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DNA molecules are continuously released through decomposition
of organic matter and are ubiquitous in most environments. Such
DNA becomes fragmented and damaged (often <100 bp) and may
persist in the environment for more than half a million years.
Fragmented DNA is recognized as nutrient source for microbes,
but not as potential substrate for bacterial evolution. Here, we
show that fragmented DNA molecules (>20 bp) that additionally
may contain abasic sites, cross-links, or miscoding lesions are ac-
quired by the environmental bacterium Acinetobacter baylyi
through natural transformation. With uptake of DNA from a
43,000-y-old woolly mammoth bone, we further demonstrate that
such natural transformation events include ancient DNA mole-
cules. We find that the DNA recombination is RecA recombinase
independent and is directly linked to DNA replication. We show
that the adjacent nucleotide variations generated by uptake of
short DNA fragments escape mismatch repair. Moreover, double-
nucleotide polymorphisms appear more common among genomes
of transformable than nontransformable bacteria. Our findings re-
veal that short and damaged, including truly ancient, DNA mole-
cules, which are present in large quantities in the environment,
can be acquired by bacteria through natural transformation. Our
findings open for the possibility that natural genetic exchange can
occur with DNA up to several hundreds of thousands years old.

microbial evolution | horizontal gene transfer | DNA degradation |
early life | anachronistic evolution

NA molecules are continuously released into the sur-

roundings through decomposition of organic matter and are
ubiquitous in most environments (1). DNA degradation is initi-
ated at cell death by coreleased cellular nucleases and continued
by microbes feeding on organic matter (1). Because fragmenta-
tion proceeds quickly, larger (gene-length) fragments are not
expected to persist in the environment (1). Extracellular DNA
is further modified by spontaneous biochemical, chemical, or
physical processes, of which the most important are hydrolysis
and oxidation (2). These result in apurinic sites (depurination)
and in loss of amino groups at the base-residues (deamination).
Depurination affects the stability of the DNA backbone and
leads to nicks and single-strand overhangs of the DNA fragments
(2). Consequently, most free DNA fragments in the environment
are <100 bp in size (3-8). Deamination particularly affects cy-
tosine, creating uracil residues that can lead to cytosine-to-
thymine exchanges, which result in DNA sequencing errors (9).
Other chemical modifications of the DNA backbone and base
residues also occur, but normally at lower rates than those of
depurination and cytosine deamination (10-13). Despite con-
tinuous degradation of free DNA, short fragments often persist
for thousands of years and may survive for more than a million
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years in the environment given optimal preservation conditions
(4, 14-17). However, physical disturbance of preservation con-
ditions may lead to release of such environmental ancient DNA.
For instance, estimates suggest that 859-14,500 tons of sedi-
mentary DNA are released per year from rivers alone (SI Text).

Fragmented and chemically damaged DNA is recognized as an
important microbial nutrient source but has so far not been
considered to contribute to bacterial genome evolution (1, 18—
20). We decided to assess whether bacterial cells can acquire
such degraded DNA, including genetic signatures of the deep
past, by horizontal gene transfer—a driving force in prokaryotic
evolution (21-24). Horizontal gene transfer by natural trans-
formation is a process by which cells take up free (donor) DNA
from the environment and integrate it into their own genomes
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(25, 26). The process likely occurs in most environments and is
well described for high-molecular-weight DNA (chromosomal
fragments typically >10,000 bp). Taken-up homologous DNA is
efficiently incorporated into the genome by RecA-mediated
homologous recombination. Successful natural transformation
has not been described for DNA shorter than 250 bp (19, 20, 23).
In this study we investigate (i) experimentally, to what extent is
short (down to 20 bp) and damaged DNA taken up by natural
transformation and integrated into the genome of the model
organism Acinetobacter baylyi, a Gram-negative soil bacterium
(27, 28); and (ii) in silico, the effect such recombination events
have in genome evolution of transformable species.

