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Abstract

Plasmids are extrachromosomal genetic elements in prokaryotes that have been recognized as important drivers of
microbial ecology and evolution. Plasmids are found in multiple copies inside their host cell where independent emer-
gence of mutations may lead to intracellular genetic heterogeneity. The intracellular plasmid diversity is thus subject to
changes upon cell division. However, the effect of plasmid segregation on plasmid evolution remains understudied. Here,
we show that genetic drift during cell division—segregational drift—leads to the rapid extinction of novel plasmid alleles.
We established a novel experimental approach to control plasmid allele frequency at the levels of a single cell and the
whole population. Following the dynamics of plasmid alleles in an evolution experiment, we find that the mode of
plasmid inheritance—random or clustered—is an important determinant of plasmid allele dynamics. Phylogenetic
reconstruction of our model plasmid in clinical isolates furthermore reveals a slow evolutionary rate of plasmid-
encoded genes in comparison to chromosomal genes. Our study provides empirical evidence that genetic drift in plasmid
evolution occurs at multiple levels: the host cell and the population of hosts. Segregational drift has implications for the
evolutionary rate heterogeneity of extrachromosomal genetic elements.

Key words: bacterial population genetics, extrachromosomal genetic elements, experimental evolution, multilevel
genetic drift, heteroplasmy.

Introduction
Extrachromosomal genetic elements are ubiquitous in all
domains of life. Examples are prokaryotic plasmids and the
eukaryotic organelles—mitochondria and plastids—that rep-
licate autonomously within the host cell; their copy number
typically outnumbers that of the chromosomes and depends
on copy number control mechanisms (Novick 1969; Robin
and Wong 1988; Satoh and Kuroiwa 1991; Nordström 2006).
Extrachromosomal genetic elements residing within a host
cell may be genetically heterogeneous, a phenomenon which
has been termed heteroplasmy (Novick 1987; Birky 2001). The
segregation of extrachromosomal element alleles during cell
division is considered to occur in the absence of selection,
hence the evolution of their genetic diversity at the level of a
single host cell is likely governed by drift. Previous studies
hypothesized that genetic drift during cell division has an
effect on the evolutionary rate of extrachromosomal ele-
ments (Birky 2001). However, empirical evidence for multiple
levels of genetic drift in the evolution of extrachromosomal
elements is lacking.

Here, we study the consequences of genetic drift for the
allele dynamics of prokaryotic plasmids. Plasmid acquisition
may lead to the rapid evolution of the organism phenotype
and niche occupation (e.g., Mart�ınez-Mart�ınez et al. 1998;
Heuer et al. 2011; Gullberg et al. 2014; Stoesser et al. 2016);

hence they are considered major drivers of lateral gene trans-
fer in prokaryote evolution (Smalla et al. 2015; Hall et al. 2017).
The copy number of natural plasmids ranges between 1 and
15, yet high-copy plasmids may reach up to 200 copies in the
cell (Bazaral and Helinski 1968; Projan et al. 1987). Plasmid
copy number is an important determinant of plasmid muta-
tional supply and hence of plasmid heteroplasmy because the
independent emergence of novel plasmid alleles contributes
to the intracellular plasmid genetic heterogeneity (San Millan
et al. 2016). The replication of plasmid copies in a host cell
occurs in an unbiased manner (i.e., at random) (Rownd 1969;
Cullum and Broda 1979; Nordström and Dasgupta 2006) and
is governed by plasmid copy number control mechanisms
(Solar et al. 1998). The segregation of plasmid alleles depends
on plasmid partitioning mechanisms that can be either active,
as typically observed in low-copy plasmids, or passive, where
segregation depends on the plasmid physical distribution dur-
ing cell division, which is common for high-copy plasmids
(Reyes-Lamothe et al. 2012). The distribution of plasmid
alleles into the daughter cells may be biased by plasmid lo-
calization at the cell poles or by temporal plasmid clustering
(Pogliano et al. 2001; Münch et al. 2015; Wang et al. 2016; Hsu
and Chang 2019). Plasmid interaction with DNA-binding pro-
teins can lead to clustered plasmid allele segregation as well;
examples are active partition mechanisms (Hyland et al. 2014)
and transcriptional regulatory elements (Wu et al. 1992).
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Notwithstanding, plasmid segregation into the daughter cells
is random (Reyes-Lamothe et al. 2014), hence it occurs in the
absence of selection on the plasmid alleles. Consequently,
plasmid allele dynamics comprise a component of random
genetic drift—termed segregational drift (Ilhan et al. 2019)—
which has been suggested to decrease the fixation probability
of plasmid alleles (Ilhan et al. 2019; Santer and Uecker 2020).

Previous computer simulations predicted that the evolu-
tion of plasmid alleles is characterized by higher loss fre-
quency and extended fixation time in comparison to
chromosomal alleles (Ilhan et al. 2019). Nonetheless, empirical
evidence for the workings of segregational drift in plasmid
evolution is lacking. To study the effect of segregational drift,
we compared the dynamics of plasmid and chromosomal
alleles under nonselective conditions using an experimental
evolution approach. For that purpose, we established a sys-
tem that enables the introduction of a novel plasmid allele
into a bacterial population and the documentation of the
allele segregation over time. In our system, we used the nat-
urally competent model organism Acinetobacter baylyi
(Young et al. 2005) where a novel plasmid allele can be in-
troduced into the population with known frequencies at the
intracellular and population level. The dynamics of allele seg-
regation were compared between two plasmid assortment
modes: random or clustered assortment, where daughter
plasmid replicons are inherited together. Our results reveal
that plasmid alleles are rapidly lost in the population in com-
parison to chromosomal alleles, regardless of the plasmid as-
sortment mode, thus supplying experimental evidence for
the workings of segregational drift.

Results

An Experimental System for Tracing Plasmid Allele
Dynamics in the Population
To study plasmid allele dynamics, we established an experi-
mental system that allows us to introduce a predefined fre-
quency of a novel plasmid allele into a host population and
follow it over time. Our model plasmid pTAD (8.6 kb) is a
derivative of pVRL1 (Lucidi et al. 2018), which was con-
structed from the native cryptic plasmid pWH1277 from A.
calcoaceticus, for which the mode of synchronization of rep-
lication and segregation is unknown. The plasmid pWH1277
has no active partition mechanism and is putatively mobiliz-
able; it is stably maintained due to a toxin–antitoxin system
and has a narrow host range within Acinetobacter (Hunger et
al. 1990). The model plasmid pTAD encodes a green fluores-
cence protein (gfp), whose transcription is under the control
of a lacI repressor. The gfp gene constitutes the ancestral allele
in our system; hence, the ancestral population comprises
homozygotes of the gfp plasmid alleles (fig. 1A).

