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Contribution of vesicle-protected extracellular DNA
to horizontal gene transfer in Thermus spp.
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Summary. Highly efficient apparatus for natural competence and conjugation have been shown as the major contributors to
horizontal gene transfer (HGT) in Thermus thermophilus. In practical terms, both mechanisms can be distinguished by the
sensitivity of the former to the presence of DNAse, and the requirement for cell to cell contacts in the second. Here we demon-
strate that culture supernatants of different strains of Thermus spp. produce DNAse-resistant extracellular DNA (eDNA) in a
growth-rate dependent manner. This eDNA was double stranded, similar in size to isolated genomic DNA (around 20 kbp), and
represented the whole genome of the producer strain. Protection against DNAse was the consequence of association of the
eDNA to membrane vesicles which composition was shown to include a great diversity of cell envelope proteins with minor
content of cytoplasmic proteins. Access of the recipient cell to the protected eDNA depended on the natural competence
apparatus and elicited the DNA-DNA interference defence mediated by the Argonaute protein. We hypothesize on the lytic
origin of the eDNA carrying vesicles and discuss the relevance of this alternative mechanism for HGT in natural thermal

environments. [Int Microbiol 18(3):177-187 (2015)]
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Introduction

Horizontal gene transfer (HGT) is a common trait among bac-
teria, playing a main role in sudden acquisition of complex
properties for adaptation to changing environments. In this
sense, HGT seems to have played a major role in the adapta-
tion of hyperthermophilic bacteria to high temperatures given
the high percentage of genes from Archaeal origin in phyloge-
netic groups such as Thermotogales and Thermales [2,54].
Despite the description in the last decade of alternative
mechanisms for HGT such as nanopods [49], gene transfer
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agents (GTAs) [30] or nanotubes [17], transformation, trans-
duction and conjugation still remain as the major mechanisms
for HGT in bacteria [20, 24]. From these classical pathways,
transformation requires either the secretion of DNA to the en-
vironment or the lysis of the donor cells to produce the extra-
cellular DNA (eDNA) taken up by natural competent cells.
The bulk of this eDNA is linked to cell death and lysis, includ-
ing fratricide processes [25]. In particular, eDNA release is
often triggered by the lysis of a subpopulation of cells, some-
times as part of the end stage of the bacterial life cycle or as a
consequence of unbalanced growth prompted by environmen-
tal variations such as nutrient availability or predation [43]. In
other cases, eDNA release is related to apoptotic cell lysis,
induced by autolysins such as LytM and AtIE in Staphylococ-
cus aureus [4], GelE an SprE in Enterococcus faecalis [53] or
LytF and AtlS in Streptococcus gordonii [57]. Also bacterio-
phage-mediated lysis contribute to the production of eDNA,
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in different bacteria [40]. In addition, antibiotic treatments,
especially with beta-lactams produce cell lysis and eDNA ac-
cumulation.

In contrast to cell-lysis mediated eDNA production, many
bacteria actively secrete extracellular eDNA in a lysis-indepen-
dent way, leaded by specific mechanisms under the control of
quorum-sensing systems [ 14,42]. Several studies in both Gram-
positive and Gram-negative bacteria have pointed out varia-
tions in eDNA production during the growth cycle [28], either
to battle host defence responses [38], or associated to high cell
density populations [7]. Likewise, presence of antibiotics and
detergents in the environment and changes in the salinity or pH
of the extracellular milieu, for instance, may alter eDNA pro-
duction as a reaction to environmental stress [13,37].