Results

Short DNA Fragments Can Be Substrates for Natural Transformation
of Bacteria. Naturally competent TrpE™ A. baylyi cells were ex-
posed to linear TrpE* DNA ranging in size from 20 to ~50,000
bp. TrpE encodes anthranilate synthase subunit I, which is part
of the tryptophan biosynthesis pathway. Transformation was mea-
sured by the frequency of #rpE™ cells that acquired the #pE™ single-
nucleotide substitution (Fig. 14). Transformation frequency
decreased with fragment length (Fig. 1 B and C). DNA substrates
ranging between 20 and 120 bp gave similar transformation fre-
quencies, revealing that very short DNA molecules are capable of
transforming bacteria. Using a RecA-deficient strain revealed that
transformation by these short molecules occurred independently
of the RecA recombinase (Fig. 1C). Experiments with a DNase
knockout strain (Arec/ AexoX) (see SI Text, Table S1, and Fig. S1
for characterization of these A. baylyi mutants) revealed that single-
strand DNA exonucleases are the main factors degrading short
cytoplasmic DNA (Fig. 1C and SI Text), consistent with reports
on limiting factors for artificial transformation by electroporation
(18, 19). Experiments with different DNA concentrations showed
that transformation by 60-bp substrates resulted in one-hit kinetics,
as is the case with large molecules (SI Text and Fig. S2). Con-
sequently, each DNA molecule has the same probability of trans-
forming a cell independent of DNA concentration. In brief,
transformation potential of DNA fragments varies with length,
but not with concentration (Fig. 1B).

Natural Transformation Was Not Affected by the Presence of DNA
Damages. In a Arec/ AexoX strain, damages such as nicks, gaps,
or tails in DNA substrates of 40-60 bp had no substantial in-
fluence on transformation frequency (Fig. 2.4 and B, and Fig. S3
A and B). Also, the presence of segments with no homology to
the selective gene (terminal 20 bp of a 60-bp substrate) or
chemical modifications of 5’-ends (carboxy-X-rhodamine and
other adducts; nonphosphorylation) did not affect transformation
frequency (Fig. 2 A and B, and Fig. S3 4 and B), suggesting cel-
lular processing of the 5’-end. Moreover, uracil residues or abasic
(apurinic/apyrimidinic: AP) sites at #7pE codon wobble positions
did not substantially decrease transformation frequency even when
located only 7 or 8 nt away from the marker (Fig. 2.4 and B). AP
sites directly neighboring or replacing the marker decreased but
did not abolish transformation. The decrease was alleviated when
a base excision repair (BER) endonuclease-deficient mutant
(Anth) was used (Fig. 2 A and C). This suggests that BER effi-
ciently repaired these damages by nicking and gap repair (29).
However, if not repaired by BER, the AP-7 DNA in the Anth
strain had a fourfold decreased transformation frequency com-
pared with the Oli-60 DNA (Fig. 2 B and C). This is consistent
with insertion of a random nucleotide opposite the recombined
DNA during the subsequent round of genome replication. Overall,
the results indicate that the damages typically present in frag-
mented environmental DNA, including ancient DNA, have little
influence on natural transformation in a ArecJ AexoX background.
Absence of RecJ and ExoX nucleases allows for elevated detection
and robust quantification of rare transformation events while not
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Fig. 1. Natural transformation of A. baylyi by short DNA. (A) Chromosomal
location of the single-nucleotide substitution marker (trpE27; SI Text) with
sequence detail of the point mutation locus (bold) and proportional sizes of
the donor DNA substrates (containing the wild-type residue G at the mutation
locus). (B) Transformation efficiencies of wild type (circles; n = 3-7) and ArecJ
AexoX (triangles; n = 3-7; 26 for the 60-mer) calculated as transformants per
marker-containing molecule with 100 ng/mL donor DNA of different lengths.
(C) Transformation frequencies (mean with SD from three or more experi-
ments) obtained with 100 ng/mL donor DNA of different lengths and calcu-
lated as transformants per recipient. Strains: wild type [circles; n = 3-7;
frequencies were always higher than the mutational background (ANOVA: P =
0.033) determined in control experiments without DNA], ArecA (squares;
n = 3), and ArecJ AexoX (triangles; n = 3-7; 26 for the 60-mer). The solid and
dashed horizontal lines mark the background mutation frequency of the
wild-type and ArecJ AexoX strains, respectively. See also Table S1.

affecting viability nor DNA repair functions of A. baylyi (Fig. 1 B
and C; SI Text, Table S1, and Fig. S1).

