A (STB-A) (CIPT 140010059) to M. canettii strain L (STB-L) (CIPT 140070008)
(26) prompted us to investigate if such DNA transfer occurrences were also possible for
other tubercle bacilli and in particular members of the MTBC. In our initial experiments,
alongside the previously demonstrated donor STB-A as a control, we introduced the
integrative Hygr plasmid pYUB412 (41) into strains of Mycobacterium africanum CIPT
140030065 and M. bovis AF2122/97 and tested them as potential donor strains to-
gether with the previously used M. canettii recipient strain STB-L, which carried a non-
mobilizable replicative pMRF1-dsRed Kanr plasmid. Potential mating pairs were incu-
bated on solid medium, allowing close physical contact of bacteria, as previously
described (6, 26), and DsRed-producing Hygr Kanr recombinants were selected for fur-
ther analysis (Fig. 1A). Interestingly, all three pairs provided double-antibiotic-resistant
colonies, and randomly selected colonies were tested and confirmed for the presence
of both antibiotic cassettes by PCR (Fig. 1A). We observed a higher number of these
colonies when, prior to mating, strains were grown in the presence of glycerol
(Fig. 1B), underlining the importance of a nutrient-rich medium for DNA transfer (42,
43). When DNA preparations from selected colonies were then subjected to Illumina-
based whole-genome sequencing (WGS) and de novo assembly of reads, bioinformatic
analysis identified various DNA stretches from M. africanum or M. bovis that were em-
bedded within the STB-L-like genome backbone of the double-resistant recombinants
(Fig. 2). In follow-up experiments, we tested a wide range of M. canettii and MTBC
strains to evaluate if double-resistant colonies could be obtained by using STB-L as a
common recipient strain. All of the 15 tested M. canettii and MTBC strains generated a
large number of recombinants in combination with STB-L, indicating that the respec-
tive strains were able to act as donors (Fig. 3). In contrast, no such recombinants were
obtained when Mycobacterium kansasii or Mycobacterium lacus control strains, repre-
senting nontuberculous mycobacteria (NTM) with different degrees of relatedness to
the MTBC (44), were used as potential donor strains, suggesting that the observed
interstrain recombination events among the other strains were specific to tubercle
bacilli.

Evaluation of the role of ESX-1 in chromosomal DNA transfer in slow-growing
mycobacteria. As deletions in the esx-1 locus in M. smegmatis were reported to cause
opposing effects on donor and recipient strains, whereby ESX-1 deficiency of the donor
strain increased the transfer efficiency and ESX-1 deficiency in the recipient strain dis-
abled transfer (20), we sought to evaluate if these roles in HGT were preserved in slow-
growing mycobacteria. We therefore constructed mutants of M. canettii strains STB-A,
STB-D, and STB-K, in which eccD1, a gene coding for the conserved component of the
ESX-1 machinery, was replaced or disrupted with a zeocin resistance cassette (Fig. 4),
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and used them as donors in mating assays with STB-L. When constructing the STB-A
DeccD1 mutant, we obtained two strains with different genotypes: one with a zeocin
resistance cassette replacing the open reading frame (ORF) of eccD1, as expected, and
a second one showing an additional, probably spontaneous, deletion of a 13.9-kb
region starting 806 bp upstream of eccD1, roughly coinciding with the RD1mic region
deletion found in M. microti (25) (Fig. 4). The latter strain was named STB-A DRD1 here
and used in addition to the eccD1 knockout mutants of STB-A, STB-D, and STB-K in mat-
ing experiments. Moreover, we also included the reference strain M. tuberculosis H37Rv
(45), an ESX-1-deficient mutant strain named H37Rv DRD1 (23), and the reference strain
M. bovis AF2122/97 (46) as well as three BCG substrains (Russia, Tokyo, and Pasteur)
(47), which are well known to lack ESX-1 functions due to the deletion of the region of
difference RD1 (23, 24).

The results of quantitative mating assays with STB-L as a recipient revealed that
none of the four ESX-1-deficient M. canettii donor mutants generated a higher DNA
transfer efficiency than the corresponding WT strains (Fig. 5A). Interestingly, the mutant
strains even showed a slight reduction, albeit nonsignificant, of their ability for transfer,
ranging from a 7-fold decrease in the transfer efficiency for STB-A DRD1 compared to STB-
A WT to a 34-fold decrease for STB-D DeccD1 compared to STB-D WT (Fig. 5A). Moreover,

FIG 1 Optimized mating assay. (A) Example of results from the optimized mating assay showing a large number of double-resistant colonies obtained
from a donor, carrying a hygromycin resistance cassette on integrated plasmid pYUB412, and a recipient, carrying a kanamycin resistance cassette on
episomal plasmid pMRF1-dsRed, coculture as well as the absence of colonies when the monoculture of the recipient was plated onto 7H11 plates
containing kanamycin and hygromycin. PCR confirmed the presence of the two antibiotic markers in 10 randomly selected recombinants as well as
donor and recipient strains. (B) Number of recovered recombinants resulting from mating assays with STB-A, M. bovis AF2122/97, and M. africanum 65
donor strains and the STB-L recipient strain when cultures were grown in 7H9 medium with 10% ADC and 0.05% Tween 80, or 7H9 medium with 10%
ADC, 0.05% Tween 80 and 0.2% glycerol prior to the assays. Note that M. bovis AF2122/97 and M. africanum 65 cultures were also routinely
supplemented with 0.2% pyruvate. Bars represent means 6 standard deviations (SD).
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FIG 2 Circular representation of genomes from recombinants. The genomes of recombinant 1 (RC1) and recombinant 2 (RC2) shown in the top row were
obtained when M. africanum 65 was used as the donor strain together with M. canettii STB-L as the recipient strain (M. africanum 65/STB-L RC1 and M.
africanum 65/STB-L RC2). Similarly, the genomes of RC1 and RC2 shown in the bottom row were obtained when M. bovis AF2122/97 was used as the
donor strain together with M. canettii STB-L as the recipient strain (M. bovis/STB-L RC1 and M. bovis/STB-L RC2). From the outer to the inner circle are (i)
the density of detected variants calculated in 5-kb nonoverlapping windows between the recombinant and donor strains (orange), (ii) the donor strain
reference genome (red), (iii) the best-scoring hits identified between the recombinant and donor strains (light red), (iv) the assembled recombinant
genome (red, region assigned to the donor strain; blue, region assigned to the recipient strain; white, region of unknown origin), (v) the best-scoring hits
identified between the recombinant and recipient strains (light blue), (vi) the recipient strain reference genome (blue), and (vii) the density of detected
variants calculated in 5-kb nonoverlapping windows between the recombinant and recipient strains (purple). Black bars correspond to gap regions.
Coordinates are indicated in megabases. attB, L5 integration site. Note that a considerable portion of the transferred sequences is usually localized in the
proximity of the attB L5 integration site because at this site of the donor genome, vector pYUB412 is integrated, which carries an antibiotic resistance
marker used for the selection of double-antibiotic-resistant recombinants.
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similar results were also obtained when the transfer efficiencies of M. tuberculosis H37Rv
WT and M. tuberculosis H37Rv DRD1 or BCG Russia, Tokyo, and Pasteur substrains were
compared (Fig. 5A). Finally, we also used a recombinant BCG Pasteur strain in which ESX-1
functions had been restored by the integration of the cosmid pRD1-2F9 containing an
intact esx-1 locus from M. tuberculosis H37Rv (24) and recorded that it provided a transfer
efficiency similar to that of BCG Pasteur (Fig. 5A).

As for M. smegmatis, the presence of a functional ESX-1 system in the recipient
strain was reported to be an essential requirement for transfer (20), we also sought to
test the involvement of the recipient ESX-1 secretion system in the genetic background
of tubercle bacilli. Thus, an eccD1 mutant of the STB-L recipient strain was constructed
whereby eccD1 was disrupted (Fig. 4). In addition, we observed that during DeccD1 mu-
tant construction, an additional deletion in the esx-1 locus, affecting the upstream
genes espI and esxA, occurred (Fig. 4; see also Fig. S1 in the supplemental material),
which further ensured the nonfunctionality of the ESX-1 system in this mutant, similar
to the situation observed previously for M. canettii strain STB-A DRD1, as described
above. When mating experiments were conducted using M. bovis AF2122/97 as the do-
nor and STB-L DeccD1 as the recipient, unexpectedly, we observed a transfer efficiency
as high as that for control mating experiments conducted with the WT M. bovis
AF2122/97 donor and STB-L recipient strains, indicating that genomic DNA transfer
between tubercle bacilli does not require an ESX-1-proficient recipient strain (Fig. 5B).
To check for a possible functional redundancy of donor and recipient ESX-1 systems in
the process, we performed mating assays between STB-K DeccD1 as a donor and STB-L
DeccD1 as a recipient. The resulting efficiency of DNA transfer between these two
eccD1-deficient strains was comparable to the one where STB-K WT was used as the do-
nor, further confirming the dispensability of ESX-1 systems for transfer (Fig. 5C).

Whole-genome sequencing of recombinants. From the numerous double-resist-
ant recombinants obtained from mating experiments, a representative range was
selected to be subjected to WGS (Fig. S2). Recombinant genomes were de novo
assembled from sequencing reads and compared against their corresponding donor
and recipient genomes to distinguish donor-derived sequences from recipient

FIG 3 Ability of selected slow-growing mycobacteria to act as donor strains in chromosomal DNA
transfer. Numbers of recovered recombinants in mating assays with STB-L as the recipient strain are
shown. At least two independent mating assays were performed per mating pair. Reproducibly, no
double-antibiotic-resistant colonies were recovered when plating the recipient monoculture.
Spontaneous kanamycin-resistant donor colonies, if any, were distinguished by the lack of DsRed
production. Bars represent means 6 SD.
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sequences based on polymorphism signals detected between them. Bioinformatic
analysis followed by visualization with the Artemis Comparison Tool (ACT) (48)
revealed that for the majority of recombinants, a variably sized chromosomal segment
next to the attB site of the hygromycin cassette-containing integrative vector was
transferred, which was accompanied by several other smaller segments from randomly
transferred parts of the donor genome (Fig. 2; Fig. S2 and Table S1). These strains con-
tained 1 to 14 continuous regions of the recipient genome replaced by donor-derived
chromosomal DNA with sizes ranging from 0.3 to 190.3 kb and a total size of recipient
DNA exchanged for donor DNA per recombinant strain of between 15.2 and 389.1 kb.
Regions of microcomplexity up to 18.6 kb, showing reduced identity compared to both
donor and recipient reference sequences, were also present in some recombinants
(Fig. 6A and B; Table S1), similar to those seen in M. smegmatis (9). In one recombinant
clone obtained from mating BCG Pasteur and STB-L, however, there was no apparent
mycobacterial donor-derived chromosomal DNA present, and we found only the
sequence of the integrated pYUB412 vector containing the hygromycin resistance cas-
sette in the genome of the recombinant, a finding that was in contrast to other
recombinants of the same mating pair where different portions of BCG Pasteur-derived
DNA were present in the recombinants (Fig. 6C; Fig. S2C and D and Table S1). This
result is surprising and could have arisen from posttransfer recombination events and/
or integrase-mediated excision/integration of vector pYUB412 (49).

