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Growth phase-specific evolutionary benefits
of natural transformation in Acinetobacter baylyi
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Natural transformation in bacteria facilitates the uptake and genomic integration of exogenous DNA.
This allows horizontal exchange of adaptive traits not easily achieved by point mutations, and has a
major role in the acquisition of adaptive traits exemplified by antibiotic resistance determinants and
vaccination escape. Mechanisms of DNA uptake and genomic integration are well described for
several naturally transformable bacterial species; however, the selective forces responsible for its
evolution and maintenance are still controversial. In this study we evolved transformation-proficient
and -deficient Acinetobacter baylyi for 175 days in serial transfer cultures where stress was included.
We found that natural transformation-proficient populations adapted better to active growth and early
stationary phase. This advantage was offset by the reduced performance in the late stationary/death
phase. We demonstrate fitness trade-offs between adaptation to active growth and survival in
stationary/death phase caused by antagonistic pleiotropy. The presented data suggest that the widely
held assumption that recombination speeds up adaptation by rapid accumulation of multiple adaptive
mutations in the same genetic background is not sufficient to fully account for the maintenance of
natural transformation in bacteria.
The ISME Journal (2015) 9, 2221–2231; doi:10.1038/ismej.2015.35; published online 7 April 2015

Introduction

Horizontal gene transfer (HGT) through natural
transformation allows bacteria to actively take up
exogenous DNA from the environment that can be
recombined into the genome to generate novel
genotypes. Natural transformation, as well as other
modes of HGT (transduction and conjugation),
ensures that adaptive evolution in bacterial species
competent for transformation is not limited to the
selection of slowly accumulating point mutations
and genetic rearrangements (Ochman et al., 2000;
Redfield, 2001; Thomas and Nielsen, 2005). Retro-
spective genome sequence analyses demonstrate that
recombination following HGT has an important role
in shaping bacterial genomes (Johnsborg et al., 2007;
Didelot and Maiden, 2010). Bacteria competent for
natural transformation have a potential advantage
during niche expansion (Levin and Bergstrom, 2000;
Ochman et al., 2000) and may, from one generation
to the next, respond to abrupt environmental shifts
that require genomic changes inaccessible by point

mutations. This is exemplified by microbial adapta-
tion to the immune system of vertebrates and
resistance to the use of antimicrobial agents
(Dubnau, 1999). Whereas the potential adaptive
effects of natural transformation are clear, and for
several species the main mechanistic aspects of DNA
uptake and genomic integration have been eluci-
dated, the selective forces responsible for the main-
tenance of the natural transformation machinery are
still controversial (Redfield, 2001; Narra and
Ochman, 2006; Baltrus, 2013).

Two of the existing hypotheses for the mainte-
nance (and possibly evolution) of natural transfor-
mation suggest that DNA is taken up for nutritional
purposes (Stewart and Carlson, 1986; Redfield,
1993a; Macfadyen et al., 2001; Redfield, 2001) or as
a template for recombination-mediated repair of
DNA double-stranded breaks (Bernstein et al.,
1987; Hoelzer and Michod, 1991). According to
these hypotheses, the integration of exogenous
DNA with adaptive traits following uptake is coin-
cidental. This contrasts the widely accepted view
that natural transformation evolved and is main-
tained to 'explore the fitness landscape' in surround-
ing populations (Dubnau, 1999). Another hypothesis
states that natural transformation is maintained due
to competence-induced growth-arrest between rare
episodes of beneficial DNA uptake (Johnsen et al.,
2009). Perhaps the most intuitive hypothesis is a
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prokaryotic version of the classical explanation for
the evolution of sex whereby DNA uptake increases
the adaptation rates in bacterial populations through
break-up of linkage disequilibrium and reduction of
clonal interference in populations, leading to the
accumulation of multiple beneficial mutations in
single clones (Fisher, 1930; Muller, 1932; Vos, 2009).
Theoretical reports reveal that recombination
mediated by natural transformation can be selected
for by inducing higher rates of adaptive evolution,
but that this selective effect is frequency dependent
(Levin and Cornejo, 2009) and depends on strong
clonal interference between adaptive mutations
(Moradigaravand and Engelstädter, 2013). The experi-
mental evidence in support of this hypothesis is,
however, limited to a single study in Helicobacter
pylori (Baltrus et al., 2007). Other experimental
studies in Acinetobacter baylyi, and Streptococcus
pneumoniae populations suggest that this ‘transfor-
mation-for-recombination’ hypothesis is not univer-
sal in bacteria (Bacher et al., 2006; Engelmoer et al.,
2013). It is likely that the different outcomes of the
abovementioned reports on evolutionary benefits of
natural transformation are due to species-specific
differences in the selective forces maintaining
natural transformation and/or variation in the
experimental setups. Recent experimental evidence
suggests conditional benefits of recombination as
demonstrated under stressful growth conditions in
sexually reproducing yeast (Gray and Goddard,
2012), and recently for S. pneumoniaewhere periods
of stress offset the initial costs of competence
(Engelmoer et al., 2013).