Whichever the mechanism involved, eDNA can play dif-
ferent roles in the environment. On the one hand, eDNA can
be used by competent cells as the HGT source of new genes,
including antibiotic resistances, virulence factors or enzymes.
Also, eDNA is used by several bacteria as a stabilizing com-
ponent of the biofilm matrix [14], being vital in the early stag-
es of biofilm development [19, 46], as it facilitates adhesion,
aggregation and maintenance of the integrity biofilm struc-
tures [4,14,44]. This is of particular interest from a clinical
point of view, where biofilms play major roles in colonization
and infection [9]. Studies on pathogenic multidrug-tolerant
Staphylococci, Pneumococci or Streptococci have empha-
sized the high yields of eDNA present in their biofilms, being
up to 50 % more than in P. aeruginosa biofilms [51], where
degradation by DNase I treatment significantly reduced bio-
film pathogenicity [31,33]. Therefore, eDNA production
within the biofilm not only contributes to the spread of toxins
but also promotes biofilm persistence, enduring the resistance
of pathogens against antibiotics, ultimately broadening the
prevalence of its virulence [9,31,33,38,51].

However, in the environment, eDNA coexists with
DNases and nucleases secreted by the surrounding microbial
community, which will rapidly degrade it as a way to gain
nutrients for growth. An apparently widespread mechanism to
protect eDNA from degradation involves the production of
the so-called extracellular vesicles (EVs), that shelter the
eDNA from the action of nucleases either by effective encap-
sulation, shielding the DNA, or by adsorption to their surface,
blocking the access of DNAses by steric interactions. This
way, the half-life of the eDNA in the environment increases,
expanding the time window for HGT [5]. Such protective
mechanisms could be especially relevant in thermal environ-
ments, where protective strategies could be required to pre-
vent eDNA also from denaturation [50].

Thermus thermophilus is one of the best known thermo-
philic bacteria because its easy growth under laboratory con-
ditions, sequence availability [23] and genetic accessibility
[10]. Many strains of 7. thermophilus can acquire linear or
circular DNA at exceptionally high rates through a constitu-
tively-expressed transformation apparatus [48]. Most of the
DNA taken up by the cell is destroyed through a yet poorly
understood DNA-DNA interference mechanism dependent on
a thermophilic homologue (ttAgo) to the human Argonaute
protein [52], supporting that natural competence more likely
evolved to get nutrients from the environment than to acquire
new genetic information. On the other hand, T thermophilus
is also able to transfer DNA by means of a conjugation-like
mechanism poorly characterized, but that allows the trans-
ferred DNA to escape from the ttAgo’s surveillance, suggest-
ing a major relevance in HGT within the genus [6].

We describe here the existence of an alternative route of
HGT in T. thermophilus based on the production of DNase-
protected eDNA. Long-term protection of 7. thermophilus
eDNA is due to its association to extracellular membrane
vesicles generated by cell lysis. We show that this vesicle as-
sociated eDNA can be incorporated into the genome of re-
cipient 7. thermophilus cells through its natural competence
apparatus.

Materials and methods

Bacterial strains and growth conditions. The bacterial strains
used in this study are listed in Table 1. Escherichia coli DH5a was used for
plasmid construction. E. coli was routinely grown at 37 °C in LB broth or
plates [32]. T thermophilus was grown aerobically under rotational shaking
(150 rpm) at 60°C or 70°C in TB [41] or in mineral M162 medium [15]. Ka-
namycin (Km, 30 pg/l1), Ampicillin (Am, 100 pg/l) and/or Hygromycin B
(Hyg, 100 pg/l) were added when needed for selection.

Plasmids and insertional mutants. pMKpnqosYFP is a bi-func-
tional plasmid selectable with Km both in E. coli and T. thermophilus. 1t en-
codes a thermostable yellow fluorescent protein (sYFP) expressed in 7. ther-
mophilus from the ngo,, promoter [1]. Transformation of this plasmid into
Thermus spp. was done either by natural competence or by electroporation,
depending on the strain. Insertion mutants in the pyrE or gdh genes was done
by transformation with plasmid pK18::pyrE and genomic DNA from a
gdh::kat derivative of T. thermophilus HB27 [11], respectively.