The introduction of a novel plasmid allele into the ances-
tral population was achieved by natural transformation that
is followed by homologous recombination of the novel allele
and the model plasmid. As the novel plasmid allele, we chose
nptII, which encodes for kanamycin resistance. The gfp locus
in pTAD is flanked by two nonfunctional fragments of the
nptII gene that are the target site for the recombination of the

introduced nptII allele. A successful recombination of the
novel allele leads to the emergence of heterozygotes carrying
both ancestral and novel alleles; these cells are fluorescent and
kanamycin-resistant. Plasmid segregation in our experiment is
thus expected to give rise to three types of cells: hosts of the
novel allele, including heterozygotes and homozygotes to the
nptII allele, as well as ancestral homozygotes for the gfp allele
(fig. 1A).

To explore the effect of different plasmid assortment
modes, we constructed two variants of our model plasmid.
The mode of plasmid assortment—random or clustered—is
determined by two different LacI repressor alleles. The wild-
type LacI repressor is a tetrameric protein complex that binds
to lac operator sequences present in the DNA. Note that the
natural form of regulation in Escherichia coli presents two lac
operator sequences. Each dimer binds to one operator and in
some cases the tetrameric repressor can bind two distinct
DNA sequences (Kr€amer et al. 1987; Oehler et al. 1990).
When only one operator is present in a plasmid, the tetrameric
LacI repressor can bind two distinct plasmid molecules prior to
plasmid assortment (Wu et al. 1992). In contrast to the wild-
type LacI, the LacIadi mutant of the repressor generates a di-
meric protein that can bind to only a single lac operator
(Brenowitz et al. 1991; Hsieh and Brenowitz 1997). The two
model plasmid variants in our system contain one lac operator
sequence and differ in the LacI allele. In pTAD-C, the wild-type
LacI repressor can bind two plasmid molecules at the same
time, thus decreasing the segregational units of the ancestral
plasmid type and leading to clustered plasmid allele segrega-
tion during cell division. Whereas in pTAD-R, the LacIadi re-
pressor can only bind a single plasmid, hence molecules of that
model plasmid will segregate independently leading to ran-
dom allele segregation during cell division (fig. 1B).

For the establishment of the ancestral homozygotic pop-
ulation, we introduced the model plasmids pTAD-R and
pTAD-C into a naı̈ve A. baylyi strain BD413 (ADP1).
Quantifying the plasmid stability in the population revealed
no measurable loss (0 6 0%; n¼ 4, for both plasmids), hence
both pTAD variants are stably maintained in the population.
The average plasmid copy number of both pTAD variants is
15 (15.7 6 3.44, n¼ 10 Ancestral allele carrying pTAD;
13.7 6 3.75, n¼ 8 Novel allele carrying pTAD). The novel al-
lele was introduced into the ancestral population by natural
transformation that creates heterozygotic host cells for the
novel nptII plasmid allele (fig. 1A). For simplicity, here, we use
the term “host” for cells harboring the novel nptII plasmid
allele (i.e., hosts are resistant to kanamycin). Natural transfor-
mation in A. baylyi follows one-hit kinetics (Overballe-
Petersen et al. 2013). Hence, the transformation frequency,
that is, the number of created hosts of the novel allele, is
directly proportional to the concentration of donor DNA
(fig. 1C and supplementary fig. 1, Supplementary Material
online). Increasing DNA concentration has no effect on the
probability of uptake of DNA molecules per host cell (sup-
plementary fig. 1, Supplementary Material online), with only a
single donor DNA molecule successfully recombining with
only one of the copies of the resident ancestral plasmid in
the vast majority of cells (97%) (see Materials and Methods
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and the Supplementary material online). This ensures an in-
tracellular frequency of a single plasmid carrying the novel
allele per host. The frequency of hosts in our system is pro-
portional to the donor DNA concentration and is stable over
short time scales (fig. 1C), thus providing high reproducibility
and control over the frequency of hosts in the ancestral
population.

The Dynamics of Plasmid Allele Segregation under
Nonselective Conditions
To study the effect of segregational drift on plasmid allele
dynamics, we performed an evolution experiment of the
two model plasmids using serial transfer applying a con-
stant daily dilution, that is, a bottleneck size of 1:100 (�107

cells). The experiment was conducted with eight replicates
for each model plasmid under conditions that are non-
selective for the plasmid maintenance. The ancestral pop-
ulations were established by introducing the novel plasmid
nptII allele, which generates a subpopulation of hosts with

a proportion of approximately 5� 10�5 within the total
population (i.e., �5� 104 cells). At that stage, all hosts are
heterozygotes that contain the novel allele in one copy out
of the 15 resident plasmids (PCN) (as in fig. 1C). We
evolved the populations over 23 transfers, which corre-
spond to approximately 160 generations. The frequency
of hosts containing the novel nptII allele was estimated
according to their phenotype via selective plating on kana-
mycin and observing their fluorescence. Plasmid allele seg-
regation creates three distinct cell types; heterozygote
hosts, containing both ancestral and novel plasmid alleles,
homozygote hosts in which the novel plasmid allele nptII
has been fixed, and ancestral homozygotes harboring only
the ancestral plasmid allele gfp. Since different plasmid
alleles may have different effect on the host fitness, we
tested for a fitness difference between homozygotes to
the ancestral and novel plasmid alleles. Performing pair-
wise competition experiments revealed no measurable fit-
ness differences between the ancestral and novel

FIG. 1. An experimental system for tracing plasmid allele dynamics. (A) The model plasmid pTAD and the genetic system. The novel plasmid allele
(nptII gene) is introduced into the population by natural transformation via homologous recombination with the model plasmid. The initial
population is constituted by hosts of the novel plasmid allele and nonhosts. Hosts are followed for several generations by tracing the presence of
the novel allele. (B) An illustration of the two model plasmids; pTAD-R and pTAD-C that are characterized by random and clustered assortment
modes, respectively. The model plasmids differ in the lacI repressor allele. The lacI repressor allele in pTAD-C encodes for a LacI repressor that binds
two plasmids and thus reduces the unit of segregation of the ancestral plasmid allele. (C) A demonstration of the ability to control the host
frequency in the initial population. The frequency of hosts is proportional to the donor DNA concentration. Using 1,000 ng donor DNA for the
initial transformation generates a host frequency of 1–5� 10�4 (�0.01%), whereas using 100 ng DNA generates a host frequency of 1–5� 10�5

(�0.001%).
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homozygotes (H0: w¼ 1, P¼ 0.0781 [pTAD-R] and 0.2744
[pTAD-C] using Wilcoxon test, n¼ 16; supplementary fig.
2, Supplementary Material online). Hence, changes in the
novel plasmid allele frequency over time in our experiment
are due to neutral processes rather than fitness differences
between the ancestral and novel homozygotes.