Another recombinant clone had received a part of the BCG Pasteur genome that
spans the section where the deletion of the region of difference RD5 had occurred in
BCG (50, 51) and thus lacked the plcABC and ppe38-ppe71 genes (Fig. 6D; Fig. S2D and
Table S1). Previous studies reported that a functional copy of ppe38, or its almost iden-
tical homologue ppe71, was required for the export of proteins with characteristic Pro-
Glu (PE) or Pro-Pro-Glu (PPE) motifs, belonging to the PPE major polymorphic tandem
repeat (PPE-MPTR) and PE polymorphic GC-rich-repetitive sequence (PE_PGRS)

FIG 4 Schematic representation of the esx-1 locus in different mutant strains used in mating assays. M. canettii strains STB-A DeccD1, STB-A DRD1, STB-D
DeccD1, and STB-L DeccD1 contain the gene conferring resistance to zeocin (represented by a full black arrow), replacing the entire coding sequence of
gene eccD1. In the case of STB-A DRD1, there is an additional deletion between genomic coordinates 4410645 and 4424524 of the STB-A reference
genome, spanning genes espE to espI. An additional deletion upstream of eccD1 is also found in STB-L DeccD1 starting from position 220 of the esxA open
reading frame (ORF) and ending at position 1364 of the espI ORF. STB-K DeccD1 has the zeocin cassette inserted between positions 1247 and 1256 of the
eccD1 ORF. Each of the described deletions was confirmed by WGS, which also served to confirm the absence of any other mutations in these strains,
which were then used in different mating assays.
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subfamilies, respectively, via the cognate ESX-5 type VII secretion system (51, 52).
Accordingly, Western blot analysis of the recombinant clone carrying the BCG Pasteur
RD5-deleted region indeed showed a secretion defect for PE_PGRS proteins (Fig. 7A).

Moreover, in several other recombinants, additional donor-specific regions were
transferred to the recipient (Fig. S2 and Table S1), with one such example being the
transfer of a large segment of the M. bovis AF2122/97 chromosome (coordinates
3060816 to 3103811 of the M. bovis AF2122/97 reference genome) to the STB-L recipi-
ent (Fig. 2, bottom left). Strikingly, the transferred fragment spans the entire M. bovis
type III-A system CRISPR-Cas locus, which differs strongly from the type I-C CRISPR-Cas
locus of STB-L. Given that the CRISPR-Cas loci in both donor and recipient strains
occupy the equivalent genomic region (28), the resulting recombinant strain now

FIG 5 DNA transfer efficiency in different ESX-1 mutant strains and the corresponding WT strains. (A) Donor ESX-1 mutant strains with STB-L as the
recipient strain. The transfer efficiency is expressed as the number of recombinants per recovered donor cell. (B) STB-L DeccD1 recipient strain with M. bovis
AF2122/97 as the donor strain. The transfer efficiency is expressed as the number of recombinants per recovered recipient cell. (C) STB-K DeccD1 donor
strain with the STB-L DeccD1 recipient strain. The transfer efficiency is expressed as the number of recombinants per recovered donor cell. Bars represent
means 6 standard errors of the means (SEM). Statistical analysis was performed using a Kruskal-Wallis test followed by Dunn’s multiple-comparison test
when three or more groups were compared or a Mann-Whitney test when two groups were compared.
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contains the type III-A CRISPR-Cas system instead of the type I-C CRISPR-Cas system
(Fig. 7B). These two examples underline the great potential of the observed DNA trans-
fer to create new genetic combinations and genomic variations, which are important
drivers of bacterial evolution.

What determines mating identity in slow-growing mycobacteria? In an attempt
to identify additional recipient strains, we performed a series of mating assays (Table 1)
in which strains STB-G and STB-I reproducibly provided recombinants when used as
recipients (Fig. S3 and Table S1), in contrast to M. kansasii, M. canettii STB-A, M. tubercu-
losis H37Rv, and M. bovis AF2122/97, which did not generate Kmr Hygr clones despite
identical experimental setups.

Interestingly, several double-antibiotic-resistant colonies were also obtained in one cross
in which STB-L carrying the integrative vector pNIP48 was used as a potential donor strain
and STB-K-pMRF1-dsRed was used as a potential recipient; however, WGS of two randomly
selected double-resistant clones showed that transfer occurred in the opposite direction of
the one expected; i.e., the STB-L::pNIP48 strain had received the pMRF1-dsRed plasmid from
strain STB-K, thereby gaining resistance to kanamycin, and in one of the clones, besides the
plasmid, additional STB-K-derived chromosomal DNA was transferred (Fig. S4). Similarly,
transfer of the pMRF1-dsRed plasmid had occurred when strain STB-G was used as a donor
with STB-K or STB-E as a recipient, where in the case of recombinant STB-G/STB-E RC1, seg-
ments of chromosomal DNA from the STB-E recipient were also transferred to STB-G
(Fig. S4). The transfer of pMRF1-dsRed, an episomal pAL5000-derived plasmid (53), was previ-
ously observed in M. smegmatis (26) at a very low frequency, suggesting that the transfer of
DNA between mycobacterial strains might not be fully restricted to chromosomal DNA but
rather might be dependent on the genotype or phenotype of the recipient strain.

FIG 6 Examples of Artemis Comparison Tool (ACT) visualization of variants detected between recombinants (RC) and donor and recipient strains. SNPs
that differ between genomes are represented by red and indels by blue lines. (A) BCG Pasteur/STB-L RC2, where sequences flanking the pYUB412
integration site were transferred from the donor strain. (B) Example of a region of BCG Pasteur/STB-L RC2 depicting microcomplexity (green dotted frame).
(C and D) BCG Pasteur/STB-L RC1, where no apparent donor-derived segments are found flanking the pYUB412 sequence (C), and BCG Pasteur/STB-L RC3,
where a chromosomal DNA transfer-related RD5 deletion had occurred (D). PCR confirmed the RD5 deletion in the recombinant (primers flanking the RD5
region are marked with purple arrows, and a primer inside the RD5 region is marked with a yellow arrow).
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FIG 7 Transfer of large, specific genomic regions and their phenotypic consequences. (A) Analysis of PE_PGRS proteins in whole-cell lysates and culture filtrates of
the BCG Pasteur donor, the STB-L recipient, BCG Pasteur/STB-L RC3, and M. tuberculosis H37Rv by immunodetection using anti-PE_PGRS antibodies. Due to the
absence of ppe38-ppe71, the BCG Pasteur donor strain as well as the recombinant strain BCG Pasteur/STB-L RC3 do not secrete PE_PGRS proteins. SigA was used as
a loading and cell integrity control. (B) Schematic representation of the type III-A CRISPR-Cas system found in M. bovis and the type I-C CRISPR-Cas system found in
STB-L. PCR analysis of the presence of signature cas genes of the respective CRISPR-Cas systems (cas6 and cas10 for type III-A and cas3 for type I-C) in the M. bovis
AF2122/97 donor, the STB-L recipient, and M. bovis/STB-L RC1 was performed. Black bars depict the regions amplified by PCR.
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Importantly, among donor strains that were able to provide recombinants with
STB-G and STB-I recipients was strain STB-L, and an additional cross between the STB-G
donor and the STB-L recipient also resulted in recombinants, suggesting that bidirec-
tional transfer is possible between these two strains (Fig. S5).

DISCUSSION

HGT is undoubtedly an important factor in bacterial evolution, and this importance
is even more pronounced when antibiotic resistance or virulence genes are being dis-
seminated (1). For the tuberculosis-causing mycobacteria, the question about ongoing
HGT remains an open subject, with members of the MTBC showing an overall clonal
population structure (27, 54) and members of the closely related M. canettii clade
depicting a recombinogenic population structure (28). In previous work, M. canettii
strain STB-L was identified as a recipient strain of chromosomal DNA fragments trans-
ferred from a single donor strain named STB-A (26). Here, we experimentally demon-
strate the transfer of chromosomal DNA from a wide range of MTBC member strains to
STB-L and also identify M. canettii strains STB-G and STB-I as recipients that are capable
of integrating donor DNA segments into their genome. However, despite numerous
attempts, no other strains were found capable of acting as recipient strains in our mat-
ing assay, suggesting that strains STB-G, STB-I, and STB-L are characterized by

TABLE 1Mating pairs with recipient strains other than STB-La

Donor Transfer Recipient
STB-K No M. bovis
STB-D No

STB-K No M. tuberculosis H37Rv
M. africanum 65 No
M. bovis No

STB-K No STB-A
STB-L No
M. africanum 65 No
M. bovis No

STB-A No STB-E
STB-D No
STB-L No
STB-Gb /

STB-Lb / STB-K
STB-Gb /
M. bovis No

STB-K ! STB-G
STB-D DeccD1 !
STB-L !
M. microti !

STB-D ! STB-I
STB-L !

STB-A No M. kansasii
STB-D No
aA series of mating pair combinations were tested, some of which provided recombinants. The direction of
transfer is indicated by the orientation of the arrows, and “No” specifies that no recombinants were obtained
despite the same experimental setup. At least two independent experiments were performed for each mating
pair.

bWhen using the STB-L donor strain with the STB-K recipient strain, the resulting recombinants were shown to
be STB-L that had received the pMRF1-dsRed plasmid. Kanr Hygr strains were also obtained frommating the
STB-G donor strain with the STB-K and STB-E recipient strains and were shown to be STB-G that had received
pMRF1-dsRed.
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particular features that allow them to take up and recombine donor DNA segments.
This finding opens new perspectives for future studies to identify potential common
genetic factors that characterize recipient phenotypes. The results also show that M. tu-
berculosis and M. bovis strains, representing the globally most widely distributed
pathogens among the MTBC members, apparently lack the ability to act as recipients,
whereas they can still act as donors. This scenario is in agreement with the stable clonal
phylogeographic lineages that are formed within the MTBC, in which the vertical transfer
of genes, mutations, and deletions defines the genotypes of the daughter generations
and where loss-of-function mutations cannot be repaired by HGT (25, 27, 54, 55).