Isolation of extracellular membrane vesicles for TEM
analysis. Isolation of EVs was performed following described methods
[29]. Briefly, cultures were filtered through 0.45 um nitrocellulose filters
(Whatman PROTRAN BAS85) and the cell-free fraction was further
centrifuged at 6000 x g for 20 min at room temperature to eliminate large
cell fragments. Supernatants were further filtered through 0.22 pm filters
before ultracentrifugation (150.000 x g for 2.5 h at 4°C) to collect the EVs.
The EVs were washed twice in HEPES (50 mM, pH: 7.5) buffer by cen-
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Table 1. Strains used in this work

Strain Genotype Phenotype/use Reference
Escherichia coli DH5a. 282’;7:;};?1;17 supE44 thi-1 recAl gyrd96 relAl A(argF-lacZYA) U 169 Cloning [22]
Thermus aquaticus YT1 Wild type DSZM 625
T. aquaticus syfp T aquaticus YT1 [pMKPnqosyfp] KmR This work
T. scotoductus SAO1 Wild type [21]
T. scotoductus pyrE ApyrE:kat KmR This work
T. scotoductus syfp T. scotoductus SA01 [pMKPnqosy/p] KmR This work
T. thermophilus HB27 ATCC BAA-163 / DSM7039 Wt Y. Koyama
T. thermophilus HB27 gdh gdh::kat KmR [11]
T. thermophilus HB27% ago::ISTth7 S:;Z‘;che [52]
T. thermophilus HB27ago Aago f(?r}ll‘:)rel:t:::ce [52]
Enhanced
T. thermophilus HB27ago-gdh Aago, gdh::kat competence. [6]
KmR
T. thermophilus HB27ApilA4 HB275C ApilA4 Non competent [6]
T. thermophilus HB27ApilQ HB275¢ ApilQ Non competent [6]
T. thermophilus HB8 Wild type Y. Koyama
T. thermophilus HB8 syfp T. thermophilus HB8 [pMKPnqosyfp] KmR This work
T. thermophilus SG0.5JP17-16 Wild type J. Gladden
T. thermophilus SGO0.5 pyrE ApyrE:kat KmR This work
T. thermophilus NAR 1 pyrE ApyrE:kat KmR This work
T. thermophilus VGT pyrE ApyrE:kat KmR This work
PK1 T. thermophilus HB27[ttp0211::kat] KmR This work
CK1 T. thermophilus HB27 ¢ [gdh::kat) KmR [11]
CK2 T. thermophilus HB27C [ttc1844::kat) KmR [6]
CK3 T thermophilus HB27" Apild4::kat, Aago CK;?an;e ?;? [6]

trifugation (60.000 x g for 30 min), and re-suspended in 50 pl phosphate
buffer (50 mM, pH 7.5). Control samples from each of the supernatants in
the process were analysed for the presence of living cells and eDNA. For
TEM analysis, EVs were adsorbed onto ionized Collodion-coated copper
grids (300 mesh) and negatively stained with 2% (w/v) aqueous uranyl ac-
etate. Grids were examined in a JEM 1010 transmission electron micro-
scope (JEL, Japan) equipped with a TVIPS Tem Cam F416 (CCD SystemB)
digital camera (Gauting, Germany).

Quantification and analysis of eDNA. Total DNase resistant
eDNA was precipitated from 1 mL of filtered growth medium treated with
DNase I (5 units, Roche) for 1 h at 37°C. EVs-associated eDNA was ex-
tracted from EV fractions by phenol-chloroform and precipitation method

[45]. Concentration of eDNA was measured by spectrophotometry and its
integrity was analysed by agarose gel electrophoresis. Digestion with HindIIl
(Thermo Scientific) was carried out following manufacturers’ indications.
Susceptibility assays to DNase I (10 units, Roche) and nuclease SI enzymes
(100 units, Thermo Scientific) were carried out according to manufacturers’
indications. PCR assays of different regions of the genome were carried out
with 9 oligonucleotide pairs (Table 2) that were further analysed by agarose
gel electrophoresis.