Ancient DNA Can Be Taken Up and Integrated into the A. baylyi
Genome by Natural Transformation. To confirm that the results
with modern fragmented and damaged DNA also apply to an-
cient DNA, we recovered 43,000-y-old DNA. Ancient bacterial
DNA is extremely difficult to authenticate (30). Therefore, to
exclude modern DNA contamination, we instead used DNA
from an extinct animal—a woolly mammoth (Mammuthus pri-
migenius) of which we had a large bone available. We used the
mammoth DNA to naturally transform an A. baylyi Arec] AexoX
strain carrying a DNA sequence similar to a defined stretch of
mammoth mitochondrial DNA (Fig. 2 D and E). Using the
43,000-y-old DNA, resembling about 10° target molecules, we
identified one isolate with a restored mammoth mtDNA se-
quence. In extensive control experiments without DNA, mutants
resembling transformants were not encountered (for detailed
descriptions, see SI Text). False-positive transformants (e.g.,
originating from contemporary human mtDNA; Fig. 2D) could
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Fig. 2. Natural transformation by damage-containing DNA. (A) Sequence
details of end modifications, internal lesions, uracil (U)- and AP site (X)-con-
taining donor DNA substrates. Position of the marker nucleotide is indicated
by the dashed line. (B and C) Transformation frequencies of the Arec/ AexoX
and Arec AexoX Anth (BER endonuclease lll-deficient) strains (n = 3-7; 26
for the Oli-60 with Arec/ AexoX) with DNA substrates shown in A. Trans-
formation frequencies were calculated as in Fig. 1C. (D) Chromosomal location
and sequence detail of the detection construct for mammoth mtDNA
(hisC:’ND5i" with double stop codons and nucleotide variations in bold), and
sequence details of mammoth and human mtDNA (additional nucleotide
polymorphisms are underlined). In all transformants obtained in control ex-
periments with human mtDNA substrates, the boxed sequence was present. See
also S/ Text. (E) Diagram of the ancient DNA experiment. Woolly mammoth DNA
was used as donor DNA for natural transformation of the hisC:’ND5i" strain.

be excluded by PCR screening and DNA sequencing (SI Text).
This finding reveals that authentic ancient DNA can recombine
with bacterial genomes through natural transformation. How-
ever, as ancient DNA molecules are fragmented to different sizes
and may have undergone various types of damages, the experi-
ment does not reveal the exact characteristics of the ancient
donor DNA that recombined. To examine the general molecular
process behind the recombination, we conducted a range of
additional experiments.

19862 | www.pnas.org/cgi/doi/10.1073/pnas.1315278110

Cellular Uptake of Short DNA Occurred by Natural Transformation,
but Integration Occurred During DNA Replication of the Lagging
Strand. In type IV-pilus- and ComA-deficient mutants, natural
transformation was abolished regardless of DNA size (SI Text),
demonstrating that the same mechanism underlies the uptake of
long and short DNA fragments into the bacterial cytoplasm (31,
32). We hypothesized that the RecA-independent recombination
(Fig. 1C) with DNA fragments occurred by single-strand annealing
of the incoming DNA strand with the discontinuously synthesized
strand at replication forks (Fig. 34), as previously described after
artificial DNA exposure in Escherichia coli and Legionella pneu-
mophila (18, 19). We confirmed this experimentally by using short
mismatch-containing heteroduplex donor DNA and sequencing of
transformants (Fig. 34) and by using single-stranded donor DNA
(Fig. 3 B and C). The data confirmed that transformation by short
DNA was associated with DNA replication; in >97% of trans-
formants, the DNA donor strand corresponded to the lagging
strand of replication. The feasibility of short DNA molecules
acting as primers in replication (Fig. 34) is provided by trimming
of the 5’-end of the incoming DNA during uptake/recombination
(this study) and by cleavage of the 3’-end during uptake (33).
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Fig. 3. Recombination with very short DNA. (A and B) Donor DNA substrate
illustrations: the top strand is depicted in red, and the bottom strand in blue.
(A) Heteroduplex DNA with sequence detail and proposed integration
mechanism. A bottom strand fragment can anneal with the discontinuously
replicated strand and incorporate into the lagging strand at the replication
fork. One hundred percent (n = 20) of wild-type transformants and >97%
(n = 38) of ArecJ AexoX transformants had the bottom strand integrated. (B)
Schematic proportional sizes of double- and single-strand donor DNA sub-
strates. Position of the marker nucleotide is indicated by the dashed line. (C)
Transformation frequencies of the ArecJ AexoX strain (n = 3-7; 26 for Oli-60)
with various donor DNA substrates, and mutational background without
DNA. Transformation frequencies were calculated as in Fig. 1C.
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Double-Nucleotide Variations Escaped DNA Mismatch Repair. Be-
cause recombination with short DNA containing single-nucleo-
tide variations (SNVs) results in mismatched base pairs, we
investigated the influence of the DNA mismatch repair (MMR)
on natural transformation. Transformation frequencies for short
DNA molecules decreased when multiple nonadjacent SNVs
were present, but were increased 50-fold for DNA molecules con-
taining two neighboring SNVs, which we term double-nucleotide
variations (DNVs) (Fig. 4 A and B). With an MMR-deficient
(AmutS) strain, transformation by all substrates was uniformly in-
creased to the DNV level. These results demonstrate that MMR
acts on mismatched recombination intermediates and that adjacent
nucleotide mismatches escape this DNA repair mechanism. DNVs
therefore have a higher likelihood of successful recombination,
and if neutral or advantageous, they may accumulate as double-
nucleotide polymorphisms (DNPs) in naturally transformable
bacterial populations over time.