The results of the evolution experiments of both model
plasmids show a stable persistence of the novel plasmid hosts
within the population during the first approximately 15 trans-
fers. At the same time, we observed evidence for plasmid
allele segregation: the frequency of heterozygote hosts con-
stantly decreased and the frequency of homozygote hosts
increased (fig. 2A). After approximately 15 transfers, we ob-
served a decrease in the frequency of hosts of the novel allele,
with the exception of replicate R3. At the end of the exper-
iment the novel plasmid allele went extinct in the majority of
populations. To test if the dynamics of the novel plasmid
allele are the result of competition between hosts and non-
hosts, we compared the growth dynamics of the host popu-
lation and the total population. Our results show that prior to
the decrease in the proportion of hosts, the proportion of
hosts in the total population was constant for both model
plasmids, hence fitness differences between hosts and non-
hosts in our experiment were negligible (wpTAD-R ¼ 0.973;
wpTAD-C ¼ 1; supplementary fig. 4, Supplementary Material
online). Consequently, we conclude that the novel plasmid
allele dynamics observed during the evolution experiment are
the result of plasmid allele segregation rather than solely pro-
cesses at the population level.

To describe the novel plasmid allele segregation in detail,
we focus on the dynamics of the randomly segregating model
plasmid pTAD-R (fig. 2A). At the beginning of the evolution
experiment, the hosts were predominantly heterozygotes due
to the introduction of the novel plasmid allele via natural
transformation. The emergence of homozygotes for the novel
plasmid allele is evidence for plasmid allele segregation within
the host population. Notably, the frequency of homozygote
and heterozygote hosts during the first approximately five
transfers had a similar pattern in most replicates. As the ex-
periment progresses, the frequency of novel homozygotes
increased until the novel plasmid allele reached fixation
within the subpopulation of hosts in most replicates (i.e.,
heterozygote hosts were no longer observed). Replicates re-
vealing exceptional plasmid allele dynamics within the host
population comprised two replicates where the heterozy-
gotes, rather than the homozygotes, comprise the majority
of the host subpopulation prior to the host extinction (rep-
licates R4, R8 in fig. 2A). The observed variability in the ratio of
homozygote and heterozygote hosts across replicates is as
expected under segregational drift of the novel plasmid allele.

Plasmid Assortment Mode Is a Determinant of
Plasmid Allele Dynamics
Comparing the dynamics of host genetic diversity in the evo-
lution of our model plasmids pTAD-R and pTAD-C demon-
strates the effect of plasmid assortment mode on the
evolution of plasmid allele dynamics. The clustered segrega-
tion of pTAD-C alleles is expected to decrease the

segregational units of the ancestral plasmid allele upon divi-
sion into the daughter cells. In other words, the chances of the
ancestral and novel alleles to be inherited together are de-
creased, thus the clustered mode of inheritance is expected to
accelerate the segregation of homozygotes (fig. 1B). Although
the plasmid allele dynamics of the randomly segregating
pTAD-R were characterized by stochastic behavior, the
pTAD-C evolution revealed more deterministic plasmid allele
dynamics (i.e., the outcome in all replicates is nearly identical).
The emergence of equal homozygote and heterozygote fre-
quencies after the fifth transfer stands out as a highly stable
consequence of the clustered plasmid assortment mode. A
comparison of the relative frequency of heterozygotes and
novel homozygotes during the evolution experiment further
reveals a high variability in the evolution of pTAD-R and
homogeneity in the evolution of pTAD-C (fig. 2B). The sto-
chastic pTAD-R allele dynamics are further characterized by
increasingly high variability in the ratio of heterozygotes and
novel homozygotes among replicate populations during the
evolution experiment. In comparison, the variability among
pTAD-C replicate populations is moderate throughout the
experiment (fig. 2B). Consequently, we conclude that plasmid
assortment mode has an effect on plasmid evolution via its
effect on the dynamics of plasmid alleles.

To further test if the plasmid allele dynamics in our exper-
iment reflect vertical inheritance of the alleles only, we quan-
tified the extent of lateral transfer of the novel plasmid allele
during the evolution experiment. Testing for the extent of
transformation with the novel plasmid allele (nptII) showed
that DNA is readily present in the spent media (supplemen-
tary table 2, Supplementary Material online). Nonetheless, the
low transformation frequencies observed indicate that the
extent of transformation by released DNA of previously trans-
formed cells is neglectable. To examine the effect of transfor-
mation on the long-term plasmid allele dynamics, we
conducted an evolution experiment of pTAD-C, with or with-
out repeated treatment with DNase, that digests free DNA in
the media. Our results show that the dynamics of the novel
plasmid allele over the experiment duration were not mark-
edly different between the treatments (supplementary fig. 5,
Supplementary Material online). Consequently, we conclude
that the segregation of plasmid alleles in our experiment is
only due to plasmid assortment during cell division (i.e., ver-
tical inheritance).

Plasmid Fusion Maintains Plasmid Heterogeneity in
the Host Population
The stochastic dynamics of pTAD-R segregation reveal several
replicate populations that stand out as exceptions to the
overall similar allele dynamics. Considering dynamics at the
level of the whole population, this includes one replicate
where the hosts persist instead of going extinct (replicate
R3 in fig. 2A). Another two replicates show exceptional plas-
mid allele dynamics within the host population, where the
heterozygotes reach fixation within the host subpopulation
prior to their extinction (replicates R4, R8 in fig. 2A). To gain
further insight into the genetic basis of the exceptional rep-
licates, selected evolved host populations were chosen for
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genome sequencing. The analysis of the evolved host
genomes revealed several single nucleotide variants, however
none of those reached fixation in the populations analyzed.
Hence, no evidence for genetic variants or genome rearrange-
ments that may play a role in the observed allele dynamics
could be found in either the chromosome or the plasmid
(supplementary table 3, Supplementary Material online).
Using the sequencing results, we furthermore examined the
sequencing coverage of the plasmid allele identity regions. To
estimate the relative frequency of the novel and ancestral
alleles, we calculated the ratio of the mean nptII (novel allele)

to gfp (ancestral allele) coverage (fig. 2C and supplementary
fig. 6, Supplementary Material online). In host populations
where the novel homozygotes are predominant (higher
nptII coverage), we would expect high ratio values.
However, host populations that are predominantly heterozy-
gotic would have an expected ratio of approximately 2 (since
nptII is found in both ancestral and novel types; see fig. 1A).
The calculated ratios are in agreement with our observations
based on colony counts (fig. 2B); hence the sequencing cov-
erage serves as an independent estimation for the relative
frequency of homozygote and heterozygote hosts in the