Protein analysis. EVs samples from 7. thermophilus HB27 were treated
at 90°C for 10 min with Laemli’s sample buffer [29] and incubated with tryp-
sin in gel (Promega, Madison, WI) following manufacturer’s indications. Gel
extracted peptides were desalted and concentrated by OMIX C18 (Agilent
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Table 2. Oligonucleotides used in this work. Sequence shown in low case indicates restriction site (underlined) and additional bases required for

cloning

Name Use Oligonucleotides sequence (5’ to 3')

AB225 Construction of pk18:: pyrk aaagaattcCTAGACCTCCTCCAAGGGCAC
AB226 Construction of pk18:: pyrE atcaagctt ATGGACGTCCTGGAGCTTTAC
AB92 Check pilA4 mutation AAATGCTGAAGCTTGGCGGCAAC
AB93 Check pilA4 mutation AAAAGAATTCGGGAGTTAGGCTTGGGATTGTG
ABI115 Check pilQ mutation CTTCCCAAGAGGAGGCCCAG

ABI116 Check pilQ mutation CACGTCCCTCAGGTCCTTGTG

ABI171 Check Aago mutation GTCTTCCTTCTCCCTCCGGAC

ABI172 Check Aago mutation CTTCGGGCTTTCCCTGGAG

AB63 PCR analysis for ttp0084 amplification ttcgaattcCTTCATCCCCACCAAGTTTGAC
AB64 PCR analysis for #p0084 amplification aacaagcttGTCCTTCACCTTCTTGAGCTCCAG
AB67 PCR analysis for t#tp00208 amplification ttcgaattcTCCTCAAGGAGGCCCTCTG
AB68 PCR analysis for ttp00208 amplification atcaagctt GAAGTCCGCGAACTCGGTAAG
AB90 PCR analysis for t#tp00145-146 amplification GATGCTGCTCGGATGGTTTG

AB91 PCR analysis for #tp00145-146 amplification CCTCCAGGGAACATCCAGTAGAG
CEC78 PCR analysis for ttp00167 amplification ttcgaattcGTCGCTGGTCATGGCGTC
CEC79 PCR analysis for #p00167 amplification atcaagcttCACCGCTACCTGGTGGACTC
CECS82 PCR analysis for #c0893 amplification ttcgaattcTACGTGGTGCTGGACGAGCTC
CECS83 PCR analysis for ttc0893 amplification atcaagcttGTTCCGCACCAGGTAGCTCTC
CEC84 PCR analysis for #tc1415 amplification ttcgaattc GTGGCGATGAGGATCTCCAG
CECS85 PCR analysis for ttc1415 amplification atcaagcttGTCCGGATAGACGGCAAGCTC
ABI109 PCR analysis for ttc1017-1018 amplification atcagatctCAATGTCCCCATGCGGTTTC
ABI10 PCR analysis for ttc1017-1018 amplification ttcaagcttGTAGATGGCGTCGTGGACCTC
CEC9% PCR analysis for ttc638 amplification ttcgaattcGCCAAAAGCCGCTCCTTCTC
CEC95 PCR analysis for ttc638 amplification atcaagcttCGGGACGAGGTCTTTCTTTC
AB169 PCR analysis for #tc1879 amplification atcaagcttGAGTTATTGGCCGCGCTTC
AB170 PCR analysis for #tc/879 amplification aaaccatggCATGCGGGTGCTCAGGTG

Technologies). Results from the LC-MS/MS analysis were surveyed with
SEQUEST search algorithm from Proteome Discoverer software (v. 1.4;
ThermoScientific) employing Uniprot’s T. thermophilus HB27 database.
Subcellular compartment allocation was performed according to PSORTb
software results (v.3.0.2; Brinkman Laboratory). The frequency of peptides
detected in relation to the molecular masses of the corresponding proteins
was used as a proxy for the quantification of the proteins in the sample.

Transformation frequency assays. 7. thermophilus HB27 and its
ago- derivatives strains were transformed by natural competence with either
DNase-treated filtered supernatants of cultures, purified EVs, or purified
DNA. DNase treatment of the DNA templates involved 1 ml of each filtered
supernatant incubated in presence of 5 units of DNase I (Roche) for 1 h,
amended with extra 5 units DNase I upon induction of transformation. In all
cases, the donor strain was labelled with the kat gene cassette, and transfor-

mation frequencies were calculated as the number of transformants grown on
Km-containing selective plates per recipient cell in triplicate assays.