A closer look shows that only three (msmeg_0069 [espJ], msmeg_0071 [espK], and
msmeg_0076 [espB]) out of six previously reported so-called mid (mating identity)
genes (9) have putative orthologues in tuberculosis-causing mycobacteria (26) and
that this region does not differ in gene content between donor and recipient tubercle
bacilli. Moreover, we have seen that strains STB-G and STB-L are capable of bidirec-
tional transfer, similar to M. smegmatis isolates PM5/mc2874 and Jucho (4, 6), a phe-
nomenon that deserves attention, as mating-type switching has been well described
only in Saccharomyces cerevisiae (56).

Conjugation in diderm bacteria is usually mediated by type IV secretion systems or
similar large transport machineries located in the cell envelope of donor cells (57–59).
Interestingly, screening of donor mutants deficient in conjugal transfer in M. smegmatis
did not identify any transport proteins essential for this process, and rather paradoxi-
cally, a deletion in the type VII secretion system ESX-1 of the M. smegmatis donor was
found to enhance transfer (18). In contrast to these previous reports, here, we show
that when the ESX-1 secretion machinery is disabled in M. canettii or M. tuberculosis
donors, there is no hyperconjugative phenotype; moreover, in all mutants tested, there
is a tendency toward a lower transfer efficiency. Owing to the relatively high variability
of individual points in these assays, it is difficult to conclude whether the observed
changes are significant, although the pattern is clearly present in all studied mutant
strains. The use of a recombinant BCG Pasteur 2F9 strain carrying an esx-1 locus from
M. tuberculosis (24), however, did not show any significant differences in transfer effi-
cacy compared to the BCG Pasteur parental strain (Fig. 5A). As the complementation of
BCG with cosmid pRD1-2F9 encoding ESX-1 from M. tuberculosis was usually associated
with a strong change of phenotype (24), the similarities in transfer efficacies of
recombinant and parental BCG strains observed here further suggest that ESX-1 is not
involved in the transfer process in tubercle bacilli. In previous work, the integration of
pRD1-2F9 into different M. smegmatis hyperconjugative ESX-1 knockout mutants
showed variable levels of complementation, a result which was interpreted by those
authors as the functional equivalence of the ESX-1 regions from M. smegmatis and M.
tuberculosis (18). Taken together with our results, it is now apparent that despite the
similarities in the secreted WXG proteins EsxA and EsxB (60, 61), a clear difference
between ESX-1 involvement in HGT in M. smegmatis and tuberculosis-causing myco-
bacteria exists. In M. smegmatis, recipient ESX-1 and ESX-4 secretion systems were
reported to be indispensable for conjugation (19–21), a finding that is in stark contrast
to our results for tubercle bacilli, where we did not observe an involvement of a func-
tional ESX-1 system whatsoever, neither for the donor nor for the recipient strains.

In our experiments, we also included two NTM strains belonging to species that are
relatively closely related to the MTBC: M. kansasii and M. lacus (44). However, unlike all
tested MTBC and M. canettii strains, these strains did not provide any recombinants
when used as putative donors together with the well-established recipient strain STB-
L. Similarly, when M. kansasii was used as a recipient strain with two potential M. canet-
tii donor strains, no recombinants were obtained. Given these results, it is tempting to
speculate that, although probably being a process happening in most mycobacterial
species, HGT in tubercle bacilli depends on factors involved in interstrain transfer as
well as the degree of sequence similarity of fragments that may recombine with the
recipient’s genome. Our results thus underline the classification of M. canettii and the
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MTBC members into the group of tuberculosis-causing mycobacteria/tubercle bacilli,
within which all members could act as donors, in contrast to the NTM species M. lacus
and M. kansasii. The roles of additional factors deemed essential for transfer in M.
smegmatis, such as the above-mentioned ESX-4 system or the Lsr2 and LpqM proteins
(62, 63), in HGT in tubercle bacilli remain to be examined. Such studies will also deter-
mine whether the ESX-4 system in tubercle bacilli is fully functional, as it lacks the EccE
component, which for other ESX systems is an essential part of the secretion apparatus
(12–14). There are only a few mycobacterial species known to harbor an ESX-4 system
comprising the EccE component, like, for example, M. abscessus (64), for which an im-
portant role of ESX-4 in in vivo growth was described (65).

After transfer, chromosomal DNA originating from the donor is exchanged with the
corresponding sequences in the recipient cell by homologous recombination, and this
process seems to be dependent on the presence of recipient recA and recB in M. smeg-
matis (8). The same study showed that donor recA mutants have a higher transfer effi-
ciency, and it was hypothesized that in this case, eventual breaks in the DNA would
not be repaired efficiently; therefore, more fragments would be available for transfer.
In the context of our results, M. bovis AF2122/97 and BCG have a truncated recB gene,
which encodes a subunit of the helicase-nuclease RecBCD (46), and in addition, BCG
Russia is known to be a recA mutant (66). While M. bovis AF2122/97 generated the
highest transfer efficiency of all donors used in our study, the recA mutation in BCG
Russia did not seem to positively affect the transfer efficiency compared to BCG
Pasteur (Fig. 5A). This example again shows that observations made for the fast-grow-
ing mycobacterial model organism M. smegmatis do not necessarily also apply to the
MTBC. In addition, mycobacteria also contain additional repair systems for repairing
double-strand breaks, such as nonhomologous end joining (NHEJ) catalyzed by Ku and
DNA ligase D (LigD), the AdnAB helicase-nuclease, and single-strand annealing (SSA)
(67, 68). It remains to be determined if any of these other repair mechanisms are
involved in the exchange of the donor-transferred DNA fragments into the genomes of
tubercle bacilli.

Additional important questions arise as we show here that various MTBC members
can act as DNA donors. The observation that the region of difference RD5, lacking
plcABC and ppe38-ppe71 genes, which is characteristic of the M. bovis/M. bovis BCG (50)
lineage and certain M. microti (25) and M. africanum (32) strains, was transferred from
BCG Pasteur to STB-L is a particularly striking example that such transfer may also have
phenotypic consequences. Indeed, the absence of ppe38-ppe71 genes has been
described as being responsible for the loss of secretion of a large class of mycobacterial
surface proteins of the PE_PGRS and PPE-MPTR subgroups (52) (Fig. 7A) that also
potentially impact the virulence of the resulting strain (51, 52). Similarly, the transfer of
a completely different CRISPR-Cas operon from M. bovis to M. canettii (Fig. 7B) under-
lines the genome dynamics that prevail inside the population of tubercle bacilli and in
particular within the strains that can still act as recipients. Indeed, during previous ge-
nome analyses of various M. canettii strains, four different CRISPR-Cas systems of type
III-A, type I-C, type I-C-var, and type I-E were identified (28, 69), whereas members of
the MTBC are characterized by a type III-A locus.

The examples of the transfer of the RD5 and CRISPR-Cas regions also nicely demon-
strate that any chromosomal region may be transferred, even if a potential loss or gain
of function is connected with it. It is tempting to speculate that in such a scenario, the
transfer of drug resistance mutations might also be possible. While we do not dispose
of an example of such transfer, as M. canettii recipient strains with the exception of
clade-specific resistance to pyrazinamide (70) usually show an overall drug-sensitive
phenotype, it should be mentioned that coinfection with M. tuberculosis and M. canettii
was described in two patients in Djibouti (71), thereby opening the theoretical possibil-
ity of such transfer. Moreover, a recent study identified two early-branching and rare
MTBC strains, defined as lineage 8 strains (36), both of which showed uncommon mul-
tidrug-resistant (MDR) genotypes. It would indeed be interesting to examine such
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strains that are situated phylogenetically at the basis of the MTBC to determine if they
had M. canettii-like abilities to act as recipient strains or if their surprising MDR geno-
types were simply caused by common prolonged exposure to antibiotic treatment.

In conclusion, in the current study, we have identified important new features of
HGT between strains of tuberculosis-causing mycobacteria. First, we found that all
tested MTBC and M. canettii strains were capable of acting as DNA donors transferring
random chromosomal DNA fragments to recipient strains STB-L, STB-G, and/or STB-I,
thereby showing that HGT between tubercle bacilli is still active although restricted
and directed toward selected M. canettii strains as recipients. Second, we have col-
lected converging evidence from different experiments showing that the ESX-1 system
is not involved in the observed DNA transfer events among tubercle bacilli. This finding
clearly distinguishes HGT between tubercle bacilli from ESX-1-dependent transfer
mechanisms, previously reported for M. smegmatis strains, and thereby opens new,
exciting questions about the potential mechanisms involved in HGT in mycobacterial
evolution. Our results are also in agreement with recent reports on the recombino-
genic population structure observed in mycobacterial species that are naturally devoid
of ESX-1 secretions systems, such as the slow-growing species Mycobacterium avium
(72) or the fast-growing species Mycobacterium abscessus (73). This situation argues
that ESX-1-independent HGT is widely distributed among mycobacteria and likely plays
a key role in shaping mycobacterial evolution. Besides the canonical gene transfer
mechanisms of transformation, transduction, and conjugation, a fourth way of HGT
was recently suggested to be named vesiduction (74). The latter form of DNA transfer
via extracellular vesicles (EVs) is still underappreciated, and it will certainly be worth
exploring in future research whether some of the transfer events described in this
work might rely on such a type of transfer, especially as EVs have been described in
mycobacterial species, including Mycobacterium ulcerans (75), M. avium (76), and M. tu-
berculosis (77, 78). Our findings thereby constitute the scientific basis for novel search-
ing strategies. Our results also emphasize that slow-growing mycobacterial pathogens
may differ quite strongly from the more distantly related, nonpathogenic model organ-
isms that are often used in mycobacterial research. This feature also seems to apply to
the mechanisms that are driving their evolution, justifying the need to work with the
actual pathogens in order to draw conclusions in their regard.