FIG. 2. Plasmid allele dynamics in nonselective conditions. (A) The dynamics of pTAD-R (top) and pTAC-C (bottom) over approximately 160
generations. The novel allele was introduced at the beginning of the experiment employing a concentration of 100 ng/ml donor DNA. Host
frequencies in the total population are shown in black, heterozygote frequencies are shown in green and novel homozygotes in pink. Performing
the evolution experiment with higher donor DNA concentrations and subsequently higher host proportions revealed similar dynamics (supple-
mentary fig. 3, Supplementary Material online). (B) A comparison of plasmid allele dynamic variability between the two model plasmids (i.e.,
assortment modes). Top: host type ratios for each model plasmid are plotted, where a ratio of 1 indicates equal frequencies of the two host types.
Bottom: the coefficient of variation per day is shown. Lines present the trendline and the shaded area corresponds to the confidence interval. (C)
Sequencing coverage data of evolved selected populations. The sequencing coverage of the plasmid identity region is shown on the left. The ratios
of the novel and ancestral alleles (nptII and GFP) coverage are shown on the right. (D) Analysis of plasmid content in heterozygotic populations (R4
and R8) by 0.7% agarose gel electrophoresis gel. Untreated samples (i.e., circular plasmid) are shown on the left; plasmids treated with HindIII (i.e.,
linear plasmids) are shown on the right (note the HindIII site in the gfp gene). Both analyses show the presence of ancestral and novel plasmid types,
accompanied by a heteromultimer of both plasmid types (see illustration).
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population (fig. 2C). The coverage of the allele identity region
shows a decreased coverage at the GFP locus (ancestral allele)
in those evolved populations where the novel homozygotes
dominate the host population (see replicate R2 in fig. 2C).
Notably, the ratio of novel to ancestral plasmid alleles in
replicates where the host population is dominated by heter-
ozygotes (R4 and R8) reveals nearly equal frequencies of both
alleles (fig. 2C), hence, we conclude that both ancestral and
novel alleles are indeed maintained in those populations.

To elucidate how the plasmid heterozygotic state is main-
tained, we examined the plasmid conformation in the heter-
ozygotic populations (n¼ 4; sampling two colonies from
each population). Agarose gel analysis of the undigested sam-
ple showed the expected two plasmid types, ancestral and
novel plasmids in different proportions. Notably, the presence
of a high molecular weight band that is usually associated
with plasmid multimers was observed (fig. 2D). The formation
of plasmid multimers is typically the result of homologous
recombination between sister plasmids (i.e., recombination
between either the ancestral or novel plasmids) or nonsister
plasmids (i.e., recombination of ancestral with the novel plas-
mid). Although recombination between sister plasmids can
give rise to dimers and higher multimers, recombination be-
tween nonsister plasmids creates heteromultimeric plasmids.
We treated the plasmid isolates with nicking and restriction
enzymes to observe relaxed open circular (oc) plasmid mol-
ecules (supplementary fig. 7, Supplementary Material online)
and the specific digestion products of multimers (fig. 2D).
Enzymatic digestion showed that each heterozygotic colony
we analyzed contained a mixture of ancestral, novel, and
heteromultimeric plasmids. The presence of the heteromul-
timer formed by the two fused plasmid backbones was fur-
ther verified by PCR reaction (supplementary table 1,
Supplementary Material online). Thus, we conclude that
the observed heterozygotes in our experiment are the result
of recombination and fusion between the two plasmid types,
yielding a single plasmid replicon in which both ancestral and
novel alleles are encoded. To test the heritability of the ob-
served heteromultimeric plasmid, we isolated the entire plas-
mid content from replicates R4 and R8, and introduced the
plasmids into a plasmid-free population by electroporation.
An examination of the resulting populations revealed the
presence of heterozygotic cells (50% of the R4 descendant
population and 25% of the R8 descendant population). We
further validated the heteromultimeric plasmid heritability by
performing single colony streaks of heterozygote colonies on
solid media, which revealed the emergence of heterozygotic
and homozygotic colonies. Our results thus show that the
heterozygotic state is stably maintained in the population
while, at the same time, plasmid alleles segregate such that
homozygotes are generated. Further examination of the plas-
mid copy number using quantitative polymerase chain reac-
tion (qPCR) showed no changes in the PCN and further
validated the presence of both plasmid alleles in the popula-
tion. In conjunction with the sequencing results that showed
no relevant mutations or rearrangements in the plasmid ge-
nome, we conclude that the heteromultimers are composed
of the intact two plasmid types: ancestral and novel.

Borrowing the nomenclature from population genetics of
diploid organisms (Graur 2016), the evolution of heterozy-
gotes in our experiment is akin to permanent heterozygosity,
where the heterozygotic state is maintained by the presence
of the two alleles on the same replicon.

Novel Plasmid Alleles Are Rapidly Lost Due to Genetic
Drift at Multiple Levels
To further examine the contribution of drift at the population
level to rapid extinction of the novel plasmid allele, we com-
pared the observed plasmid allele dynamics to the dynamics
of a novel neutral allele present in the bacterial chromosome.
For that purpose, we performed an evolution experiment of a
chromosomal allele under the same serial transfer conditions
as our plasmid evolution experiment (23 transfers with a
1:100 dilution, i.e., bottleneck size 107 cells). In the chromo-
somal allele dynamics experiment, the novel allele comprised
the trpE gene present in A. baylyi BD4 (tryptophan proto-
troph wild-type), whereas the ancestral allele was the trpE27
allele present in A. baylyi BD413 (auxotrophic for trypto-
phan). The trpE27 allele is neutral for A. baylyi in rich media
(as demonstrated via pairwise competition experiments; H0:
w¼ 1, P¼ 0.9799 using Wilcoxon test, n¼ 16; supplemen-
tary fig. 8, Supplementary Material online). The chromosomal
allele dynamics experiment was conducted with two initial
frequencies of the novel chromosomal allele. These were de-
termined as high and low bounds of the initial plasmid allele
relative frequency (�5� 10�5) to be either 10�5 (low-
bound) or 10�4 (high-bound). The experiment was con-
ducted with six replicates for each of the initial frequencies.
The frequency of hosts of the novel chromosomal allele was
followed over the experiment duration by selective plating on
M9 minimal media.

The results of the chromosomal allele dynamics experi-
ment show a stable maintenance of the novel chromosomal
allele (i.e., host cells) during the first approximately 15 trans-
fers (fig. 3A). Subsequently, a decrease in the proportion of
hosts of the novel allele was observed for both initial novel
allele frequencies (High and Low), as expected under genetic
drift (Bodmer and Cavalli-Sforza 1976). The differences be-
tween the high- and low-bound populations reflect the dif-
ferent initial allele frequencies. A comparison of the novel
chromosomal allele dynamics to the pTAD-R and pTAD-C
allele dynamics reveals a similar level of persistence during the
first approximately 15 transfers. The comparison further
shows that the rate of novel plasmid allele loss is higher in
comparison to the chromosomal allele and leads to a rapid
extinction of the novel allele with both model plasmids (fig.
3B). We note that the loss of the novel plasmid allele for
pTAD-R starts earlier in comparison to the late but fast ex-
tinction for pTAD-C. As both chromosomal and plasmids
novel alleles possess no fitness advantage or disadvantage in
comparison to their ancestral version, the differences be-
tween the loss dynamics of chromosomal and plasmid alleles
supply experimental evidence for the importance of segrega-
tional drift in plasmid evolution. Our results thus demon-
strate that under nonselective conditions, plasmid allele

Segregational Drift Constrains the Evolutionary Rate of Prokaryotic Plasmids . doi:10.1093/molbev/msab283 MBE

5615

https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab283#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab283#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab283#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab283#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab283#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab283#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab283#supplementary-data


segregation during cell division accelerates the extinction of
novel plasmid alleles.