Our model organism A. baylyi (Barbe et al., 2004)
is convenient for studying the possible benefits of
natural transformation for three reasons: (1) compe-
tence is expressed upon dilution into new medium,
(2) it stays competent during most of the log phase
and (3) most of the cells in a population are
competent for DNA uptake at the same time
(Bacher et al., 2006; Metzgar et al., 2004).

In this report we test the ‘transformation-for-
recombination’ hypothesis in A. baylyi cultures
experimentally evolving for 175 days in minimal
medium including extended periods in stationary
and death phase between the serial transfer events.
We show for the first time that the evolutionary
benefits of natural transformation are growth phase-
specific. Natural transformation-proficient popula-
tions adapt better to active growth and early
stationary phase (where competence is expressed)
but this advantage is offset during extended periods
of stationary and death phase. Our data also suggest
that fitness trade-offs between performance during
exponential growth and survival in stationary/death
phase are caused by antagonistic pleiotropy.

Materials and methods

Strains and media
The bacterial strains used in this study are listed in
Table 1. Primers are listed in Supplementary Table
SI 1. If not specified elsewhere, the strains and
populations were grown in Luria Bertani (LB;
Sambrook et al., 1989) or S2-minimal medium

Table 1 Description of A. baylyi strains and populations

Strain or group Genotype Description Reference

ADP1200Com+ lifO-lipB::aphA3’ Transformation-proficient ancestor, genome
sequenced in this study

(Kok et al., 1999)

ADP1200Com+KanR lifO-lipB::aphA3 Transformation-proficient ancestor,
kanamycin resistant

This study

ADP1200Com− lifO-lipB::aphA3’ΔcomFEBC::DHFR-1 Transformation-deficient ancestor This study
ADP1200Com− KanR lifO-lipB::aphA3ΔcomFEBC::DHFR-1 Transformation-deficient ancestor,

kanamycin resistant
This study

ADP1200Com+SpecR lifO-lipB::aphA3’ alkM::aadA Transformation-proficient control strain,
spectinomycin resistant

This study

ADP1200Com− SpecR lifO-lipB::aphA3 alkM::aadA Transformation-deficient control strain,
spectinomycin resistant

This study

Com−5evo Fitness representative from population 5 in group
Com− , genome sequenced

This study

Com+1evo Fitness representative from population 1 in group
Com+, genome sequenced

This study

Com+1evoCom− lifO-lipB::aphA3’ΔcomFEBC::DHFR-1 Transformation deficient version of Com+1evo This study
Com− group Evolved from ancestors ADP1200Com−

(odd numbers) and ADP1200Com− KanR

(even numbers)

Populations 1–6, transformation deficient,
no DNA added

This study

Com+DNA group Evolved from ancestors ADP1200Com+
(odd numbers) and ADP1200Com+KanR

(even numbers)

Populations 1–6, transformation proficient,
heterogenous DNA added a

This study

Com+ group Evolved from ancestors ADP1200Com+
(odd numbers) and ADP1200Com+KanR

(even numbers)

Populations 1–6, transformation proficient,
no DNA added

This study

aAdded DNA was a mix from Spitzbergen soil, pig feces, Acinetobacter baumanii AZR3410 and Acinetobacter johnsonii LUH540.
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(Juni, 1974) supplied with lactate (0.1%) as carbon
source (Nielsen et al., 1997). In addition, two carbon
sources that A.baylyi is not able to utilize were added
to provide an opportunity for adaptation, methyl-
benzoate (2.5 mM) and arabinose (20mM). S2-
medium with the three carbon sources was desig-
nated S2-LMBA. Growth assays designed to explore
growth on alternative carbon sources are described
in Supplementary Information.

Strain construction
The various A. baylyi strains described in Table 1 are
all derived from A. baylyi strain ADP1 (NC_005966)
and were constructed by standard molecular biology
techniques, including the pZR79/80 chromosomal
insert system (AY003885.1) developed by (Kok et al.,
1999), as well as the splicing-PCR approach as
described in (Metzgar et al., 2004; Bacher et al.,
2006). The comFEBC operon, involved in DNA
binding and transport of the DNA through the
periplasm (Averhoff and Graf, 2008), was knocked
out to make a transformation-deficient phenotype of
the ancestor (Com− ; Bacher et al., 2006).