MATERIALS ANDMETHODS
Bacterial strains and media.Mycobacterial strains (see Table S2 in the supplemental material) were

routinely grown on Middlebrook 7H11 agar medium (Difco) supplemented with 10% oleic acid-dex-
trose-catalase (OADC; Difco) and 0.5% glycerol or in Middlebrook 7H9 liquid medium (Difco) supple-
mented with 10% acid-dextrose-catalase (ADC; Difco), 0.2% glycerol, and 0.05% Tween 80, with the addi-
tion of 0.2% pyruvate for M. africanum, M. microti, M. orygis, M. pinnipedii, M. caprae, and M. bovis.
Escherichia coli strain DH10B was used for cloning purposes and was grown in Luria-Bertani (LB) liquid
medium or LB agar plates at 37°C. When required, the following antibiotics were added: kanamycin
(25mg/ml for mycobacteria other than M. kansasii and 50mg/ml for E. coli and M. kansasii), hygromycin
(50mg/ml for mycobacteria and 200mg/ml for E. coli), zeocin (25mg/ml), and gentamicin (25mg/ml).

Mating assays. In order to introduce antibiotic markers, donor strains were transformed with an
integrative vector, pYUB412 (41) or pNIP48 (79), carrying a hygromycin cassette, and recipient strains
were transformed with an episomal plasmid, pMRF1-dsRed, carrying a kanamycin cassette and enabling
the production of the DsRed fluorophore, making these colonies distinguishable from donor colonies by
the naked eye. Mating assays were performed as described previously (6, 26). Briefly, donor and recipient
cultures were grown at 37°C to the late exponential phase when cells were harvested and resuspended
in fresh medium without antibiotic to an optical density at 600 nm (OD600) of 1.5. Five hundred microli-
ters of donor and 500ml of recipient cell suspensions were mixed, the mixture was passed through a
0.45-mm filter (Merck Millipore), and the filter was placed with the bacterial side up on a 7H11 agar plate
without antibiotics, which was incubated for 7 days at 37°C. After incubation, bacteria were scraped off
the filter and thoroughly resuspended in fresh liquid medium, and recombinants were selected on 7H11
plates containing kanamycin and hygromycin. For assays where the conjugation efficiency was to be
determined, these bacterial suspensions were also plated on single-antibiotic-containing plates, and the
efficiency was calculated as the number of recombinants per recovered donor or recipient cell. In order
to exclude spontaneous resistance to hygromycin, recipient monocultures were also filtered and plated
on double-antibiotic plates (Fig. 1A). The presence of kanamycin and hygromycin cassettes in recombi-
nant clones was verified in colony lysates by PCR using primers listed in Table S3.
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Construction of ESX-1 deletion mutants. For disrupting eccD1 in STB-A, STB-D, and STB-K, the
recombineering system (80) was used, while the ts-sacB method that is based on a temperature-sensi-
tive mycobacterial origin of replication (ts-oriM) and sacB as a counter-selective marker (81) was used for
disrupting this gene in STB-L. First, an allelic exchange substrate (AES) was prepared for each strain using
a three-step PCR procedure (82), which consisted of amplifying a Zeor cassette as well as 500-bp regions
upstream and downstream of the eccD1 ORF using primers with overlapping sequences (Table S3) and
then joining the three resulting fragments in a single PCR with equimolar amounts of each, using the
forward primer of the upstream fragment and the reverse primer of the downstream fragment. PCR
products of the expected size (1,638 bp) were isolated from an agarose gel and ligated into the pJET1.2
vector (Thermo Fisher) used for subcloning, and the correct sequence was confirmed by Sanger
sequencing.

In the case of STB-A, STB-D, and STB-K, each strain was first transformed with the plasmid pJV53
(kindly provided by Graham F. Hatfull, University of Pittsburgh, Pittsburgh, PA, USA), and transformants
were selected on kanamycin-containing plates at 37°C. The resulting strains were grown in 7H9 liquid
medium supplemented with 0.2% succinate and 0.05% Tween 80 and induced at an OD600 of 0.25 with
0.2% acetamide for 24 h at 37°C. Cells were electroporated with 500 to 700 ng of the linear double-
stranded DNA (dsDNA) AES, and recombinants were selected on plates containing kanamycin and zeo-
cin at 37°C. Individual transformants were verified for eccD1 deletion by PCR, and once the correct dele-
tion was confirmed, the pJV53 plasmid was cured by passaging on zeocin plates.

For the ts-sacB method, the linear AES was amplified using primers introducing end restriction sites
for SpeI/XbaI (Table S3), which were used for cloning into the thermosensitive vector pPR27 digested
with the same restriction endonucleases. The resulting construct was subsequently electroporated into
STB-L, and zeocin-resistant transformants were selected on 7H11 agar at 32°C and further propagated in
7H9 liquid medium containing zeocin at 32°C. Saturated cultures were then plated onto 7H11 zeocin
plates supplemented with 10% OADC, 0.5% glycerol, and 5% sucrose, which were grown at 39°C, and
colonies were screened by PCR for successful double crossover.

Whole-genome sequencing and assembly. Genomic DNA was extracted from selected putative
recombinants, as well as from each donor and recipient strain, as previously described (83), and the
resulting DNA samples were used for library preparation using the TruSeq DNA PCR-free library prep kit
(Illumina) or the Nextflex PCR-free DNA-Seq kit for Illumina (Bioo Scientific). DNA sequencing was per-
formed at the Biomics platform of the Institut Pasteur (Paris, France) using a paired-end 100-bp run on a
HiSeq 2500 device (Illumina) or a paired-end 150-bp run on a NextSeq 500 device (Illumina). Sequencing
reads were first trimmed using Trimmomatic v0.36 (84) (parameters LEADING 28, TRAILING 28,
SLIDINGWINDOW windowSize 5, requiredQuality 28, MINLEN 50, and AVGQUAL 28). Complete read pairs
were then de novo assembled using SPAdes v3.10.1 (85) (parameters --careful, -k 21,33,55 for HiSeq
reads or -k 21,33,55,77 for NextSeq reads, and --phred-offset 33). The contigs thus generated were finally
organized using MeDuSa v1.6 (86) (default parameters) and compared to the corresponding reference
genome of each donor or recipient strain (see Table S4 in the supplemental material for details) (25, 28,
32, 45, 47, 87–89).

Whole-genome comparison of recombinants. To distinguish donor-derived DNA from recipient
DNA within each sequenced recombinant, the following two approaches were used based on the
whole-genome alignment of the reconstructed recombinant sequence against donor and recipient
strain sequences and the detection of mismatches.

(i) Each assembled recombinant genome was aligned against the reference genome of the corre-
sponding donor and recipient strains (Table S4) using NUCmer from the MUMmer package v3.1 (90)
(default parameters). Detection of variants (single nucleotide polymorphisms [SNPs] and indels) from
the NUCmer alignment was then performed using successively the commands delta-filter (parameters
-q and -r), show-coords (parameters -c, -l, and -r), and show-snps (parameters -C, -l, and -r). Ambiguous
variants that were located within repetitive sequences, namely, genes encoding proteins of the Pro-Glu
(PE), Pro-Pro-Glu (PPE), and PE_PGRS (polymorphic GC-rich sequence) families, mobile elements, and
repeat regions, were removed. Nonspecific variants that were detected when comparing the recon-
structed genome of control donor and recipient strains against their respective reference sequences
(Table S4) were also filtered out. The resulting list of kept variants was then converted into a format
readable by ACT (48) for visualization. In addition, the density of filtered variants was calculated in 5-kb
nonoverlapping windows.

(ii) Each assembled recombinant genome was cut in 100-bp nonoverlapping windows and com-
pared against the reference genome of the respective donor and recipient strains (Table S4) using
BLASTN from BLAST1 v2.5.01 (91) (parameters -perc_identity 95, -strand plus, -dust no, and -soft_mask-
ing no). Each window was assigned to the corresponding donor or recipient strain according to the
best-hit score. In the case of identical bit scores between both donor and recipient strains, the window
was assigned to the recipient strain. Successive windows assigned to the same strain were then con-
catenated to obtain the longest possible continuous sequence. The resulting donor- and recipient-attrib-
uted recombinant sequences were finally converted into a format readable by ACT (48) for visualization.

Circular representations of recombinants, variant densities, and donor- and recipient-assigned
regions were performed using Circos v0.69-6 (92).

Western blotting. Samples were prepared for Western blotting as described previously (45). Briefly,
cultures were grown to mid-exponential phase in 7H9 liquid medium supplemented with 10% ADC,
0.2% glycerol, and 0.05% Tween 80, at which point cells were washed with the same medium without
ADC but with the addition of 0.2% dextrose. Cultures were left to incubate in this medium for 48 h, cells
were harvested, and the supernatants were filtered through a 0.22-mm filter. Cell pellets were washed
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and resuspended in 1� phosphate-buffered saline (PBS) and lysed using Bead Mill 24 (Fisher Scientific)
twice for 45 s at 6 m/s with a 30-s cooling interval, and lysates were filtered using a 0.22-mm filter. Forty
micrograms of proteins from both the whole-cell lysate and supernatant fractions was separated by
SDS-PAGE on NuPage 10% Bis-Tris gels (Invitrogen) and transferred onto a nitrocellulose membrane
using the iBlot dry blotting system (Invitrogen). For immunodetection, anti-PGRS antibody 7C4.1F7
(1:2,000) (the antibody-producing clone was a kind gift from M. J. Brennan, Aeras, Rockville, MD, USA,
and purified antibody was a kind gift from W. Bitter, Amsterdam UMC, Amsterdam, The Netherlands)
(93) or anti-SigA (1:5,000) (a kind gift from I. Rosenkrands, Statens Serum Institut, Copenhagen,
Denmark) was used, followed by horseradish peroxidase (HRP)-conjugated IgG anti-mouse or anti-rabbit
secondary antibody (Amersham) (both diluted 1:5,000), respectively.

Data availability. Illumina sequencing reads have been deposited in the European Nucleotide
Archive (ENA) database under the study accession number PRJEB42505. Individual-run accession num-
bers are listed in Table S4 in the supplemental material.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, PDF file, 2.6 MB.
FIG S2, PDF file, 2 MB.
FIG S3, PDF file, 1.2 MB.
FIG S4, PDF file, 1 MB.
FIG S5, PDF file, 1 MB.
TABLE S1, PDF file, 0.1 MB.
TABLE S2, PDF file, 0.2 MB.
TABLE S3, PDF file, 0.2 MB.
TABLE S4, PDF file, 0.2 MB.