DNPs Are More Frequent in Transformable than in Nontransformable
Bacterial Species. We investigated the prevalence of DNPs by
collecting 91 GenBank genomes for transformable and non-
transformable bacterial species (Fig. 4C, Table S2, and SI Text)
and we resequenced 25 of the strains to test the genomes’ quality
(81 Text and Table S3). Using a separate multiple alignment for
each species, we counted the number of unique nucleotide
polymorphisms for nontransformable and transformable species
(Table S2). To ensure statistical independence of the counts, we
define “unique” as a polymorphism that only occurs once in
a multiple alignment column. We divided them into polymor-
phisms with no immediately adjacent nucleotide differences
(SNPs), polymorphisms that occur as adjacent pairs (DNPs), and
polymorphisms that occur in contiguous stretches of >2 nt
(multiples: three to six adjacent polymorphisms; see SI Text for
details). On the total counts of polymorphisms (Fig. 4D) we applied
pairwise 2 tests of homogeneity to statistically test whether the
proportions of observed SNPs, DNPs, and multiples are the same
in transformable and nontransformable bacteria (thereby account-
ing for difference in nucleotide diversity between the groups; see
SI Text for further details). We find that the proportion of unique
DNPs to SNPs is significantly higher in transformable than in
nontransformable species (Fig. 4E; y* P value << 0.001). To
investigate whether this pattern could be due to an overall higher
rate of mutation in transformable species, we also assessed the
proportion of DNPs relative to multiples. We find that non-
transformable species have a higher proportion of multiples
than DNPs (Fig. 4E; y* P value << 0.001). This shows that the
excess of DNPs could not have been driven by a generally in-
creased presence of multiples in transformable species. Conse-
quently, these tests support the hypothesis of an increased
proportion of DNPs in transformable bacterial species. It is
pointed out that this analysis only concerns the proportions of
observed polymorphisms and informs on neither the length of
DNA recombination events, nor on the age of transforming
DNA molecules. Despite using more nontransformable than
transformable strains, we still count more polymorphisms in
the latter group (Fig. 4D). To control for potential analysis arti-
facts arising from the greater number of nontransformable
genomes, we created three reduced datasets that contained only
five random strains of each species, thus equalizing the number
of strains in each group of species. Multiple alignments, poly-
morphism counting, and statistical tests were conducted as for
the complete dataset. The pattern of increased DNPs in trans-
formable bacteria holds for all three reduced datasets with high
statistical significance (all x> P values << 0.001). Furthermore,
we always counted fewer total unique polymorphisms in the
nontransformable species.
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Streptococcus pneumoniae 14 39 2.0-22
Non-transformable species
Escherichia coli 15 (6) 50 46-57
Salmonella enterica 14 (9) 52 3.2-49
Staphylococcus aureus 14 32 27-29
Streptococcus pyogenes 13 38 1.8-1.9
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Fig. 4. Double-nucleotide variants and polymorphism genome analysis. (A)
Sequence details of nucleotide variation-containing donor DNA substrates
(nucleotide exchanges in red). The dashed line indicates the position of the
marker nucleotide. (B) Transformation frequencies of the ArecJ AexoX, wild-
type, and ArecJ AexoX AmutS strains (n = 3-7; 26 for Oli-60 with ArecJ AexoX)
obtained with DNA substrates shown in A. Transformation frequencies were
calculated as in Fig. 1C. (C-E) Distribution of DNPs, multiples, and SNPs in
transformable and nontransformable bacterial species. (C) Bacterial genomes
used for analysis. (D) Total polymorphism counts in transformable and non-
transformable species. (E) Normalization of counts for direct visual compari-
son of the proportions of total polymorphisms of DNPs, multiples, and SNPs
within nontransformable and transformable species, respectively.