Experimental evolution
Three groups of six populations each were subjected
to serial transfers in S2-LMBA. Two groups con-
tained transformation-proficient populations (desig-
nated Com+) and the third group comprised
transformation-deficient populations (designated
Com− ). To explore the potential benefits of hetero-
logous DNA in the evolving populations, a DNA mix
from Spitzbergen soil, pig feces, Acinetobacter
baumannii AZR3410 (Ray et al., 2009) and Acineto-
bacter johnsonii LUH540 (Young and Ornston, 2001)
was added to one of the transformation-proficient
groups during the serial transfers (see
Supplementary Information for description; group
Com+DNA). The other transformation-proficient
group (Com+) could only acquire DNA from within
the population. To detect cross-contamination half of
the populations (odd numbers) were founded from
single colonies of the ancestor without kanamycin
resistance (ADP1200Com+ or ADP1200Com− ) and
the other half (even numbers) from the otherwise
isogenic ancestor with kanamycin resistance
(ADP1200Com+KanR or ADP1200Com− KanR). All
populations are listed in Table 1.

Serial transfers
All the 18 populations were propagated in 10ml
culture volumes in separate 100ml Erlenmeyer
flasks. Minimal medium S2-LMBA as described
above was always used. Twice a week (every 84–
90th hour) the cultures were diluted 1:100 in fresh
medium and incubated at 37 °C and 120 rounds per
minute. Populations belonging to group Com+DNA
were supplemented with 5 μg exogenous DNA as

described above every second passage (once a week).
Samples (5ml) were frozen down in glycerol (20%)
after 35, 100 and 175 days of serial transfers. The
medium supports early stationary phase ancestor
density of ~ 1.0 × 109 cells ml−1, which is reached
after about 10 h under the described growth condi-
tions (SI Supplementary figure 4). The 100-fold re-
growth between each transfer represents minimum
6.6 generations of binary fissions per transfer (13.2
generations per week). The number of generations is
likely an underestimate since the estimates of re-
growth did not take into account the population
dynamics in the stationary and death phase.

Fitness measurements: head-to-head competitions
and growth rates
After preconditioning (see Supplementary Information)
the two competitors were mixed in equal volumes
(75 μl of each) in a flask containing 9.9ml of
S2-LMBA with DNase (0.1mgml−1) to exclude HGT
during the competitions (see Supplementary
Information for description of control experiment).
After mixing, the densities of each competitor (CFU
ml−1) were determined by selective plating (LB and
LBKan50 or LBSpec20) at T0, T24 and T90. Selection rate
constants (r) were estimated for the entire 90-h
passage as described in (Travisano and Lenski,
1996) with the modification of using ‘per passage’
as denominator instead of ‘per day’. Standard
Darwinian relative fitness (w) measurements
(Lenski et al., 1991) were estimated during the first
24 h of competitions as described in Starikova et al.
(2012), except for the incubation at 37 °C and
shaking at 120 rounds per minute. To quantify the
potential differences in stationary and death phase
between competing clones and/or populations we
measured the difference in survival (su). This fitness
parameter was calculated as:

su ¼ ln
NEð90Þ
NEð24Þ

� �
� ln

NAð90Þ
NAð24Þ

� �

Where NE(90), NE(24), NA(90) and NA(24) are the densities
of the evolved and the ancestral strains after 24 and
90 h in competition, respectively. Competitions
between evolved populations and ancestors with
appropriate markers were done in at least six
replicates after 175 days (50 passages) and in at least
three replicates from time points of 35 and 100 days
(10 and 29 passages, respectively). Evolved popula-
tions without kanamycin resistance were competed
against ADP1200Com+KanR/ADP1200Com− KanR and
evolved populations with kanamycin resistance
were competed against control strains with
spectinomycin resistance, ADP1200Com+SpecR/ADP
1200Com− SpecR. Adjustments for marker effects on
fitness were based on control competitions between
the ancestral backgrounds with and without the
selectable markers (Lind et al., 2010; Supplementary
Table SI 2). See Supplementary Information for
a description of the growth rate assays and
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competition experiments executed to test whether
the adaptation to stationary phase was independent
of the interactions in the growth phase.