ACKNOWLEDGMENTS
We thank Christiane Bouchier, Marc Monot, Jean-Marc Ghigo, as well as the Biostatistics and

Bioinformatics Hub (Institut Pasteur, Paris, France) for advice and fruitful discussions.
This work was supported by a grant from the European Commission (TBVAC2020,

grant 260872) and the Agence Nationale de la Recherche (grants ANR-10-LABX-62-
IBEID and ANR-16-CE35-0009). J.M. was the recipient of an IBEID postdoctoral
fellowship, and M.O. was supported by the Fondation pour la Recherche Médicale
(SPF20160936136) and the Institut Pasteur (Pasteur-Roux-Cantarini postdoctoral
fellowship program). The Biomics platform is supported by France Génomique (ANR-10-
INBS-09-09) and IBISA.

J.M. and R.B. conceptualized the study; J.M., G.M.F., W.F., and L.M. conducted the
research; M.O. conceptualized and performed the bioinformatic analysis; J.M., M.O., and
R.B. analyzed the data; and J.M. and R.B. wrote the manuscript. All authors critically
reviewed and approved the final version of the manuscript.

We declare no competing interests.

REFERENCES
1. Ochman H, Lawrence JG, Groisman EA. 2000. Lateral gene transfer and

the nature of bacterial innovation. Nature 405:299–304. https://doi.org/
10.1038/35012500.

2. Juhas M. 2015. Horizontal gene transfer in human pathogens. Crit Rev
Microbiol 41:101–108. https://doi.org/10.3109/1040841X.2013.804031.

3. Mizuguchi Y, Tokunaga T. 1971. Recombination between Mycobacterium
smegmatis strains Jucho and Lacticola. Jpn J Microbiol 15:359–366.
https://doi.org/10.1111/j.1348-0421.1971.tb00592.x.

4. Mizuguchi Y, Suga K, Tokunaga T. 1976. Multiple mating types of Myco-
bacterium smegmatis. Jpn J Microbiol 20:435–443. https://doi.org/10
.1111/j.1348-0421.1976.tb01009.x.

5. Tokunaga T,Mizuguchi Y, Suga K. 1973. Genetic recombination inmycobacteria.
J Bacteriol 113:1104–1111. https://doi.org/10.1128/JB.113.3.1104-1111.1973.

6. Parsons LM, Jankowski CS, Derbyshire KM. 1998. Conjugal transfer of chro-
mosomal DNA in Mycobacterium smegmatis. Mol Microbiol 28:571–582.
https://doi.org/10.1046/j.1365-2958.1998.00818.x.

7. Wang J, Parsons LM, Derbyshire KM. 2003. Unconventional conjugal DNA
transfer in mycobacteria. Nat Genet 34:80–84. https://doi.org/10.1038/
ng1139.

8. Wang J, Derbyshire KM. 2004. Plasmid DNA transfer in Mycobacterium
smegmatis involves novel DNA rearrangements in the recipient, which
can be exploited for molecular genetic studies. Mol Microbiol
53:1233–1241. https://doi.org/10.1111/j.1365-2958.2004.04201.x.

9. Gray TA, Krywy JA, Harold J, Palumbo MJ, Derbyshire KM. 2013. Distrib-
utive conjugal transfer in mycobacteria generates progeny with mei-
otic-like genome-wide mosaicism, allowing mapping of a mating iden-
tity locus. PLoS Biol 11:e1001602. https://doi.org/10.1371/journal.pbio
.1001602.

10. Hoffmann C, Leis A, Niederweis M, Plitzko JM, Engelhardt H. 2008. Disclo-
sure of the mycobacterial outer membrane: cryo-electron tomography
and vitreous sections reveal the lipid bilayer structure. Proc Natl Acad Sci
U S A 105:3963–3967. https://doi.org/10.1073/pnas.0709530105.

11. Zuber B, Chami M, Houssin C, Dubochet J, Griffiths G, Daffe M. 2008.
Direct visualization of the outer membrane of mycobacteria and coryne-
bacteria in their native state. J Bacteriol 190:5672–5680. https://doi.org/
10.1128/JB.01919-07.

12. Beckham KS, Ciccarelli L, Bunduc CM, Mertens HD, Ummels R, Lugmayr W,
Mayr J, Rettel M, Savitski MM, Svergun DI, Bitter W, Wilmanns M, Marlovits

Madacki et al. ®

May/June 2021 Volume 12 Issue 3 e00965-21 mbio.asm.org 16

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 0

3 
N

ov
em

be
r 

20
21

 b
y 

15
7.

99
.6

4.
25

4.

https://www.ebi.ac.uk/ena/browser/view/PRJEB42505
https://doi.org/10.1038/35012500
https://doi.org/10.1038/35012500
https://doi.org/10.3109/1040841X.2013.804031
https://doi.org/10.1111/j.1348-0421.1971.tb00592.x
https://doi.org/10.1111/j.1348-0421.1976.tb01009.x
https://doi.org/10.1111/j.1348-0421.1976.tb01009.x
https://doi.org/10.1128/JB.113.3.1104-1111.1973
https://doi.org/10.1046/j.1365-2958.1998.00818.x
https://doi.org/10.1038/ng1139
https://doi.org/10.1038/ng1139
https://doi.org/10.1111/j.1365-2958.2004.04201.x
https://doi.org/10.1371/journal.pbio.1001602
https://doi.org/10.1371/journal.pbio.1001602
https://doi.org/10.1073/pnas.0709530105
https://doi.org/10.1128/JB.01919-07
https://doi.org/10.1128/JB.01919-07
https://mbio.asm.org


TC, Parret AH, Houben EN. 2017. Structure of the mycobacterial ESX-5
type VII secretion system membrane complex by single-particle analysis.
Nat Microbiol 2:17047. https://doi.org/10.1038/nmicrobiol.2017.47.

13. Poweleit N, Czudnochowski N, Nakagawa R, Trinidad DD, Murphy KC,
Sassetti CM, Rosenberg OS. 2019. The structure of the endogenous ESX-3
secretion system. Elife 8:e52983. https://doi.org/10.7554/eLife.52983.

14. Famelis N, Rivera-Calzada A, Degliesposti G, Wingender M, Mietrach N,
Skehel JM, Fernandez-Leiro R, Bottcher B, Schlosser A, Llorca O, Geibel S.
2019. Architecture of the mycobacterial type VII secretion system. Nature
576:321–325. https://doi.org/10.1038/s41586-019-1633-1.

15. Abdallah AM, Gey van Pittius NC, Champion PA, Cox J, Luirink J,
Vandenbroucke-Grauls CM, Appelmelk BJ, Bitter W. 2007. Type VII secre-
tion system of mycobacteria show the way. Nat Rev Microbiol 5:883–891.
https://doi.org/10.1038/nrmicro1773.

16. Groschel MI, Sayes F, Simeone R, Majlessi L, Brosch R. 2016. ESX secretion
systems: mycobacterial evolution to counter host immunity. Nat Rev
Microbiol 14:677–691. https://doi.org/10.1038/nrmicro.2016.131.

17. Gey Van Pittius NC, Gamieldien J, Hide W, Brown GD, Siezen RJ, Beyers
AD. 2001. The ESAT-6 gene cluster of Mycobacterium tuberculosis and
other high G1C Gram-positive bacteria. Genome Biol 2:RESEARCH0044.
https://doi.org/10.1186/gb-2001-2-10-research0044.

18. Flint JL, Kowalski JC, Karnati PK, Derbyshire KM. 2004. The RD1 virulence
locus of Mycobacterium tuberculosis regulates DNA transfer in Mycobac-
terium smegmatis. Proc Natl Acad Sci U S A 101:12598–12603. https://doi
.org/10.1073/pnas.0404892101.

19. Gray TA, Clark RR, Boucher N, Lapierre P, Smith C, Derbyshire KM. 2016.
Intercellular communication and conjugation are mediated by ESX secre-
tion systems in mycobacteria. Science 354:347–350. https://doi.org/10
.1126/science.aag0828.

20. Coros A, Callahan B, Battaglioli E, Derbyshire KM. 2008. The specialized se-
cretory apparatus ESX-1 is essential for DNA transfer in Mycobacterium
smegmatis. Mol Microbiol 69:794–808. https://doi.org/10.1111/j.1365
-2958.2008.06299.x.

21. Clark RR, Judd J, Lasek-Nesselquist E, Montgomery SA, Hoffmann JG,
Derbyshire KM, Gray TA. 2018. Direct cell-cell contact activates SigM to
express the ESX-4 secretion system in Mycobacterium smegmatis. Proc
Natl Acad Sci U S A 115:E6595–E6603. https://doi.org/10.1073/pnas
.1804227115.

22. Gray TA, Derbyshire KM. 2018. Blending genomes: distributive conjugal
transfer in mycobacteria, a sexier form of HGT. Mol Microbiol 108:601–613.
https://doi.org/10.1111/mmi.13971.

23. Hsu T, Hingley-Wilson SM, Chen B, Chen M, Dai AZ, Morin PM, Marks CB,
Padiyar J, Goulding C, Gingery M, Eisenberg D, Russell RG, Derrick SC,
Collins FM, Morris SL, King CH, Jacobs WR, Jr. 2003. The primary mecha-
nism of attenuation of bacillus Calmette-Guerin is a loss of secreted lytic
function required for invasion of lung interstitial tissue. Proc Natl Acad Sci
U S A 100:12420–12425. https://doi.org/10.1073/pnas.1635213100.

24. Pym AS, Brodin P, Brosch R, Huerre M, Cole ST. 2002. Loss of RD1 contrib-
uted to the attenuation of the live tuberculosis vaccines Mycobacterium
bovis BCG and Mycobacterium microti. Mol Microbiol 46:709–717.
https://doi.org/10.1046/j.1365-2958.2002.03237.x.

25. Orgeur M, Frigui W, Pawlik A, Clark S, Williams A, Ates LS, Ma L, Bouchier
C, Parkhill J, Brodin P, Brosch R. 2021. Pathogenomic analyses of Myco-
bacterium microti, an ESX-1-deleted member of the Mycobacterium tu-
berculosis complex causing disease in various hosts. Microb Genom
7:000505. https://doi.org/10.1099/mgen.0.000505.