Discussion

Our findings reveal that short and damaged free DNA mole-
cules, whether contemporary or ancient, remain available for
natural genetic transformation of bacteria. The chemistry of
damaged DNA does not in itself render the DNA biologically
inactive. Importantly, and in contrast to transformation by longer
DNA fragments, genomic incorporation of short and degraded
DNA fragments is RecA independent, occurs at the replication
fork, and does not require the DNA source and recipient cells to
be present together in either space or time. Our analysis of DNPs
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in the genomes of naturally transformable bacteria match the
nucleotide variation patterns we have detected and supports the
experimental evidence provided here for a general genetic pro-
cess in bacteria. Taken together, our observations suggest that
natural transformation of short and degraded DNA takes place
in nature. Consequently, our findings imply that highly frag-
mented DNA molecules may contribute to bacterial evolution.
Further studies will reveal the broader impact of short fragment
transformation in different species and environments.

The outcomes of natural transformation with short DNA
fragments will differ substantially from those of transformation
by longer DNA segments, such as those containing entire genes,
operons, and mobile genetic elements (34). Natural transfor-
mation with very short DNA will, due to size constraints, lead to
base pair substitutions resulting in modification or loss of resi-
dent gene functions, rather than acquisition and integration of
entire genes. The outcome therefore resembles point mutational
processes, and consequently short fragment length transforma-
tion may be a causal factor behind genetic polymorphisms so far
attributed only to spontaneous mutation. Importantly, short
DNA molecules do not encounter the same recombinational
barriers to natural transformation as longer DNA fragments.
The constraints on recombination due to conflicting gene order,
function, and DNA similarity are minor. Although requirements
for DNA similarity are still present, short similar DNA stretches
are more likely to be conserved for a broader range of species.
Also, the probability of random sequence similarity increases with
shorter fragment size. Additionally, when DNA fragments con-
taining abasic sites recombine through natural transformation,
the outcome resembles a random mutagenic process with re-
spect to the repair of the abasic nucleotide site. Consequently,
the conditions for degradation of DNA in an environmental
setting may influence the generation of genetic diversity in a
bacterial community.

The recombination frequencies reported with short DNA are
relatively low compared with transformation with high-molecu-
lar-weight DNA in laboratory models. However, the bacterial
recombinational potential with DNA should be seen in the
broader context of DNA exposure. Of the vast amounts of free
DNA in the environment, the majority will exhibit various stages
of degradation (3, 35, 36). Additionally, threshold levels for bi-
ologically significant gene transfer frequencies remains to be
established for bacterial systems, and differences in transfer fre-
quencies may have little or no impact on long-term evolutionary
outcomes (37). The biological impact of DNA acquisitions will
depend on a range of factors, including the fitness advantages they
may provide (38, 39). It should be noted that in our study both
short and long donor DNA molecules transform bacteria in
compliance with a one-hit kinetic model (Fig. S2), as expected
for DNA recombination during natural transformation. Conse-
quently, the probability that a short DNA molecule transforms
a bacterial cell depends on the absolute number of molecules
available, and not the overall DNA concentration (Fig. 1B). For
a DNV-containing 60-bp fragment about 8 X 10'° molecules
(equivalent to 5 ng) yield one wild-type transformant within
a short DNA exposure period (2 h). This efficiency is re-
producible regardless of the DNA concentration applied or ex-
cess of nontransforming DNA present (Figs. S2 and S4).