The Model Plasmid pWH1277 Is of Ancient Origin and
Is Highly Conserved
The results from the evolution experiment support the role of
segregational drift in the elimination of novel alleles and thus
raise the hypothesis that the rate of plasmid evolution is lower
than the expected from their mutational supply. To gain
further insights into the evolution of our model plasmid in
natural environments, we surveyed genomic databases for
homologous plasmid backbones of the cryptic plasmid
pWH1277 (Hunger et al. 1990; Lucidi et al. 2018). Searching
for pWH1277 derivatives using sequence similarity to our
model plasmid yielded several related plasmid sequences
found in isolates from diverse geographical locations. Most
of the plasmid hosts are clinical isolates reported as multi
drug resistant bacteria with a majority of Acinetobacter spe-
cies (fig. 4A and supplementary table 4, Supplementary
Material online). Additionally, we found evidence for
pWH1277-homologs in one E. coli and one Klebsiella pneumo-
niae isolates. The plasmid phylogeny indicates A. baumannii
as the donor of the K. pneumoniae host and an A. calcoace-
ticus-like donor of the E. coli host (fig. 4A).

Quantifying the evolutionary rate of pWH1277 genome
requires to disentangle the contribution of vertical inheri-
tance and lateral transfer to pWH1277 evolution. For that

purpose, we compared the phylogenies of the plasmid and
host chromosomes. The plasmid phylogeny reveals two
groups of diverged plasmid sequences that are separated by
a deep split within the Acinetobacter isolates (fig. 4A). The
Acinetobacter host phylogeny reconstructed from chromo-
somal gene families conforms the recognized phylogenetic
relation within the genus (Mateo-Estrada et al. 2019), where
A. ursingii has a basal position (fig. 4B). A comparison between
the plasmid and chromosome phylogenies reveals multiple
discordant splits. The presence of A. baumannii on both sides
of the deep split in the plasmid phylogeny may correspond
either to deep divergence within A. baumannii or a lateral
transfer event in the plasmid evolutionary history. To distin-
guish between these two possibilities, we extended the phy-
logenetic reconstruction of A. baumannii host chromosomes.
The resulting A. baumannii chromosome phylogeny (fig. 4C)
reveals no evidence for the deep split observed in the plasmid
phylogeny; thus, the A. baumannii plasmids branching with A.
pittii (see purple group in fig. 4A) is likely evidence for the
plasmid transfer from an A. pittii donor to A. baumannii.
Furthermore, the topology of A. ursingii and A. junii in the
plasmid phylogeny does not correspond to their basal posi-
tion in the Acinetobacter phylogeny (Mateo-Estrada et al.
2019) (fig. 4B). Consequently, we conclude that plasmid phy-
logeny shows evidence for two additional lateral transfer
events: from A. pittii to A. ursingii and from A. baumannii
to A. junii. Taken together, the deep split in plasmid phylogeny

FIG. 3. A comparison between chromosomal and plasmid allele dynamics. (A) The dynamics of a neutral chromosomal allele over approximately
160 generations. The two chromosomal allele host proportions (high and low) are depicted together with the dynamics of model plasmid pTAD-R
and pTAC-C. Points correspond to the proportion of hosts in each population and sampling time. Lines show the median proportion of hosts per
sampling time with error bars that correspond to the median confidence interval (bootstrap percentile method; Carpenter and Bithell 2000). A
dotted line indicating the detection limit in our study; host proportions below the detection limit document allele extinction. (B) The number of
replicate populations per transfer where the allele went extinct. The bar colors correspond to the legend in (A).
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indicates that the pWH1277 derivatives share a common an-
cestor that dates back to the split between A. seifertii and A.
pittii (fig. 4B). The plasmid likely evolved by vertical inheritance
following that divergence, which was accompanied by several
transfer events.

To further examine the evolutionary rate of plasmid-
encoded genes, we compared the nucleotide substitution
rate between the plasmid and chromosome universal gene
families while excluding the isolates where plasmid acquisition
by lateral transfer was identified. Our results reveal that the
number of substitutions per site is significantly different be-
tween the plasmid and chromosome-encoded genes, with the
plasmid substitution rates smaller than that of the chromo-
some (Median chromosome total branch length ¼ 0.332;
Median plasmid total branch length ¼ 0.196; P¼ 0.035, using
bootstrapped median comparisons; supplementary fig. S9,
Supplementary Material online). To examine the effect of pu-
rifying selection on the plasmid and chromosome evolutionary

rates, we compared the ratio of nonsynonymous to synony-
mous substitution rate (dN/dS) between genes encoded in
both replicon types. Performing the comparison of dN/dS
among isolates in a pairwise manner, we observed a majority
of comparisons (53 out of 55) where the dN/dS ratio was either
not significantly different between the plasmid and chromo-
some or higher for plasmid genes (supplementary fig. S10,
Supplementary Material online). These results indicate that
the difference in evolutionary rate between the plasmid and
chromosome cannot be explained by higher purifying selection
acting on the plasmid-encoded genes. Consequently, we con-
clude that the evolutionary rate of the pWH1277-encoded
genes is lower than that of the host chromosome-encoded
genes, despite the plasmid higher mutational supply.