26. Boritsch EC, Khanna V, Pawlik A, Honore N, Navas VH, Ma L, Bouchier C,
Seemann T, Supply P, Stinear TP, Brosch R. 2016. Key experimental evi-
dence of chromosomal DNA transfer among selected tuberculosis-caus-
ing mycobacteria. Proc Natl Acad Sci U S A 113:9876–9881. https://doi
.org/10.1073/pnas.1604921113.

27. Brosch R, Gordon SV, Marmiesse M, Brodin P, Buchrieser C, Eiglmeier K,
Garnier T, Gutierrez C, Hewinson G, Kremer K, Parsons LM, Pym AS,
Samper S, van Soolingen D, Cole ST. 2002. A new evolutionary scenario
for the Mycobacterium tuberculosis complex. Proc Natl Acad Sci U S A
99:3684–3689. https://doi.org/10.1073/pnas.052548299.

28. Supply P, Marceau M, Mangenot S, Roche D, Rouanet C, Khanna V,
Majlessi L, Criscuolo A, Tap J, Pawlik A, Fiette L, Orgeur M, Fabre M,
Parmentier C, Frigui W, Simeone R, Boritsch EC, Debrie AS, Willery E,
Walker D, Quail MA, Ma L, Bouchier C, Salvignol G, Sayes F, Cascioferro A,
Seemann T, Barbe V, Locht C, Gutierrez MC, Leclerc C, Bentley SD, Stinear
TP, Brisse S, Médigue C, Parkhill J, Cruveiller S, Brosch R. 2013. Genomic
analysis of smooth tubercle bacilli provides insights into ancestry and

pathoadaptation of Mycobacterium tuberculosis. Nat Genet 45:172–179.
https://doi.org/10.1038/ng.2517.

29. Namouchi A, Didelot X, Schock U, Gicquel B, Rocha EP. 2012. After the
bottleneck: genome-wide diversification of the Mycobacterium tubercu-
losis complex by mutation, recombination, and natural selection. Ge-
nome Res 22:721–734. https://doi.org/10.1101/gr.129544.111.

30. Smith NH, Gordon SV, de la Rua-Domenech R, Clifton-Hadley RS,
Hewinson RG. 2006. Bottlenecks and broomsticks: the molecular evolu-
tion of Mycobacterium bovis. Nat Rev Microbiol 4:670–681. https://doi
.org/10.1038/nrmicro1472.

31. Godfroid M, Dagan T, Kupczok A. 2018. Recombination signal in Myco-
bacterium tuberculosis stems from reference-guided assemblies and
alignment artefacts. Genome Biol Evol 10:1920–1926. https://doi.org/10
.1093/gbe/evy143.

32. Ates LS, Dippenaar A, Sayes F, Pawlik A, Bouchier C, Ma L, Warren RM,
Sougakoff W, Majlessi L, van Heijst JWJ, Brossier F, Brosch R. 2018. Unex-
pected genomic and phenotypic diversity of Mycobacterium africanum
lineage 5 affects drug resistance, protein secretion, and immunogenicity.
Genome Biol Evol 10:1858–1874. https://doi.org/10.1093/gbe/evy145.

33. Brites D, Loiseau C, Menardo F, Borrell S, Boniotti MB, Warren R,
Dippenaar A, Parsons SDC, Beisel C, Behr MA, Fyfe JA, Coscolla M,
Gagneux S. 2018. A new phylogenetic framework for the animal-adapted
Mycobacterium tuberculosis complex. Front Microbiol 9:2820. https://doi
.org/10.3389/fmicb.2018.02820.

34. Chiner-Oms A, Sanchez-Buso L, Corander J, Gagneux S, Harris SR, Young
D, Gonzalez-Candelas F, Comas I. 2019. Genomic determinants of specia-
tion and spread of the Mycobacterium tuberculosis complex. Sci Adv 5:
eaaw3307. https://doi.org/10.1126/sciadv.aaw3307.

35. Bottai D, Frigui W, Sayes F, Di Luca M, Spadoni D, Pawlik A, Zoppo M,
Orgeur M, Khanna V, Hardy D, Mangenot S, Barbe V, Medigue C, Ma L,
Bouchier C, Tavanti A, Larrouy-Maumus G, Brosch R. 2020. TbD1 deletion
as a driver of the evolutionary success of modern epidemic Mycobacte-
rium tuberculosis lineages. Nat Commun 11:684. https://doi.org/10.1038/
s41467-020-14508-5.

36. Ngabonziza JCS, Loiseau C, Marceau M, Jouet A, Menardo F, Tzfadia O,
Antoine R, Niyigena EB, Mulders W, Fissette K, Diels M, Gaudin C, Duthoy
S, Ssengooba W, André E, Kaswa MK, Habimana YM, Brites D, Affolabi D,
Mazarati JB, de Jong BC, Rigouts L, Gagneux S, Meehan CJ, Supply P.
2020. A sister lineage of the Mycobacterium tuberculosis complex discov-
ered in the African Great Lakes region. Nat Commun 11:2917. https://doi
.org/10.1038/s41467-020-16626-6.

37. Gutierrez MC, Brisse S, Brosch R, Fabre M, Omais B, Marmiesse M, Supply
P, Vincent V. 2005. Ancient origin and gene mosaicism of the progenitor
of Mycobacterium tuberculosis. PLoS Pathog 1:e5. https://doi.org/10
.1371/journal.ppat.0010005.

38. Mortimer TD, Pepperell CS. 2014. Genomic signatures of distributive con-
jugal transfer among mycobacteria. Genome Biol Evol 6:2489–2500.
https://doi.org/10.1093/gbe/evu175.

39. Boritsch EC, Supply P, Honoré N, Seeman T, Stinear TP, Brosch R. 2014. A
glimpse into the past and predictions for the future: the molecular evolu-
tion of the tuberculosis agent. Mol Microbiol 93:835–852. https://doi.org/
10.1111/mmi.12720.

40. Derbyshire KM, Gray TA. 2014. Distributive conjugal transfer: new
insights into horizontal gene transfer and genetic exchange in myco-
bacteria. Microbiol Spectr 2:MGM2-0022-2013. https://doi.org/10.1128/
microbiolspec.MGM2-0022-2013.

41. Bange FC, Collins FM, Jacobs WR, Jr. 1999. Survival of mice infected with
Mycobacterium smegmatis containing large DNA fragments from Myco-
bacterium tuberculosis. Tuber Lung Dis 79:171–180. https://doi.org/10
.1054/tuld.1998.0201.

42. Curtiss R, III, Caro LG, Allison DP, Stallions DR. 1969. Early stages of conju-
gation in Escherichia coli. J Bacteriol 100:1091–1104. https://doi.org/10
.1128/JB.100.2.1091-1104.1969.

43. Kohyama Y, Suzuki S. 2019. Conjugative gene transfer between nourished
and starved cells of Photobacterium damselae ssp. damselae and Esche-
richia coli. Microbes Environ 34:388–392. https://doi.org/10.1264/jsme2
.ME19099.

44. Sapriel G, Brosch R. 2019. Shared pathogenomic patterns characterize a
new phylotype, revealing transition towards host-adaptation long before
speciation of Mycobacterium tuberculosis. Genome Biol Evol 11:2420–2438.
https://doi.org/10.1093/gbe/evz162.

45. Cole ST, Brosch R, Parkhill J, Garnier T, Churcher C, Harris D, Gordon SV,
Eiglmeier K, Gas S, Barry CE, III, Tekaia F, Badcock K, Basham D, Brown D,
Chillingworth T, Connor R, Davies R, Devlin K, Feltwell T, Gentles S,

HGT inM. tuberculosis Complex Strains ®

May/June 2021 Volume 12 Issue 3 e00965-21 mbio.asm.org 17

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 0

3 
N

ov
em

be
r 

20
21

 b
y 

15
7.

99
.6

4.
25

4.

https://doi.org/10.1038/nmicrobiol.2017.47
https://doi.org/10.7554/eLife.52983
https://doi.org/10.1038/s41586-019-1633-1
https://doi.org/10.1038/nrmicro1773
https://doi.org/10.1038/nrmicro.2016.131
https://doi.org/10.1186/gb-2001-2-10-research0044
https://doi.org/10.1073/pnas.0404892101
https://doi.org/10.1073/pnas.0404892101
https://doi.org/10.1126/science.aag0828
https://doi.org/10.1126/science.aag0828
https://doi.org/10.1111/j.1365-2958.2008.06299.x
https://doi.org/10.1111/j.1365-2958.2008.06299.x
https://doi.org/10.1073/pnas.1804227115
https://doi.org/10.1073/pnas.1804227115
https://doi.org/10.1111/mmi.13971
https://doi.org/10.1073/pnas.1635213100
https://doi.org/10.1046/j.1365-2958.2002.03237.x
https://doi.org/10.1099/mgen.0.000505
https://doi.org/10.1073/pnas.1604921113
https://doi.org/10.1073/pnas.1604921113
https://doi.org/10.1073/pnas.052548299
https://doi.org/10.1038/ng.2517
https://doi.org/10.1101/gr.129544.111
https://doi.org/10.1038/nrmicro1472
https://doi.org/10.1038/nrmicro1472
https://doi.org/10.1093/gbe/evy143
https://doi.org/10.1093/gbe/evy143
https://doi.org/10.1093/gbe/evy145
https://doi.org/10.3389/fmicb.2018.02820
https://doi.org/10.3389/fmicb.2018.02820
https://doi.org/10.1126/sciadv.aaw3307
https://doi.org/10.1038/s41467-020-14508-5
https://doi.org/10.1038/s41467-020-14508-5
https://doi.org/10.1038/s41467-020-16626-6
https://doi.org/10.1038/s41467-020-16626-6
https://doi.org/10.1371/journal.ppat.0010005
https://doi.org/10.1371/journal.ppat.0010005
https://doi.org/10.1093/gbe/evu175
https://doi.org/10.1111/mmi.12720
https://doi.org/10.1111/mmi.12720
https://doi.org/10.1128/microbiolspec.MGM2-0022-2013
https://doi.org/10.1128/microbiolspec.MGM2-0022-2013
https://doi.org/10.1054/tuld.1998.0201
https://doi.org/10.1054/tuld.1998.0201
https://doi.org/10.1128/JB.100.2.1091-1104.1969
https://doi.org/10.1128/JB.100.2.1091-1104.1969
https://doi.org/10.1264/jsme2.ME19099
https://doi.org/10.1264/jsme2.ME19099
https://doi.org/10.1093/gbe/evz162
https://mbio.asm.org


Hamlin N, Holroyd S, Hornsby T, Jagels K, Krogh A, McLean J, Moule S,
Murphy L, Oliver K, Osborne J, Quail MA, Rajandream MA, Rogers J, Rutter
S, Seeger K, Skelton J, Squares R, Squares S, Sulston JE, Taylor K,
Whitehead S, Barrell BG. 1998. Deciphering the biology of Mycobacterium
tuberculosis from the complete genome sequence. Nature 393:537–544.
https://doi.org/10.1038/31159.