Results

Production of DNase-resistant e-DNA by dif-
ferent Thermus spp. Occurrence of DNase-resistant
eDNA was detected while performing conjugation assays
with 7. thermophilus strains, as we observed low levels of
transfer of an antibiotic resistance marker in cultures of 7.
thermophilus HB27 derivatives separated by 0.22 um nitro-
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cellulose filters. Moreover, the control experiment showed
that this DNA transfer was also detectable in the presence of
DNase I, supporting that the transferred eDNA was protected
from the enzyme activity. To confirm this, we used DNase-
treated filtered growth medium of cultures from three 7. ther-
mophilus HB27 derivatives harbouring the kat gene cassette
in the pTT27 megaplasmid (PK1) or in the chromosome
(CK1, CK3), in transformation assays. As shown in Fig. 1A,
we detected the transfer of the kanamycin resistance to the
high transformation-efficiency 7. thermophilus HB27 Aago
strain in the three cases (1.7 £+ 0.68 x 107°). In addition, we
found no differences between the frequencies found for the
transfer of megaplasmid genes (PK1) compared to that of
genes located in the chromosome (CK1 and CK3).

Transformation assays mediating the single recombina-
tion of pK18pyrE::kat plasmid into the highly conserved
pyrE gene were performed using a variety of Thermus strains.
As shown in Fig. 1B, all the strains assayed (7. thermophilus
NARI, T. thermophilus SG0.5JP17-16, T. thermophilus VG,
and 7. scotoductus SA1) produced enough DNase-protected
eDNA as to allow the detection of pyrE::kat transformants in
T. thermophilus ago- derivatives. In addition, the low sized
plasmid pMKpnqosYFP could also be transferred as DNase-
protected eDNA (Fig. 1C), alike the observed transfer of
genes from the chromosome and the megaplasmid.

Analysis of eDNA produced by Thermus spp. The
genomic content of the DNase-resistant eDNA present in the
growth media was analysed by gel electrophoresis. As shown in
Fig. 2A, the eDNA from the HB27 strain and its CK2 and HB275¢
derivatives have a size (around 20 kbp) similar to that of whole
genomic DNA isolated by conventional methods. Furthermore,
confirmation of eDNA whole genome representation was at-
tempted by two experimental strategies. On the one hand, the
restriction pattern obtained from digesting eDNA samples with a
restriction enzyme that has a relatively small number of cutting
sites in the genome (HindIII), showed no defined products (Fig.
2A). In addition, PCR reactions on eDNA extracts provided pos-
itive products for the amplifications of several genes distributed
along the chromosome (#c genes) and the pTT27 megaplasmid
(ttp genes) in all cases (Fig. 2B).
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Fig. 1. Production of DNase-resistant e-DNA by Thermus spp. (A) Production of eDNA by 7. thermophilus HB27. Transfer frequencies of two chromosome
(CK1, CK3) and one megaplasmid (PK 1) gene labelled with the kat cassette to the T. thermophilus Aago strains were measured. (B) Production of eDNA by
different Thermus spp. Transformation efficiencies to 7. thermophilus Aago were measured with eDNA from cultures of the indicated Thermus spp. pyrE: kat
mutants. Donor pyrE::kat strains: T. thermophilus NART (NARI), T. scotoductus SAO1 (Tsco), T. thermophilus SG0.5JP17-16 (SGO.5), T. thermophilus
VG7 (VGT7). (C) eDNA mediated transference of replicative plasmid. Transformation efficiencies were obtained as above for different Thermus spp. strains
harboring plasmid pMKPnqosYFP. Donor strains: 7. aquaticus YT1 (Taq), T. scotoductus SA01 (Tsco), T. thermophilus HB8 (HBS), T. thermophilus HB27%¢