Discussion
Extrachromosomal genetic elements are typically found in
multiple copies in their host cells, which may contribute to

FIG. 4. Evolutionary reconstruction of plasmid pWH1277. Phylogenetic network of pWH1277 homologous plasmids (A) and chromosome (B, C) of
the hosting isolates. (A) The plasmid phylogenetic network was inferred from a multiple alignment of the full-length plasmid genome sequence.
For simplicity, closely related Acinetobacter baumannii isolates within the same bioproject are abbreviated with a single label. Strains marked with
gray dots were included in the evolutionary rate comparison. Corresponding splits in the plasmid and chromosome phylogenies are marked by a
filled arrow. Isolate label includes country of origin and plasmid contig length. We note that the plasmid is not expected to replicate in Escherichia
and Klebsiella. Further validation of the host taxonomic classification according to the genomic data (see Materials and Methods) confirmed their
reported taxonomy; we consider the observation of pWH1277 in those hosts a rare event. (B) The chromosome phylogenetic network was inferred
from a concatenated alignment of 1,617 universal single-copy gene families shared among all Acinetobacter isolates identified as pWH1277-
derivative hosts. The root position is marked by an open arrowhead as previously inferred (Mateo-Estrada et al. 2019). (C) Phylogenetic network of
A. baumannii isolates was inferred from 2,645 chromosomal universal genes. The color of the labels corresponds to the plasmid groups observed in
(A). Plasmids from the purple and blue groups are intermixed in the chromosomal phylogeny, indicating mixed plasmid origins in within A.
baumannii. Isolate serial number in (A) and (C) identifies the isolates as in supplementary table 4, Supplementary Material online.
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the emergence of intracellular genetic diversity. The evolution
of extrachromosomal elements is consequently influenced by
processes at two levels: the host cell and the population of
hosts. Indeed, previous studies show evidence for multilevel
selection in the evolution of viruses (e.g., Buskirk et al. 2020;
Meir et al. 2020) and the eukaryotic mitochondria (e.g., Taylor
et al. 2002; Gitschlag et al. 2016, 2020). Evidence for multilevel
genetic drift has been so far reported in clonal multicellular
organisms (e.g., Kuntz et al. 2020; Yu et al. 2020). Focusing on
bacterial plasmids, we supply here empirical data on the effect
of genetic drift on plasmid allele dynamics at multiple levels:
segregational drift within the host and genetic drift of hosts
within the bacterial population.

The effect of segregational drift on plasmid alleles may vary
according to various factors that govern the plasmid replica-
tion and inheritance. This includes the coordination of repli-
cation time, spatial plasmid distribution within the cell, and
the presence of active partition systems (Pinto et al. 2012).
Here, we tested for the effect of plasmid assortment mode by
altering the plasmid unit of inheritance (illustrated in fig. 1B).
Our results reveal that the random plasmid assortment leads
to stochastic plasmid allele segregation dynamics, in compar-
ison to the clustered assortment, which leads to deterministic
allele segregation dynamics (fig. 2B). The clustered plasmid
assortment accelerates the segregation of plasmid alleles in
heterozygote hosts and leads to rapid emergence of homo-
zygotes (fig. 2). The difference between the two assortment
modes is further apparent in the dynamics of plasmid allele
extinction, which is gradual for the random plasmid assort-
ment and rapid for the clustered plasmid assortment (fig. 3B).
Consequently, we conclude that plasmid assortment mode
has far reaching implications for the dynamics of plasmid
alleles; the presence of genetic elements that alter the plasmid
unit of inheritance, for example, regulatory elements or par-
tition systems, may therefore have an effect on plasmid
evolution.

Previous studies show that heterozygote hosts for two al-
ternative plasmid alleles can be maintained in the population
depending on selective conditions for the plasmid alleles
(Rodriguez-Beltran et al. 2018). Our results reveal that the
emergence of plasmid fusions (plasmid heteromultimers)
can maintain plasmid heterogeneity in the host, and within
the population under nonselective conditions. Permanent
heterozygosity is comparable to gene duplication and func-
tional divergence in chromosomes (Graur 2016). Plasmid re-
combination is not an infrequent phenomenon, as plasmid
oligomers are formed as part of the plasmid lifecycle (James et
al. 1982; Ch�edin et al. 1997; Dionisio et al. 2019). Mosaic
plasmids composed of genetic elements from distinct sour-
ces, are frequently observed in nature (Chaconas and Norris
2013; Pesesky et al. 2019). Whereas the formation of homo-
multimers occurs due to homologous recombination be-
tween sister plasmids molecules during or after replication,
heteromultimer formation is due to recombination of non-
sister plasmid molecules. This process is similar to events of
gene duplication due to unequal crossing over of sister chro-
matids (e.g., Ohta 1984). We note that the emergence of
permanent heterozygosity was only observed in the evolution

experiment of plasmid pTAD-R that has a random segrega-
tion mode. The formation of heteromultimers is less likely to
occur in the clustered segregation mode since the nonsister
plasmid molecules are less likely to be spatially linked in order
to recombine. Current literature often links the emergence of
permanent heterozygosity with selection regimes entailing
heterozygote advantage (e.g., segregation avoidance;
Spofford 1969; Hahn 2009). Indeed, the fusion of multiple
beneficial plasmid alleles, for example, genes encoding for
various antibiotics resistance, may be advantageous for the
plasmid host (depending on the environmental conditions;
Hülter et al. 2020). Here, we show that plasmid fusions can be
formed and stably inherited also under nonselective condi-
tions. Plasmid fusion thus has the capacity to maintain plas-
mid heterogeneity in the population.

According to the neutral theory, most emerging mutations
are expected to be neutral or slightly deleterious (Ota and
Kimura 1971). In our study, we compared the dynamics of
plasmid and chromosomal alleles under non selective con-
ditions. Notwithstanding, mutations in the plasmid genome
may have a fitness effect on the plasmid only, for example, via
modification of plasmid stability (Wein et al. 2020), or have a
fitness effect on the host, for example, due a modification of
beneficial plasmid functions (Rodr�ıguez-Beltr�an et al. 2020).
The novel allele we traced in our experiment (nptII) has no
effect on the plasmid stability, and furthermore, the evolution
experiment was performed under nonselective conditions for
kanamycin resistance. The comparison between the dynam-
ics of the novel plasmid and chromosomal alleles reveals
marked differences between the allele loss rate depending
on the replicon type. We note that both plasmid and chro-
mosomal novel alleles experience population bottleneck
events that are inherent to experimental evolution studies
(Barrick and Lenski 2013). Thus, we conclude that dynamics
of the novel plasmid allele in our experiment are subject to
genetic drift at two levels: within the host and within the
population. Our experimental results are in agreement with
the theoretical predictions for the effect of segregational drift
(Ilhan et al. 2019; Santer and Uecker 2020). The rapid extinc-
tion of the plasmid allele is best understood by the combined
effect of multilevel genetic drift. At the same time, one ex-
ceptional replicate in our experiment (R3; fig. 2A) reveals the
possibility of rare events where plasmid alleles that are main-
tained at the host level may further persist in the population.
Taken together, our study shows that segregational drift of
plasmid alleles interferes with the fixation of novel plasmid
alleles that are neutral to the host fitness.