46. Garnier T, Eiglmeier K, Camus JC, Medina N, Mansoor H, Pryor M, Duthoy
S, Grondin S, Lacroix C, Monsempe C, Simon S, Harris B, Atkin R, Doggett
J, Mayes R, Keating L, Wheeler PR, Parkhill J, Barrell BG, Cole ST, Gordon
SV, Hewinson RG. 2003. The complete genome sequence of Mycobacte-
rium bovis. Proc Natl Acad Sci U S A 100:7877–7882. https://doi.org/10
.1073/pnas.1130426100.

47. Brosch R, Gordon SV, Garnier T, Eiglmeier K, Frigui W, Valenti P, Dos
Santos S, Duthoy S, Lacroix C, Garcia-Pelayo C, Inwald JK, Golby P, Garcia
JN, Hewinson RG, Behr MA, Quail MA, Churcher C, Barrell BG, Parkhill J,
Cole ST. 2007. Genome plasticity of BCG and impact on vaccine efficacy.
Proc Natl Acad Sci U S A 104:5596–5601. https://doi.org/10.1073/pnas
.0700869104.

48. Carver TJ, Rutherford KM, Berriman M, Rajandream MA, Barrell BG,
Parkhill J. 2005. ACT: the Artemis Comparison Tool. Bioinformatics
21:3422–3423. https://doi.org/10.1093/bioinformatics/bti553.

49. Pashley CA, Parish T. 2003. Efficient switching of mycobacteriophage L5-
based integrating plasmids in Mycobacterium tuberculosis. FEMS Micro-
biol Lett 229:211–215. https://doi.org/10.1016/S0378-1097(03)00823-1.

50. Gordon SV, Brosch R, Billault A, Garnier T, Eiglmeier K, Cole ST. 1999. Iden-
tification of variable regions in the genomes of tubercle bacilli using bac-
terial artificial chromosome arrays. Mol Microbiol 32:643–656. https://doi
.org/10.1046/j.1365-2958.1999.01383.x.

51. Ates LS, Sayes F, Frigui W, Ummels R, Damen MPM, Bottai D, Behr MA, van
Heijst JWJ, Bitter W, Majlessi L, Brosch R. 2018. RD5-mediated lack of
PE_PGRS and PPE-MPTR export in BCG vaccine strains results in strong
reduction of antigenic repertoire but little impact on protection. PLoS
Pathog 14:e1007139. https://doi.org/10.1371/journal.ppat.1007139.

52. Ates LS, Dippenaar A, Ummels R, Piersma SR, van der Woude AD, van der
Kuij K, Le Chevalier F, Mata-Espinosa D, Barrios-Payan J, Marquina-Castillo
B, Guapillo C, Jimenez CR, Pain A, Houben ENG, Warren RM, Brosch R,
Hernandez-Pando R, Bitter W. 2018. Mutations in ppe38 block PE_PGRS
secretion and increase virulence of Mycobacterium tuberculosis. Nat
Microbiol 3:181–188. https://doi.org/10.1038/s41564-017-0090-6.

53. Labidi A, David HL, Roulland-Dussoix D. 1985. Restriction endonuclease
mapping and cloning of Mycobacterium fortuitum var. fortuitum plasmid
pAL5000. Ann Inst Pasteur Microbiol 136B:209–215. https://doi.org/10
.1016/s0769-2609(85)80045-4.

54. Comas I, Chakravartti J, Small PM, Galagan J, Niemann S, Kremer K, Ernst
JD, Gagneux S. 2010. Human T cell epitopes of Mycobacterium tuberculo-
sis are evolutionarily hyperconserved. Nat Genet 42:498–503. https://doi
.org/10.1038/ng.590.

55. Smith NH, Hewinson RG, Kremer K, Brosch R, Gordon SV. 2009. Myths and
misconceptions: the origin and evolution of Mycobacterium tuberculosis.
Nat Rev Microbiol 7:537–544. https://doi.org/10.1038/nrmicro2165.

56. Haber JE. 2012. Mating-type genes and MAT switching in Saccharomy-
ces cerevisiae. Genetics 191:33–64. https://doi.org/10.1534/genetics
.111.134577.

57. Lawley TD, Klimke WA, Gubbins MJ, Frost LS. 2003. F factor conjugation is
a true type IV secretion system. FEMS Microbiol Lett 224:1–15. https://doi
.org/10.1016/S0378-1097(03)00430-0.

58. Grohmann E, Muth G, Espinosa M. 2003. Conjugative plasmid transfer in
Gram-positive bacteria. Microbiol Mol Biol Rev 67:277–301. https://doi
.org/10.1128/MMBR.67.2.277-301.2003.

59. Cascales E, Christie PJ. 2003. The versatile bacterial type IV secretion sys-
tems. Nat Rev Microbiol 1:137–149. https://doi.org/10.1038/nrmicro753.

60. Converse SE, Cox JS. 2005. A protein secretion pathway critical for Myco-
bacterium tuberculosis virulence is conserved and functional in Mycobac-
terium smegmatis. J Bacteriol 187:1238–1245. https://doi.org/10.1128/JB
.187.4.1238-1245.2005.

61. Callahan B, Nguyen K, Collins A, Valdes K, Caplow M, Crossman DK, Steyn
AJ, Eisele L, Derbyshire KM. 2010. Conservation of structure and protein-
protein interactions mediated by the secreted mycobacterial proteins
EsxA, EsxB, and EspA. J Bacteriol 192:326–335. https://doi.org/10.1128/JB
.01032-09.

62. Nguyen KT, Piastro K, Derbyshire KM. 2009. LpqM, a mycobacterial lipo-
protein-metalloproteinase, is required for conjugal DNA transfer in
Mycobacterium smegmatis. J Bacteriol 191:2721–2727. https://doi.org/
10.1128/JB.00024-09.

63. Nguyen KT, Piastro K, Gray TA, Derbyshire KM. 2010. Mycobacterial bio-
films facilitate horizontal DNA transfer between strains of Mycobacterium
smegmatis. J Bacteriol 192:5134–5142. https://doi.org/10.1128/JB.00650
-10.

64. Dumas E, Boritsch EC, Vandenbogaert M, Rodriguez de la Vega RC,
Thiberge JM, Caro V, Gaillard JL, Heym B, Girard-Misguich F, Brosch R,
Sapriel G. 2016. Mycobacterial pan-genome analysis suggests important
role of plasmids in the radiation of type VII secretion systems. Genome
Biol Evol 8:387–402. https://doi.org/10.1093/gbe/evw001.

65. Laencina L, Dubois V, Le Moigne V, Viljoen A, Majlessi L, Pritchard J,
Bernut A, Piel L, Roux AL, Gaillard JL, Lombard B, Loew D, Rubin EJ, Brosch
R, Kremer L, Herrmann JL, Girard-Misguich F. 2018. Identification of genes
required for Mycobacterium abscessus growth in vivo with a prominent
role of the ESX-4 locus. Proc Natl Acad Sci U S A 115:E1002–E1011.
https://doi.org/10.1073/pnas.1713195115.

66. Keller PM, Böttger EC, Sander P. 2008. Tuberculosis vaccine strain Myco-
bacterium bovis BCG Russia is a natural recA mutant. BMC Microbiol
8:120. https://doi.org/10.1186/1471-2180-8-120.

67. Gupta R, Barkan D, Redelman-Sidi G, Shuman S, Glickman MS. 2011.
Mycobacteria exploit three genetically distinct DNA double-strand break
repair pathways. Mol Microbiol 79:316–330. https://doi.org/10.1111/j
.1365-2958.2010.07463.x.

68. Warner DF, Mizrahi V. 2011. Making ends meet in mycobacteria. Mol
Microbiol 79:283–287. https://doi.org/10.1111/j.1365-2958.2010.07462.x.

69. Blouin Y, Cazajous G, Dehan C, Soler C, Vong R, Hassan MO, Hauck Y,
Boulais C, Andriamanantena D, Martinaud C, Martin E, Pourcel C,
Vergnaud G. 2014. Progenitor “Mycobacterium canettii” clone responsi-
ble for lymph node tuberculosis epidemic, Djibouti. Emerg Infect Dis
20:21–28. https://doi.org/10.3201/eid2001.130652.

70. Feuerriegel S, Koser CU, Richter E, Niemann S. 2013. Mycobacterium
canettii is intrinsically resistant to both pyrazinamide and pyrazinoic
acid. J Antimicrob Chemother 68:1439–1440. https://doi.org/10.1093/
jac/dkt042.

71. Paleiron N, Soler C, Hassan MO, Andriamanantena D, Vong R, Pourcel C,
Roseau J-B. 2019. First description of Mycobacterium tuberculosis and M.
canettii concomitant infection: report of two cases. Int J Tuberc Lung Dis
23:232–235. https://doi.org/10.5588/ijtld.18.0261.

72. Yano H, Iwamoto T, Nishiuchi Y, Nakajima C, Starkova DA, Mokrousov I,
Narvskaya O, Yoshida S, Arikawa K, Nakanishi N, Osaki K, Nakagawa I, Ato
M, Suzuki Y, Maruyama F. 2017. Population structure and local adaptation
of MAC lung disease agent Mycobacterium avium subsp. hominissuis. Ge-
nome Biol Evol 9:2403–2417. https://doi.org/10.1093/gbe/evx183.

73. Sapriel G, Konjek J, Orgeur M, Bouri L, Frezal L, Roux AL, Dumas E, Brosch
R, Bouchier C, Brisse S, Vandenbogaert M, Thiberge JM, Caro V, Ngeow YF,
Tan JL, Herrmann JL, Gaillard JL, Heym B, Wirth T. 2016. Genome-wide
mosaicism within Mycobacterium abscessus: evolutionary and epidemio-
logical implications. BMC Genomics 17:118. https://doi.org/10.1186/
s12864-016-2448-1.