Mutation and transformation frequencies
Mutation frequency experiments were performed in
LB or S2-LMBA at 37 °C and 225 rounds per minute
for 24 h selecting for spectinomycin resistance
(10 μgml−1) and calculated as described in
(Björkholm et al., 2001). Transformation frequencies
were estimated by diluting preconditioned cultures
1:5 in S2-LMBA in 96-well plates (total volume 1ml)
and incubating for 4 h (37 °C, 120 rounds per
minute). The cultures were then supplemented with
4 μg genomic DNA (saturating concentration) from
ADP1200Com− (trimethoprim resistant), incubated
for 3 h and plated out on LB and LBTri250. DNA
concentrations in A. baylyi grown in minimal
medium can reach several μgml− 1 and is available
as a substrate for natural transformation (Lorenz,
Gerjets and Wackernagel, 1991). To verify that
natural transformation occured under the experi-
mental conditions we added 0.75 μgml−1 DNA
isolated from ADP1200Com+KanR to a freshly diluted
ADP1200Com+ culture and incubated as described
for the serial transfers above. Transformants were
scored after 12 h on LBKan15. Controls for sponta-
neous kanamycin resistance mutations were
included. The transformation frequency was calcu-
lated as CFU transformants/CFU recipients.

DNA isolation and sequencing
Chromosomal DNA was prepared according to the
Genomic DNA Purification protocol (Qiagen, Hilden,
Germany). The ancestral ADP1200Com+ and single
isolates from the evolved Com− and Com+ groups
were sequenced using Illumina (San Diego, CA,
USA) sequencing. This was performed at the Danish
National High-Throughput DNA Sequencing Centre
as recently described (Overballe-Petersen, Harms
et al., 2013; see Supplementary Information). Pre-
sence/absence of single-nucleotide polymorphisms
(SNPs) was confirmed by Sanger sequencing using
the BigDye 3.1 chemistry according to the manufac-
turer’s instructions (Thermo Fisher Scientific, Carls-
bad, CA, USA). Sequencing primers are listed in
Supplementary Table SI 1.

Statistical analysis
Initial data inspection revealed heteroscedasticity
and dependency in data at the population level.
Informed by these initial analyses we chose to
analyze the data using a linear quantile mixed model
adjusting for temporal pseudoreplication and
repeated measures on the same population (for a
more detailed description of the model, see
Supplementary Information). All reported P-values
and parameter estimates are based on the median

values unless stated otherwise. All estimates,
confidence intervals and their corresponding
P-values for both the median and 75th percentile
are listed in Supplementary Table SI 3. We tested
whether there was an association between survival
(su) and relative fitness (w) with a linear mixed
model adjusting for repeated measures within popu-
lations. The relative fitness value is inherently a ratio
and was linearized with a log transformation to make
it comparable with the survival measure. Growth rate
estimates were analyzed with a one way analysis of
variance with a post hoc Tukey HSD for pairwise
comparisons using the mean value for each
measured population. We used R version 3.0.2
for statistical analysis (RDevelopementCoreTeam,
2013). The lqmm package version 1.04 (Geraci and
Bottai, 2013) was used for the linear quantile mixed
model and the test for an association between the
relative fitness (log10 (w)) and survival (su) was
performed in the nlme package version 3.1–111
(Pinheiro et al., 2013).

Results

Growth phase-dependent benefits of natural
transformation in A. baylyi
Estimates of selection rate constants (r) between T0

and T90 (one complete passage; Travisano and Lenski,
1996) revealed that most of the populations had
begun adapting to the experimental conditions after
35 days of serial passages (Figure 1a). After 100 days
the Com− group had adapted significantly better to
the environmental conditions than the Com+DNA
group (r=6.5 and 3.7, respectively), but not when
compared with the Com+ group (r=4.5; Po0.02 and
P=0.17, respectively). However, after 175 days of
serial passages no significant differences in the
selection rate between the three groups were observed
(all P-values 40.2), suggesting that there was no net
benefit of natural transformation for A. baylyi under
these experimental conditions (Figure 1a). All the
fitness values on group and single population levels
are listed in Supplementary Table SI 5, respectively.
In a control experiment ADP1200Com+ generated on
average 2655 transformants per milliliter yielding a
frequency of 2.7×10-5 transformants per recipient
(that is, natural transformation occurred below satu-
rated DNA concentrations (Overballe-Petersen, Harms
et al., 2013).

Relative fitness (w) was estimated for the first 24 h
of the 90 h mixed culture competition experiments
and included lag, log and early stationary phase, as
described in (Lenski et al., 1991; see Supplementary
Figure SI 4 for a representative mixed competition
growth curve). We found that both Com+ and Com+
DNA (w=1.81 and 1.65, respectively) performed
significantly better when compared with the Com−
group (w=1.28) after 175 days (P=0.003 and
P=0.01, respectively; Figure 1b). The adaptation to
the growth conditions observed in the Com− group
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can mainly be explained between 0 and 35 days with
no additional increase in the relative fitness between
35 days (w=1.37) and 175 days (w=1.28; P40.39 for
both 100 and 175 days compared with 35 days). In
both of the Com+ groups we observed a gradual
increase in the relative fitness over time.