(HB27EC). Error bars correspond to the mean standard deviation (n = 3)
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Fig. 2. DNase-protected eDNA is representative of
the whole genome of T. thermophilus. (A) Samples
of DNase resistant eDNA, isolated from cultures of
the 7. thermophilus strain strains HB27, HB27"¢ and
CK2, were treated (+) or not (-) with HindIIl. Size
markers (bp): M1 (23130-9420-6560-4360-2320-
2020); M2 (4370-2899-2498-2201-1933-1331-
1150-759-611). (B) PCR products of the indicated
genes were obtained from eDNA isolated from the
CK2 strain. Genomic DNA from the HB27 strain
was used as positive control. Oligonucleotides em-
ployed for PCR are described in Table 2.
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Production of eDNA along cell growth. The pro-
duction of eDNA along the growth cycle was assayed for the
wild type HB27 strain, its dago derivative, and the inser-
tional mutants CK1 and CK2 (Table 1). As shown in Fig. 3,
production of eDNA in the four strains was high in early
exponential phase and decreased with the growth rate. Actu-
ally, production of eDNA was exacerbated during growth in
rich medium at 70°C compared to 60°C. In contrast, in min-
eral medium, no eDNA was detected at 60 or 70°C (data not
shown).

Protection of eDNA within extracellular mem-
brane vesicles. All the Thermus spp. strains assayed in
Fig. 1, were shown to produce extracellular vesicles. Figure
4A shows a representative image of such structures. In all
cases, the sizes of such vesicles were rather heterogeneous.

The composition of such EVs was explored through a
proteomic analysis. In addition to the identification of tryp-

sin-generated peptides, we deduced a semi-quantitative
analysis that gives an approximate idea of the protein con-
tent of the vesicles. Our data supported the abundance of
ABC transporters and cell wall associated proteins. More-
over, bioinformatic prediction of the subcellular allocation
of the identified proteins showed that most of the proteins
for which a localization could be predicted belonged to cell
envelope components (inner/outer membranes and peri-
plasm) (Fig. 4B). However, a lower but significant fraction
of proteins in the external vesicles were identified as cyto-
plasmic components (14.2%). In summary, there was a great
diversity of both the EVs morphology as well as the protein
components extracted from such EVs.

Analysis of the DNA within EVs. As shown in Fig.
5, eDNA purified from supernatants or chemically extracted
from EVs was sensitive to DNase (lanes 3 and 5) but not to
S1 nuclease (lane 6). Control experiments with whole EVs
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show the expected protection against both enzymes (lanes 2
and 4). Thus, EV-associated eDNA is double stranded.

Activation of Argonaute interference by EVs-
linked eDNA. The relevance of the competence apparatus
in the mechanisms by which the EV-associated eDNA gets
access to the cell was analysed. For this, we used as host the
HB27 wild type strain or mutant derivatives defective in
transformation (4pilQ, ApilA4). The outcome of these assays
(Fig. 6A) was that neither Apil44 nor ApilQ could be trans-
formed, whereas transformation was detected in the wild type
strain with both EVs and genomic DNA, but with much lesser
efficiency in the first. We further checked if acquisition of
eDNA was also subjected to DNA-DNA interference mediat-
ed by the Argonaute protein. For this, the wild type strain and
its Aago derivative were transformed with EVs isolated from
strains CK1 or PK1. As shown in Fig. 6B, the dago strain was
around 10 folds more efficient in transformation than its pa-
rental wild type strain, in a way similar to that found for ge-
nomic DNA.

) in TB rich medium is represented for the HB27 wild type strain and its derivatives 4ago,

Discussion

Transformation and conjugation have been described as the
major contributors to HGT in Thermus spp. [3,6,12]. Whereas
the success of HGT by conjugation depends on a donor cell to
encode a selectable property beneficial for the recipient cell,
the broad range transformation capability of the genus allows
the cells to receive DNA from distant Phyla including Ar-
chaea, as described for many genes of 7. thermophilus
[3,8,48]. However, the success of a transformation event de-
pends on the availability of large sized dsDNA in the natural
environment in which Thermus spp. live.