74. Soler N, Forterre P. 2020. Vesiduction: the fourth way of HGT. Environ
Microbiol 22:2457–2460. https://doi.org/10.1111/1462-2920.15056.

75. Marsollier L, Brodin P, Jackson M, Kordulakova J, Tafelmeyer P,
Carbonnelle E, Aubry J, Milon G, Legras P, Andre JP, Leroy C, Cottin J,
Guillou ML, Reysset G, Cole ST. 2007. Impact of Mycobacterium ulcerans
biofilm on transmissibility to ecological niches and Buruli ulcer pathoge-
nesis. PLoS Pathog 3:e62. https://doi.org/10.1371/journal.ppat.0030062.

76. Kamran-Sarkandi M, Behrouzi A, Fateh A, Vaziri F, Mirsaeidi M, Siadat SD.
2018. Mycobacterium avium complex extracellular vesicles attenuate
inflammation via inducing IL-10. Int J Mol Cell Med 7:241–250. https://doi
.org/10.22088/IJMCM.BUMS.7.4.241.

77. Majlessi L, Prados-Rosales R, Casadevall A, Brosch R. 2015. Release of
mycobacterial antigens. Immunol Rev 264:25–45. https://doi.org/10
.1111/imr.12251.

78. Brown L, Wolf JM, Prados-Rosales R, Casadevall A. 2015. Through the wall:
extracellular vesicles in Gram-positive bacteria, mycobacteria and fungi.
Nat Rev Microbiol 13:620–630. https://doi.org/10.1038/nrmicro3480.

79. Abadie V, Badell E, Douillard P, Ensergueix D, Leenen PJ, Tanguy M, Fiette
L, Saeland S, Gicquel B, Winter N. 2005. Neutrophils rapidly migrate via
lymphatics after Mycobacterium bovis BCG intradermal vaccination and
shuttle live bacilli to the draining lymph nodes. Blood 106:1843–1850.
https://doi.org/10.1182/blood-2005-03-1281.

80. van Kessel JC, Hatfull GF. 2007. Recombineering in Mycobacterium tuber-
culosis. Nat Methods 4:147–152. https://doi.org/10.1038/nmeth996.

81. Pelicic V, Jackson M, Reyrat JM, Jacobs WR, Jr, Gicquel B, Guilhot C. 1997.
Efficient allelic exchange and transposon mutagenesis in Mycobacterium

Madacki et al. ®

May/June 2021 Volume 12 Issue 3 e00965-21 mbio.asm.org 18

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 0

3 
N

ov
em

be
r 

20
21

 b
y 

15
7.

99
.6

4.
25

4.

https://doi.org/10.1038/31159
https://doi.org/10.1073/pnas.1130426100
https://doi.org/10.1073/pnas.1130426100
https://doi.org/10.1073/pnas.0700869104
https://doi.org/10.1073/pnas.0700869104
https://doi.org/10.1093/bioinformatics/bti553
https://doi.org/10.1016/S0378-1097(03)00823-1
https://doi.org/10.1046/j.1365-2958.1999.01383.x
https://doi.org/10.1046/j.1365-2958.1999.01383.x
https://doi.org/10.1371/journal.ppat.1007139
https://doi.org/10.1038/s41564-017-0090-6
https://doi.org/10.1016/s0769-2609(85)80045-4
https://doi.org/10.1016/s0769-2609(85)80045-4
https://doi.org/10.1038/ng.590
https://doi.org/10.1038/ng.590
https://doi.org/10.1038/nrmicro2165
https://doi.org/10.1534/genetics.111.134577
https://doi.org/10.1534/genetics.111.134577
https://doi.org/10.1016/S0378-1097(03)00430-0
https://doi.org/10.1016/S0378-1097(03)00430-0
https://doi.org/10.1128/MMBR.67.2.277-301.2003
https://doi.org/10.1128/MMBR.67.2.277-301.2003
https://doi.org/10.1038/nrmicro753
https://doi.org/10.1128/JB.187.4.1238-1245.2005
https://doi.org/10.1128/JB.187.4.1238-1245.2005
https://doi.org/10.1128/JB.01032-09
https://doi.org/10.1128/JB.01032-09
https://doi.org/10.1128/JB.00024-09
https://doi.org/10.1128/JB.00024-09
https://doi.org/10.1128/JB.00650-10
https://doi.org/10.1128/JB.00650-10
https://doi.org/10.1093/gbe/evw001
https://doi.org/10.1073/pnas.1713195115
https://doi.org/10.1186/1471-2180-8-120
https://doi.org/10.1111/j.1365-2958.2010.07463.x
https://doi.org/10.1111/j.1365-2958.2010.07463.x
https://doi.org/10.1111/j.1365-2958.2010.07462.x
https://doi.org/10.3201/eid2001.130652
https://doi.org/10.1093/jac/dkt042
https://doi.org/10.1093/jac/dkt042
https://doi.org/10.5588/ijtld.18.0261
https://doi.org/10.1093/gbe/evx183
https://doi.org/10.1186/s12864-016-2448-1
https://doi.org/10.1186/s12864-016-2448-1
https://doi.org/10.1111/1462-2920.15056
https://doi.org/10.1371/journal.ppat.0030062
https://doi.org/10.22088/IJMCM.BUMS.7.4.241
https://doi.org/10.22088/IJMCM.BUMS.7.4.241
https://doi.org/10.1111/imr.12251
https://doi.org/10.1111/imr.12251
https://doi.org/10.1038/nrmicro3480
https://doi.org/10.1182/blood-2005-03-1281
https://doi.org/10.1038/nmeth996
https://mbio.asm.org


tuberculosis. Proc Natl Acad Sci U S A 94:10955–10960. https://doi.org/10
.1073/pnas.94.20.10955.

82. Derbise A, Lesic B, Dacheux D, Ghigo JM, Carniel E. 2003. A rapid and simple
method for inactivating chromosomal genes in Yersinia. FEMS Immunol
Med Microbiol 38:113–116. https://doi.org/10.1016/S0928-8244(03)00181-0.

83. Belisle JT, Mahaffey SB, Hill PJ. 2009. Isolation of mycobacterium species
genomic DNA. Methods Mol Biol 465:1–12. https://doi.org/10.1007/978-1
-59745-207-6_1.

84. Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics 30:2114–2120. https://doi.org/10
.1093/bioinformatics/btu170.

85. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,
Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV,
Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new ge-
nome assembly algorithm and its applications to single-cell sequencing. J
Comput Biol 19:455–477. https://doi.org/10.1089/cmb.2012.0021.

86. Bosi E, Donati B, Galardini M, Brunetti S, Sagot MF, Lio P, Crescenzi P, Fani
R, Fondi M. 2015. MeDuSa: a multi-draft based scaffolder. Bioinformatics
31:2443–2451. https://doi.org/10.1093/bioinformatics/btv171.

87. Malone KM, Farrell D, Stuber TP, Schubert OT, Aebersold R, Robbe-
Austerman S, Gordon SV. 2017. Updated reference genome sequence
and annotation of Mycobacterium bovis AF2122/97. Genome Announc 5:
e00157-17. https://doi.org/10.1128/genomeA.00157-17.

88. Abdallah AM, Hill-Cawthorne GA, Otto TD, Coll F, Guerra-Assuncao JA,
Gao G, Naeem R, Ansari H, Malas TB, Adroub SA, Verboom T, Ummels R,
Zhang H, Panigrahi AK, McNerney R, Brosch R, Clark TG, Behr MA, Bitter
W, Pain A. 2015. Genomic expression catalogue of a global collection of
BCG vaccine strains show evidence for highly diverged metabolic and
cell-wall adaptations. Sci Rep 5:15443. https://doi.org/10.1038/srep15443.

89. Seki M, Honda I, Fujita I, Yano I, Yamamoto S, Koyama A. 2009. Whole ge-
nome sequence analysis of Mycobacterium bovis bacillus Calmette-Gué-
rin (BCG) Tokyo 172: a comparative study of BCG vaccine substrains. Vac-
cine 27:1710–1716. https://doi.org/10.1016/j.vaccine.2009.01.034.

90. Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, Antonescu C,
Salzberg SL. 2004. Versatile and open software for comparing large
genomes. Genome Biol 5:R12. https://doi.org/10.1186/gb-2004-5-2-r12.

91. Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K,
Madden TL. 2009. BLAST1: architecture and applications. BMC Bioinfor-
matics 10:421. https://doi.org/10.1186/1471-2105-10-421.

92. Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, Jones SJ,
Marra MA. 2009. Circos: an information aesthetic for comparative genomics.
Genome Res 19:1639–1645. https://doi.org/10.1101/gr.092759.109.

93. Abdallah AM, Verboom T, Weerdenburg EM, Gey van Pittius NC, Mahasha
PW, Jimenez C, Parra M, Cadieux N, Brennan MJ, Appelmelk BJ, Bitter W.
2009. PPE and PE_PGRS proteins of Mycobacterium marinum are trans-
ported via the type VII secretion system ESX-5. Mol Microbiol 73:329–340.
https://doi.org/10.1111/j.1365-2958.2009.06783.x.

HGT inM. tuberculosis Complex Strains ®

May/June 2021 Volume 12 Issue 3 e00965-21 mbio.asm.org 19

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 0

3 
N

ov
em

be
r 

20
21

 b
y 

15
7.

99
.6

4.
25

4.

https://doi.org/10.1073/pnas.94.20.10955
https://doi.org/10.1073/pnas.94.20.10955
https://doi.org/10.1016/S0928-8244(03)00181-0
https://doi.org/10.1007/978-1-59745-207-6_1
https://doi.org/10.1007/978-1-59745-207-6_1
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1093/bioinformatics/btv171
https://doi.org/10.1128/genomeA.00157-17
https://doi.org/10.1038/srep15443
https://doi.org/10.1016/j.vaccine.2009.01.034
https://doi.org/10.1186/gb-2004-5-2-r12
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1111/j.1365-2958.2009.06783.x
https://mbio.asm.org

	RESULTS
	Tuberculosis-causing mycobacteria are successful donors of chromosomal DNA.
	Evaluation of the role of ESX-1 in chromosomal DNA transfer in slow-growing mycobacteria.
	Whole-genome sequencing of recombinants.
	What determines mating identity in slow-growing mycobacteria?

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains and media.
	Mating assays.
	Construction of ESX-1 deletion mutants.
	Whole-genome sequencing and assembly.
	Whole-genome comparison of recombinants.
	Western blotting.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