These results were further supported by monocul-
ture growth rate experiments in which both Com+
groups displayed higher growth rates than the Com−
group (Figure 2 and SI Supplementary Table 4).
This difference was significant in the Com+ group
(P=0.011) but not significant in the Com+DNA group
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(P=0.059). As expected, both Com+ and Com+DNA
populations had higher growth rate than the ancestor
(P=0.002 and P=0.011, respectively; Figure 2a). How-
ever, the mean growth rate of the Com− group had not
significantly improved compared with the ancestor
(P=0.86; Figure 2a) and the increased relative fitness
for the Com− group could putatively be due to the
earlier exit from lag phase, as indicated in Figure 2b.

Survival (su) was calculated as the relative
difference in log ratios between 24 and 90 h for each
competitor in stationary/death phase and is
expressed per hour. Com− populations displayed
better survival in stationary phase (su=0.034),
compared with the Com+ and Com+DNA treatments
after 175 days (su=0.023 and 0.015, respectively;
P=0.045 and P=0.008) (Figure 1c). All the evolved
population groups displayed better survival when
compared with their ancestors (Figure 1c). The Com+
DNA group displayed a bi-modal distribution and was
only significantly lower than the Com− group
treatment at the 50th percentile, but not at the 75th
percentile (P=0.008 and P=0.09, respectively;
Figure 1c). To verify that the differences observed
between Com+ and Com− populations relative to the
respective ancestors reflected higher fitness, competi-
tions between fitness representative (Starikova et al.,
2012) evolved populations were performed. As
expected, evolved Com+ populations outcompeted
evolved Com− populations during the first 24 h of the
competitions and this advantage was offset favoring
the Com− populations between 24 and 90 h
(Figure 3). We excluded Com+DNA populations from
further analyses because no effect of exogenous DNA
on the overall adaptation to the growth conditions
was observed (Figure 1), and we thus focused on the
directly comparable Com+ and Com− populations for
the rest of the study.

Antagonistic pleiotropic effects
A plot of relative fitness (log10 (w)) as a function of
survival (su) from all competitions in the Com+ and

Com− groups revealed that Com+ populations
typically displayed higher w and lower su than the
Com− populations after 175 days (Figure 4). We
found a significant negative association between
log10 (w) and su (β1 =− 0.056, t =− 2.78, P= 0.007)
supporting antagonistic pleiotropy (genetic trade-off)
between ‘early’ and ‘late’ performance. This clear
association was not found within the Com+ popula-
tions (β1 =−0.03, t =−1.34, P=0.18), most likely due
to low statistical power (that is, too few independent
measurements). However, the trend supports a
negative association between two of the estimated
fitness components, relative fitness (w) and survival
in stationary/death phase (su). In a control experi-
ment we moved the Com− mutation into an evolved
Com+ strain and both strains were competed against
the ancestral clones. This did not cause a significant
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change in either the relative fitness or survival
(wmedian=1.34 and 1.34, W=21, P=0.7 (n=12) and
sumedian=− 0.0033 and 0.0026, W=7, P=0.18 (n=11;
Wilcoxon's rank-sum test). Competitions between
the Com+ and Com− ancestors also revealed no
difference in the relative fitness or survival due to
the com− mutation (wmedian= 0.96, W=14, P=0.13
(n=6) and sumedian= 0.0005, W=2, P=0.09 (n=5;
Wilcoxon's rank-sum test).

Adaptation to stationary and death phase is density
and log phase independent
We let evolved populations and ancestor strains grow
separately for the first 24 h of the competitions before
they were mixed in equal volumes and incubated for
the remaining competition without any new nutri-
ents. When compared with the standard mixed
competitions no difference in performance was
observed (Supplementary Figure SI 1). Mixed culture
competitions where evolved populations were inocu-
lated in lower ratios (1:10 and 1:100) revealed
invasion when rare, favoring density-independent
adaptation (Supplementary Figure SI 2).

Ability to utilize added carbon sources and adaptation
to stationary phase
Growth experiments revealed that the evolved
populations had not acquired the ability to use
arabinose or methyl-benzoate (data not shown). Most
evolved populations displayed high performance in
stationary phase resulting in drastic reductions in
ancestor densities in mixed culture competitions
(Figure 1c and Supplementary Figure SI 4).
However, neither liquid- or agar-based experiments
with cell-free supernatant from the stationary
phase evolved populations showed any evidence of

direct inhibition/killing of the ancestor strain
ADP1200Com+ (data not shown).