The number of DNA molecules required is comparable to the
number of cells needed (about 1 x 10'’) for a specific point
mutation to occur (Fig. 14). For the probability of two adjacent
point mutations to occur in one cell, the number of bacterial cells
required is much higher, rendering the chance for a double mu-
tation to spontaneously occur in an observable setting extremely
low. In contrast, exposure to short DNA molecules can lead to
dinucleotide exchanges at >8 orders of magnitude higher fre-
quencies, because it occurs as a single recombination event and
not two independent point mutations in the same cell. These
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considerations imply that natural transformation is a plausible way
to acquire adjacent nucleotide polymorphisms such as DNPs,
which is supported by the elevated ratio of DNPs over SNPs in
naturally competent bacteria (Fig. 4 C-E). Taken together, the
results suggest that natural transformation by fragmented and
damaged DNA plays a role in shaping genomes of naturally
competent bacteria.

Possible Implications and Perspectives

The ability of bacteria to recombine with fragmented and chem-
ically damaged DNA may be of practical concern in some con-
texts. For example, two adjacent nucleotide changes can result in
markedly increased antibiotic drug resistance in bacterial patho-
gens (40, 41). Biological waste disposal and decontamination
practices, e.g., in hospitals where antibiotic-resistant infections are
common, are focused on controlling organisms rather than free
DNA molecules, and usually result in only partial DNA frag-
mentation (42). The possible impact of exposure to short DNA
fragments on microbial evolution in hospital settings should be
further studied.

Horizontal gene transfer is argued to have been a major
evolutionary force in early life (43-45). In contrast to trans-
formation by longer DNA sequences, which requires dedicated
recombination functions, natural transformation by short and
degraded DNA can occur during cellular replication. It is there-
fore tempting to speculate that this pathway of genetic recombi-
nation represents a plausible mechanistic model for the occurrence
of passive genetic exchange in early single-celled populations,
before the evolution of complex systems such as sexual repro-
duction or RecA-mediated homologous recombination. The ge-
netic process described here suggests that early horizontal genetic
transfer could have occurred in primitive cells after uptake of
short DNA segments, which would have augmented evolutionary
change. In addition to its main function as an important nutrient
source, short DNA fragments may have contributed to exchange
of beneficial mutations in early cells and continue to do so in
extant microbial populations.

The potential for bacteria to take up degraded DNA, leading
to single or a few nucleotide changes, adds another perspective
to our understanding of the factors that drive microbial genome
evolution. Models of population genetics and molecular evolu-
tion often rely on “memoryless” Markov processes, which predict
the future genetic state of a reproducing population solely from
its current state. Such models may not fully represent dynamical
feedback between the diversity of environmental DNA and the
replicating microbial gene pool. We propose that rates of mo-
lecular evolution in naturally transformable species may be
influenced by the diversity of free environmental DNA. Fur-
thermore, our findings suggest that bacterial recombination
occurs with DNA fragments of considerable age, even from ex-
tinct microbial species. This suggests an additional, previously
unrecognized contributor to molecular evolution. Recombina-
tion with DNA from temporally separated populations or species
will bypass generations of cellular division and result in the
transfer of genetic information over evolutionary time. We call
this phenomenon “anachronistic evolution.”

Materials and Methods

Strains, Primers, and Plasmids. The bacterial strains were constructed using
standard procedures (see ref. 46 and S/ Text). Primers are listed in Table S4.
All strains are listed in Table S5. Details of strain construction and charac-
terization are described in S/ Text.

Natural Transformation Experiments. Natural transformation experiments
were performed as described in ref. 47 and S/ Text, using as donor DNA
chromosomal DNA, PCR products, or hybridized custom primers (including
molecules containing 5’-adducts, uracil, or AP sites; Table S4). See S/ Text for
details on preparation of donor DNA. Unless stated otherwise, transforma-
tion frequencies are calculated as transformants per recipient and are given
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as means with SDs from three or more experiments obtained with 100 ng/mL
donor DNA of different lengths. All experiments were done with ~2.5 x 10®
recipient cells per mL. Spontaneous (background) mutation frequencies
were determined with “No DNA" natural transformation control experiments.

Genome Polymorphism Analysis. The description in Results is supplemented
with expanded explanations in S/ Text.

DNA Sequencing. Sanger sequencing followed standard protocols (S/ Text).
Illumina sequencing was performed at the Danish National High-Through-
put DNA Sequencing Centre following regular protocols (S/ Text).
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