In thermal environments, the integrity of the eDNA is
challenged not only by the presence of DNases, secreted by
several organisms to gain nutrients, but also by the melting of
dsDNA at high temperatures. In this scenario, the protection
of the extracellular DNA from both hydrolytic action of en-
zymes and melting could expand the possibility of HGT both
in time and distance. Here, we provided evidence, on the one
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Fig. 4. eDNA is protected within membrane vesicles. (A) Representative
TEM images of EV fractions of the HB27"¢ and CK2 strains are presented.
Samples adsorbed onto Collodion-coated copper grids were negatively
stained with uranyl acetate. Samples were observed in a JEM 1010 transmis-
sion electron microscope. Bar represents 400 nm. (B) Pie chart displaying the
relative abundance of the proteins associated to the EVs fraction, classified
by their predicted subcellular localization, as predicted by P-SORT software
after LC MS/MS analysis.

hand, of the ability of all the strains of Thermus spp. assayed
to produce DNase-resistant eDNA, and on the other, of the
capability of T. thermophilus to integrate this eDNA into its
genome.

The production of DNase-resistant DNA was assayed in 7.
aquaticus YT1, T. scotoductus SA1, and different strains of 7.
thermophilus, for which Km resistant insertion mutants or
Km-resistance plasmid transformants could be isolated. Thus,
it is likely that production of eDNA is a common trait of the
genus. Moreover, through a double experimental strategy in-
volving restriction profiles and PCR amplification, we could

DNAse S1
EVe EVe M

Su Se EV

Int Microbiol

Fig. 5. eDNA is double stranded and barrier-protected from nucleases. Sam-
ples were treated with DNase I (10 units, 1 h at 37°C) or Nuclease S1 (100
units, 1 h at 37°C) as indicated. Su) Supernatant from HB27; Se) eDNA ex-
tracted from Su by phenol-chloroform treatment and precipitated with etha-
nol; EV) Evs purified from Su by ultracentrifugation and washing; Eve)
eDNA extracted from EVs; M) Molecular size markers: 23130-9420-6560-
4360-2320-2020 bp.

demonstrate that the eDNA was double stranded, not frag-
mented, and included the whole genome of the producer, dis-
tributed in a random manner, with no overrepresentation of
any specific genome regions (Figs. 2 and 5). Therefore, under
the decribed growth conditions the genome of all the Thermus
spp. strains assayed was available in the growth medium in a
DNase protected form.

Then, we wondered what was the nature of such protec-
tion against DNases. As classical chemical treatments to pu-
rify eDNA makes it sensitive to these enzymes (Fig. 5), we
deduced that protection was the consequence of physical bar-
riers blocking the access of the enzymes to the eDNA, and
related it with the production of membrane vesicles (EVs) that
were easily isolated and visualized by electron microscopy in
cultures of all the strains analysed (Fig. 4A). Therefore, pro-
tection against DNase would be the consequence of the asso-
ciation or integration of eDNA to or into the EVs

Production of EVs is a relatively common trait described
in many bacteria and in a few Archaea, including extreme
thermophiles [34,35,50]. In Gram-negative bacteria, EVs are
produced in many species through the local destabilization of
the outer membrane that produces unspecific spontaneous re-
lease of membrane blebs [34,35]. These EVs can play differ-
ent functions, from secretion of proteins, to production of en-
capsulated eDNA. In the latter case, their function as vehicles
for HGT has been shown for Neisseria gonorrhoeae [16],
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Fig. 6. Transformation with eDNA requires the competence apparatus and elicits Argonaute DNA-DNA interference. (A) Transformation of the
HB27 strain and competence defective mutants ApilQ and Apil4A with EVs fraction containing 300 ng of eDNA produced by cultures of the CK1
strain or with 20 ng of genomic DNA from the same strain. (B) Transformation frequencies of T. thermophilus HB27 (ago®) (grey bars) and its
Aago (ago™) (black bars) derivative with EVs fraction (EV) from the CK1 and PK1 strains containing 500 ng of eDNA. Transformation controls
with 20 ng of genomic DNA from same strains were carried out in parallel (gDNA). Transformation efficiency is expressed as the number of Km-
resistant colonies per viable dago cell. Error bars correspond to the mean standard deviation. (n = 3)