Transformation frequencies in evolved populations
After 175 days of serial passages, transformation
frequencies in three of the nine tested populations
had decreased 100-fold compared with the ancestor
when transformed with DNA from the ancestor strain
ADP1200Com− (Supplementary Figure SI 3). For
two of these populations this occurred gradually
over time (data not shown). The 100-fold decrease in
transformation frequencies was also verified using
DNA from ADP1200Com+KanR (for two out of three
populations) to rule out marker-specific effects (data
not shown). Six populations displayed up to 10-fold
decreased transformation frequencies compared
with the ancestor, consistent with the decreased
transformation frequencies reported in (Bacher et al.,
2006). The reported reduced transformation frequen-
cies may be due to individual lineages within the
populations that lost the ability to take up exogenous
DNA or a general loss of the ability throughout the
whole population.

Mutation-fixation experiments
Mutation frequency estimates of the evolved clones
revealed similar mutation frequencies (2×10−9–

7×10−10) after 175 days. We sequenced two fitness
representative clones, one from the Com+ group and
one from the Com− group, as well as the ancestor
ADP1200Com+ for comparison. We focused our
analyses on SNPs. A total of nine SNPs were found,
five in Com+ and four in Com− fitness representative
clones (Table 2). After 175 days six of the nine SNPs
were fixed or partially fixed in the population that the
respective clone came from; two in the Com− isolate
and four in the Com+ isolate (Table 2). To determine
at what time during the 175 days the mutations
appeared, and if/when they were fixed in the
populations, we sequenced 10 randomly picked
isolates at the preceding time points (35 and 100 days).
The SNP fixation-dynamics is shown in Figure 5.

Parallel evolution
Of the nine SNPs (numbers of SNPs in line with a
recent experimental evolution report in A. baylyi
(Jezequel et al., 2013)) described in Table 2, one SNP
in the znuA-atp1 intergenetic region occurred in both
sequenced strains. The znuA and atp1 encode
a putative transporter and ATPase, respectively.
In addition, both strains had non-synonymous/frame-
shift mutations in the ACIAD3006-3007 loci. We
further sequenced both loci in five randomly picked
isolates from each of the remaining 10 populations of
the Com+ and Com− groups. The znuA-atp1 muta-
tion was present in 6 of the 12 populations in these
two groups (Table 3). Extensive parallel evolution was
also seen in the ACIAD3006-3007 loci demonstrated
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Figure 4 Negative association between relative fitness (log10 (w))
and survival (su) in competitions from the Com− group (circles)
and Com+ group (crosses). Competitions are between all the
populations from groups Com− and Com+ serially passaged for
175 days and competed with the appropriate ancestor. (β1 =
−0.056, t =−2.78, P=0.007).
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by the presence of various SNPs in 11 of the 12
evolved populations in both the Com+ and Com−
groups after 175 days (Table 3). ACIAD3006 and
ACIAD3007 coding sequences are putative LrgA- and
LrgB-like proteins found in several bacteria including
Acinetobacter spp. (Bayles, 2007). LrgAB are mem-
brane proteins in a regulatory network that seem to be
involved in regulated cell death and lysis (Bayles,
2007) and mutations in these genes could be
stationary/phase-specific adaptations.

Discussion

In this report we investigated the effect of natural
transformation on adaptation of A. baylyi to a novel
stressful environment. Stress included growth above
the optimum temperature (Fulsundar et al., 2014),
growth in minimal medium and extended periods in
stationary and death phase between serial dilutions
(90 h passages). We demonstrate for the first time
growth phase-dependent costs and benefits of nat-
ural transformation in bacteria. Three lines of
evidence support that natural selection favored both
the Com+ and Com+DNA populations in the first

24 h of the passages including lag, log and early
stationary phase. First, estimates of relative fitness in
mixed culture competitions between evolved popu-
lations and the respective ancestors for the first 24 h
of the passage revealed that both transformation-
proficient groups adapted significantly better to the
growth phase in a novel environment than the
Com− populations. Secondly, Com+ and Com+
DNA populations displayed higher growth rates in
monocultures when compared with the Com−
populations. Finally, evolved Com+ populations
outcompeted evolved Com− populations in the first
24 h in head-to-head competition experiments.