Plasmids are expected to evolve under strong selection
pressure on genomic loci related to plasmid fitness—that
is—functions that are related to the plasmid life cycle, includ-
ing replication and segregation (Hülter et al. 2020; Garo~na and
Dagan 2021). In small plasmids such functional loci may ac-
count for a high proportion of the plasmid genome. The
comparative genomics of pWH1277 backbone as observed
in natural isolates reveals a high sequence conservation of the
plasmid genome. Plasmid genome sequences may remain
conserved over millions of years across isolates and habitats
(Mindlin et al. 2020), yet plasmid sequence conservation is
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often interpreted as evidence for long-range lateral plasmid
transfer (e.g., Petersen et al. 2019). Indeed, lateral transfer
events have the potential to scramble the genomic record
for evolutionary reconstructions (Dickerson 1980).
Nonetheless, the presence of a deep split in pWH1277 phy-
logeny indicates an ancient origin of the plasmid, hence the
high sequence conservation cannot be explained solely by
lateral transfer events. A more parsimonious inference is
thus slow evolutionary rate of pWH1277 derivatives. Our
results show that segregational drift counteracts the elevated
mutational supply of multicopy plasmids via its effect on the
intracellular plasmid genetic heterogeneity. The presence of
extrachromosomal elements within a host cell generates a
partitioned population structure where their genome is
shaped by the interplay of evolutionary forces at multiple
levels.

Materials and Methods

Bacterial Strains, Plasmids, and Culture Conditions
The A. baylyi strain BD413 (DSM No. 588, German Collection
of Microorganisms and Cell Cultures, DSMZ) also known as
strain ADP1 (GenBank accession number NC_005966.1) was
used as the model organism in all experiments. Either A. baylyi
BD413 or E. coli DH5a were used during plasmid construc-
tions. Plasmids and primers used in this study are listed in
supplementary tables (supplementary table 1, Supplementary
Material online). Escherichia coli DH5a was routinely grown at
37 �C in lysogeny broth (LB) medium at 250 rpm shaking or
on LB-agar plates. Acinetobacter baylyi was propagated at
30 �C in LB medium in liquid shaking cultures or deep-well
plates. For molecular cloning and plating, antibiotics for the
selection of plasmid carrying cells were used at the following
concentrations: kanamycin 10 lg/ml, chloramphenicol
10 lg/ml, trimethoprim 125mg/ml, and gentamicin 5 lg/ml.
IPTG (Isopropyl b-D-1-thiogalactopyranoside) was added to
the media to a final concentration of 1 mM when derepres-
sion of the LacI-repressed pTrc promoter was desired.
Plasmids were extracted using the GeneJET Plasmid
Miniprep Kit (Thermo Fisher Scientific). DNA quantification
was done using the Multiskan GO spectrophotometer instru-
ment (Thermo Fisher Scientific).

The model plasmid pTAD was derived from plasmid
pVRL1 (Lucidi et al. 2018; GenBank accession number
MG462882), a cloning vector derived from the cryptic
Acinetobacter plasmid pWH1277 (Hunger et al. 1990), by
PCR-amplifying its backbone (5,400 bp) containing the origin
of replication, an addiction system (toxin–antitoxin) and a
gentamicin resistance gene (aacC1) for selection using primer
pair NH140/NH137. For the construction of pTAD-C, the
PCR-fragment of pVRL1 was assembled using primer pair
NH141_GA.FOR/NH142_GA.REV by the Gibson assembly
technique (NEBuilder protocol; New England Biolabs) with
a cassette comprising the lacIq gene and a nptII gene into
which a gfp gene (gfpmut3.1 fused to the LacI-repressible Ptrc
promoter) was inserted into middle of the open reading
frame of nptII (fig. 1; see Supplementary Material online for
the construction of the cassette). For the construction of

pTAD-R, pTAD-C was subjected to PCR-mediated site-di-
rected mutagenesis using the primer pair (AG58/AG60)
that introduced a one nucleotide deletion in the lacI gene.
This deletion causes a frameshift mutation that changes
amino acid residue 330 in the LacI protein from Leu to Trp,
creating a premature stop codon that results in a functional
dimeric LacI repressor instead of a tetrameric one (Brenowitz
et al. 1991; Hsieh and Brenowitz 1997).

Natural Transformation of Acinetobacter baylyi
The preparation of competent cells of A. baylyi carrying
pTAD-C or -R was performed as described previously
(Kickstein et al. 2007). Briefly, the cells were grown at 30 �C
overnight with shaking in 2 ml of LB medium and then used
for the inoculation (1:100) of fresh cultures. The cultures were
grown until early stationary phase (�1� 109 cells/ml), cooled
down, and then stored as concentrated stocks (1� 1010 cell/
ml) at �80 �C.

For each transformation performed in the study, the fro-
zen competent cells were thawed on ice and diluted to a cell
density of 2.5� 108 cells/ml. The donor DNA was a PCR
fragment (see Supplementary Material online) containing
the nondisrupted nptII as the single segment of sequence
identity to the recipient plasmid. After 90 min of incubation
at 30 �C with shaking, diluted aliquots of the culture were
plated on LB medium to estimate the titer of the population
and transformants were scored on selective media.
Transformation frequencies were calculated as transformants
per recipient. Natural transformation kinetics were verified
experimentally alongside with the specificity of the homolo-
gous recombination event (see Supplementary Material
online).

Vertical Inheritance of the Introduced Allele
To determine whether the observed plasmid allele frequen-
cies are influenced by ongoing transformation during the ex-
periment, we studied the extent of transformation, as during
normal growth cells secrete plasmid and chromosomal DNA
that could potentially transform neighboring cells causing
subsequent recombination events. The employed resident
plasmid is also nonconjugative so that it cannot be trans-
ferred between cells. We first evaluated whether the secreted
DNA from the cells during growth was able to transform
naturally competent cultures, performing a series of transfor-
mation tests employing spent media (supplementary table 2,
Supplementary Material online). Next, we performed a repe-
tition of the experimental evolution experiment with pTAD-
C employing the same conditions to be used in our experi-
mental set up, serial transfer with 1:100 bottleneck size (sup-
plementary fig. 5, Supplementary Material online). The
experiment was performed with two treatments, with and
without DNase 1 (0.1 mg/ml) (n¼ 8 per treatment).

Evolution Experiments
The plasmid allele dynamics evolution experiment was con-
ducted under nonselective conditions with ancestral plasmid
carrying A. baylyi populations. The ancestral plasmid present
varied, with pTAD-R for random segregation (n¼ 8) and
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pTAD-C (n¼ 8) for clustered segregation. The experiments
started with the natural transformation of A. baylyi strain
BD413, containing the ancestral plasmid. Competent cells
were prepared as previously described (see Natural transfor-
mation of A. baylyi), and the donor DNA was added to a final
concentration of 100 ng/ml.