Haemophilus spp [27], E. coli [58], Pseudomonas aeruginosa
[26], Helicobacter pylori [42] and Salmonella spp [55].
Among Gram-positives, production of EVs seems less fre-
quent, or at least few reports have been published, including
production of vesicles in Streptomyces [47] and Thermoan-
aerobacterium thermosulfurogenes EM1 [36].

Among extreme thermophiles there are fewer reports on
EVs. In Sulfolobus the formation of EVs seems to be the re-
sult of a specific process mediated by endosomal sorting com-
plex similar to that of eukaryotic cells [18]. In Thermococcus
and Pyrococcus, virus-like membrane vesicles are produced
that contain genomic DNA making it highly resistant to DNase
treatment and heat denaturation [50].

The EVs produced by Thermus spp. were quite heteroge-
neous in size (Fig. 4A) and contained such a large variety of
proteins (including cytoplasmic ones) that we concluded that
their generation was more likely the consequence of cell lysis
rather than the products of a specific EV-generation appara-
tus, for which a much defined protein composition pattern
could be expected. Actually, our data showing decreased pro-

duction of eDNA in cells growing at lower rates (60°C in rich
medium, or mineral medium), support that exacerbation of
lysis is the consequence of unbalanced growth under non nat-
ural conditions. In this sense, population stress increased by
accelerated nutrient demand of fast growing cultures would
drive a higher cell lysis which, in return, would feed the sur-
vivals [39,56]. In this scenario, protection of eDNA against
DNases would be a lateral consequence of the production of
lytic vesicles.

If, as supported by our data, the EVs produced are the con-
sequence of lysis of fast growing cultures, the following ques-
tion is how the EVs-protected eDNA gets access to a recipient
cell. Fusion processes between the EVs and the outer enve-
lope of Thermus spp. cannot be ruled out at present, but hav-
ing in mind the presence of a regular surface layer acting as a
scaffold of the outer membrane in these bacteria [10], the ex-
istence of such fusion processes seems unlikely. On the other
hand, the likely lytic origin of these EVs suggests that the
eDNA could be not just inside the EVs, but that it could be
adsorbed to their surface tight or deep enough as to block the
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access to DNase, but still allowing the competence apparatus
of Thermus to take it up. In favour of this hypothesis we found
>100-fold difference in transformation efficiencies between
eDNA and genomic DNA (Fig. 6B). Moreover, the require-
ment for an active competence system, demonstrated by the
lack of Km resistance colonies on transformation assays in-
volving ApilQ and ApilA4 strains (Fig. 6A), and the sensitiv-
ity of this eDNA to the Argonaute DNA-DNA mediated inter-
ference supports that transformation is the way by which
EVs-associated eDNA enters the cell.

A final question is the biological significance of the EVs in
HGT in natural environments. Under the laboratory condi-
tions assayed, production of EVs is associated to rapid growth
in rich medium, an unlikely circumstance in environmental
context where the scarcity of nutrients makes the growth un-
even and rarely fast. However, cell lysis is part of normal life
in nature more related with cell stress than with fast growth,
and the formation of lytic EVs from different origins with
protected eDNA bound to their surface but still accessible to
the competence apparatus of Thermus is likely to occur fre-
quently. In this scenario, EVs could function as reservoir of
genetic material in a protected but still accessible way, in-
creasing its resistance to enzymes, heat and time, as shown for
the EVs of Thermococcus and Pyrococcus [50]. Actually, EVs
produced by Thermus and stored at 4°C for 20 months in the
presence of DNase are still active in transformation experi-
ments, supporting the role of EVs as vehicles for HGT over
long periods of time.
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