These results contrast the conclusions in a previous
report where Com+ and Com− A. baylyi populations
were subjected to a serial transfer regime similar to
the first 24 h described in this report (Bacher et al.,
2006). It is however important to emphasize that we
applied both stressful conditions as well as less severe
bottlenecks when compared to (Bacher et al., 2006).
This approach reduced the probability for stochastic
loss of rare beneficial mutations. Two other studies

Table 2 Mutations identified in Com+ and Com− populations after 175 days of serial transfers

Strain/population/group Feature name Ref posa DNA change Impact Fixation

Com−5evo/Com−5/Com− znuA-atp1 intergenetic region 178468 G4− — 10/10
gpml 255890 c.796G4A Non Synonymous 0/10
ACIAD3007 lrgB homolog 2935904 c.601G4− Frameshift 0/10
ACIAD3547 PGAP1-like 3472645 c.1027C4− Frameshift 10/10

Com+1evo/Com+1/Com+ znuA-atp1 intergenetic region 178468 G4− — 8/10
ACIAD0668 663184 c.921T4C Synonymous 0/10
lon 1103388 c.749C4T Non synonymous 10/10
ACIAD3006 lrgA homolog 2935049 c.128G4A Non synonymous 10/10
Intergenetic region close to ppc 3538584 G4T — 10/10

Abbreviation: Ref Pos, reference position.
Proportions in right column indicate the presence/absence of the mutation in 10 randomly picked isolates from respective populations.
ain A. baylyi ADP1 (NC_005966; Barbe et al., 2004).
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Figure 5 Mutation-fixation pattern of six mutations that were
fixed (or partially fixed) after 175 days of serial transfers.
Mutations are from Com+ (dotted) or Com− (solid) populations
and listed in Table 2. Mutations: znuA-atp1 (filled squares),
ACIAD3547 (open circles), ppc (open diamonds), ACIAD3006
(open triangles), ACIAD3007 (stars).

Table 3 Parallel evolution in two loci across 12 evolved
populations after 175 of serial transfers

Population znuA-atp1
Intergenetic region

ACIAD3006–3007
(LrgAB homologs)

Com−1 0/5 2/5
Com−2 0/5 1/5 and 4/5a

Com−3 0/5 5/5
Com−4 5/5 5/5
Com−5 10/10 1/11
Com−6 3/5 4/5
Com+1 8/10 11/11
Com+2 0/5 1/5
Com+3 0/5 0/5
Com+4 5/5 5/5
Com+5 0/5 5/5
Com+6 3/5 5/5

Proportions of the two putative adaptive mutations from randomly
picked colonies from Com+ and Com− populations. The entire
ACIAD3006-3007 locus was resequenced and all mutations were
scored in the right column.
aTwo different mutational events were found in this population.

Maintenance of natural transformation
ALG Utnes et al

2228

The ISME Journal



investigated the evolutionary benefits of natural
transformation during active growth (Baltrus et al.,
2007; Engelmoer et al., 2013). Our results are
consistent with Baltrus et al, demonstrating higher
adaptation rates for Com+ populations in a novel
environment where arguably stress was introduced
in the form of freeze–thaw cycles between daily
serial passages in H. pylori (Baltrus et al., 2007). In a
recent report competent S. pneumoniae populations
performed worse than the competence-deficient
populations after 1000 generations of growth in
chemostats under benign conditions, but this cost
of competence was offset by the introduction of mild
stress in the system (Engelmoer et al., 2013).
Our results introduce additional complexity to
this context-dependent benefit of competence
(Engelmoer et al., 2013).

We show that the benefit of competence during log
and early stationary phase was offset during sub-
sequent stationary/death phase in mixed culture
competitions for 90 h (one complete passage). Thus,
no net effects of natural transformation on adaptation
rates were demonstrated. Apparently, our choice of
90 h passages balanced the ‘early’ positive and ‘late’
negative effects on the overall adaptation rates in
Com+ and Com− populations. Arguably, shorter
passages could lead to an overall benefit of natural
transformation, whereas longer passages could lead
to a net negative effect on the overall adaptation to
the experimental conditions relative to the Com−
populations. It could be hypothesized that hetero-
geneous transformation abilities would emerge in the
Com+ populations if natural selection favored
natural transformation ‘early’ but not ‘late’ in the
passages. This is supported by the observed reduced
transformation ability in most populations
(Supplementary Figure SI 3), suggesting that Com+
populations adjusted the transformation ability to
balance the cost of transformation in death phase
with the benefit experienced in log, and early
stationary phase. This interpretation is consistent
with a recent report demonstrating variable transfor-
mation frequencies in S. pneumoniae isolates (Evans
and Rozen, 2013).

We further hypothesized that fitness trade-offs
existed between performing well ‘early’ (lag, log and
early stationary phase) and worse ‘late’ (stationary
and death phase). We demonstrate a significant
negative association between relative fitness (w)
during growth and survival (su) in the Com+ and
Com− groups, strongly suggesting antagonistic
pleiotropy between the traits responsible for ‘early’
and ‘late’ performance in the 90 h passage. Previous
reports on antagonistic pleiotropy in bacteria demon-
strate a role in ecological specialization (Cooper and
Lenski, 2000; Cooper et al., 2001; MacLean et al.,
2004; Ostrowski et al., 2005; Maharjan et al., 2012).
Our data suggest a previously unrecognized inter-
play between antagonistic pleiotropy and recombi-
nation mediated by natural transformation in
bacteria. It is tempting to speculate that the

concerted action between recombination (speeds
up adaptation to active growth) and subsequent
fitness trade-offs (reduced performance in station-
ary/death phase) caused by antagonistic pleiotropy
may fuel ecological specialization.

A possible explanation for why the demonstrated
fitness trade-off evolved in Com+ populations could
be that the DNA available for uptake in log phase
(where A. baylyi is competent for natural transforma-
tion) primarily originated from cells dying in death
phase in the previous passage. Accumulation of
exogenous DNA in batch cultures, a feature com-
monly observed in bacteria (Lorenz and
Wackernagel, 1994), has been shown for A. baylyi
grown in minimal medium with peak concentrations
reached in stationary/death phase (approximately
5 μgml − 1; Lorenz et al., 1991). We assume that DNA
from cells with a competitive disadvantage in late
stationary/death phase (Redfield, 1988) constitutes
the majority of DNA available for uptake. Such an
uneven distribution of growth phase-specific adap-
tive mutations could in theory affect the mutation
patterns brought together by natural transformation
and had a role in the evolution of fitness trade-offs.
In this context it is possible that Com+ and Com−
populations were forced to undertake different
evolutionary paths. Different evolutionary trajec-
tories between Com+ and Com− populations were
also indicated by different SNP-fixation patterns
where four and two SNPs fixed in the Com+ and
Com− populations, respectively. Two of these
mutations and/or mutation loci were identified
extensively in several evolving Com+ and Com−
populations and such parallel evolution strongly
suggest the identification of adaptive mutations
(Woods et al., 2006) and support adaptive conver-
gence (Christin et al., 2010; Tenaillon et al., 2012).
Although we cannot exclude the accumulation due
to successive mutations, the two fixed mutations
uniquely found combined in the Com+ lineages
could indicate that natural transformation may,
under certain circumstances, constrain adaptive
convergence. We acknowledge that the small num-
ber of mutations identified in the strains subjected to
whole-genome sequencing could suggest that the
observed differences between Com+ and Com−
populations were not directly related to the ability
to take up exogenous DNA by natural transforma-
tion. However, we emphasize that the adaptive
mutations originated from single isolates in mixed
populations evolved for 6 months in serial transfer
cultures. Moreover, we moved the com− mutation
into an evolved Com+ strain and demonstrated no
effect on any fitness component measured in this
report, strongly suggesting that the genetic manip-
ulation did not affect the evolutionary trajectories
taken by the different populations.

Our data did not provide support for a role of
interspecies HGT events for rapid adaptation by
natural transformation to specific environmental
stress conditions. The addition of heterogeneous

Maintenance of natural transformation
ALG Utnes et al

2229

The ISME Journal



DNA to the Com+DNA populations did not increase
adaptation rates to this novel environment.
A potential effect on the increased standing genetic
diversity in these populations can, however, not be
ruled out as indicated by the bi-modal distribution of
survival (su) in stationary/death phase. This would be
consistent with the early work on the evolution and
maintenance of recombination in Escherichia coli
where it was demonstrated that frequent introduc-
tion of DNA ‘from without’ did not increase adap-
tation rates but yielded increased genetic diversity
(Souza et al., 1997).

Taken together, the maintenance and evolution of
natural transformation depends on a complex inter-
play between ecological and physiological factors, as
recently shown theoretically (Moradigaravand and
Engelstädter, 2013; Engelstädter and Moradigaravand,
2014). In conclusion, our data shed light on conditions
where the Fisher–Muller model (Fisher, 1930; Muller,
1932; Vos, 2009) is insufficient to account for the
maintenance of natural transformation. We report that
natural transformation in A. baylyi during adaptation
to a stressful laboratory environment for ~6 months is
beneficial when resources are abundant/available.
However, naturally transformable populations experi-
enced fitness trade-off(s) between high performances
during active growth and reduced competitiveness in
stationary/death phase. This in turn led to different
preferred evolutionary trajectories on adaptation to the
novel environment between recombining and non-
recombining genotypes.
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