After 90 min of incubation at 30 �C with shaking, a fraction
of the cells was plated to determine the total cell population
and the transformation frequency. The viable titer of the
cultures was obtained from the cells plated on LB media
(50ml of 10�4, 10�5, and 10�6 dilutions), whereas the trans-
formation efficiency was calculated by plating on LBþ kana-
mycin (5mg/ml) (10�, 10�1 and 10�2 dilutions). Cells that had
restored the nptII gene on one of copies of the recipient
plasmid survived the kanamycin treatment. The cultures
were then serially passaged daily into fresh medium using a
1:100 dilution factor, corresponding to a bottleneck size of 107

cells. The transfer regime was then maintained for 23 trans-
fers, which corresponds to approximately 160 generations
(�6–7 generations per transfer in liquid medium). Every
day the population sizes were estimated, the total population
size was estimated from the plating on LB media and the
proportion of hosts in the population was determined by
plating on selective media, LB supplemented with kanamycin.
The differentiation between heterozygotes and homozygotes
of the novel allele (nptII) is possible by the reporter construct.
Heterozygotes for the novel allele formed green colonies,
whereas homozygotes of the novel allele formed white colo-
nies on selective plates.

The chromosomal allele experiment was performed by
employing two isogenic A. baylyi populations of two strains
that differed only in carrying either the wild-type trpE gene
(strain BD4) or the trpE27 mutation (strain BD413). The ex-
periment was initiated with six replicate colonies of each
strain. The replicate colonies were grown overnight in LB
medium at 30 �C with shaking. At the onset of the experi-
ment, the replicate cultures of the two strains were diluted
and mixed at a ratio of 1:100,000 (i.e., 10�5; low-bound) and
1:10,000 (i.e., 10�4; high-bound), respectively, with strain BD4
being the proportionally less abundant genotype in the mix-
ture. The mixtures were then used to inoculate 1 ml cultures
with a starting density of in total 107 cells per ml. The exper-
imental set up was identical as the one employed for the
plasmid allele dynamics experiment and serially passaged
for 23 transfers with a 1:100 dilution factor. At t¼ 0 (after
inoculation) and thereafter every day, the proportions of the
two genotypes (BD4/BD413), were determined as previously
described using M9 minimal media supplemented with glu-
cose (2 mg/ml) as selective media.

Plasmid Copy Number Determination
The PCN of the plasmid types was determined using qPCR as
described in (�Skulj et al. 2008). Samples of overnight cultures
were lysed by 10 min incubation at 98 �C followed by 10 min
at�20 �C. The primers employed targeted both the chromo-
some and the plasmid. The chromosomal primers were com-
plementary to the alkB gene (Alkane 1-monooxygenase) of A.
baylyi BD413 (NH72/NH73). The plasmid primers targeted

the regulatory region of pVRL (AG21/AG22), making them a
universal primer pair to study all the plasmids involved in the
experiments, regardless of their variations in the reporter
construct.

The qPCR reactions were performed in a total volume of
10 ll containing 1� iTaq Universal SYBR Green Supermix
(Bio-Rad Laboratories), 100 nM of each primer (final concen-
tration), and 1 ll sample. All qPCR reactions including posi-
tive and nontemplate controls were performed in technical
replicates on a CFX Connect Real-Time PCR Detection
System (Bio-Rad Laboratories) using the following cycling
conditions: 95 �C for 3 min, 40 cycles of 10 s at 95 �C and
1 min at 59 �C. Primer specificity and efficiency were deter-
mined using standard-curve and melt-curve analyses. The
ratio between the number of plasmid amplicons and chro-
mosome amplicons is defined as the PCN (comparative CT
method) and was calculated considering the amplification
efficiencies of both primer pairs (�Skulj et al. 2008).

Plasmid Stability Experiments
To determine the stability or segregational loss of the model
plasmid variants pTAD-R and pTAD-C, a serial transfer ex-
periment without selection was performed during 6 days
(�42 generations), showing a 100% stability for the plasmid
(no measurable loss 0 6 0%; n¼ 4).

Fitness Experiments
The relative fitness (w) of the ancestral allele carrying strain
versus the novel allele carrying strain was estimated by direct
pairwise competition experiments, with 16 replicate popula-
tions per replicon type. The competition experiments were
initiated with a 1:1 ratio of the competing strains, diluted
1:100 (�107 cells transferred) from overnight cultures, pre-
conditioned to growth in liquid media for two days. Then,
cultures were serially transferred in a 1:100 bottleneck for five
transfers and the competitors’ population sizes measured
every transfer (24 h). Relative fitness of the competing geno-
types was determined by calculating population sizes of both
competitors via selective plating using the formulation as
described in Lenski et al. (1991) and Starikova et al. (2013).
The two competitors are distinguished by plating on non-
selective (LB supplemented with IPTG 1 mM for allele carry-
ing plasmids or LB for chromosomal allele strains) and
selective media (LB supplemented with kanamycin 10 lg/
ml for allele carrying plasmids or M9 minimal medium sup-
plemented with glucose 2 mg/ml for chromosomal allele con-
taining strains).

Genome Sequencing
Population sequencing was used to study plasmid host geno-
type frequencies and to detect genetic variants present either
on the plasmid or the chromosome. Total DNA, containing
both plasmid and chromosomal DNA, was isolated from 1 ml
culture using the Wizard Genomic DNA Purification Kit
(Promega). The concentration and quality of the extracted
DNA were determined using the NanoDrop (Thermo Fisher
Scientific) and Qubit (Invitrogen by Life Technologies).
Illumina sequencing was performed to sequence the samples,
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the sample libraries were prepared with TruSeq Nano DNA
Low Throughput Library Prep Kit (Illumina, Inc.), and the
sequencing was performed with paired-end reads on the
Miseq system (Illumina, Inc.).

Sequencing reads were trimmed to remove low-quality
bases using the program Trimmomatic v.0.38 (Bolger et al.
2014) (parameters: CROP:250 HEADCROP:5 LEADING:20
TRAILI NG:20 SLIDINGWINDOW:4:20 MINLEN:36). For the
reference sequence, we joined the genome of A. baylyi ADP1
(GenBank accession number NC_005966.1) with the pTAD
plasmid sequence (GenBank accession number: MW757345).
The sequencing reads were mapped to the reference
genomes using BWA-MEM v.0.7.17 (Li 2013). Subsequent
indexing and local realignment of sequencing reads were
performed using SAMtools v1.11 (Li et al. 2009). Next, variants
were called using LoFreq v2.1.5 (Wilm et al. 2012). All variants
with an allele frequency higher than 0.05 were considered for
the analysis. The coverage distribution was used to visualize
plasmid allele variants.

Comparative Genomics and Phylogeny of Plasmid
pWH1277 Backbone
The search for similar plasmid sequences was performed us-
ing the interactive NCBI BLAST tool (Boratyn et al. 2013)
against the RefSeq database (Pruitt et al. 2005). The hallmark
of the plasmid pWH1277 backbone is the regulatory region
that contains the putative origin of replication (fig. 1).
Searching for similar plasmids using BlastN with the regula-
tory region as the query sequence returned only cloning
vectors (e.g., pVRL derivatives). Consequently, we extended
our search to sequences flanking the regulatory region, which
include the toxin–antitoxin module and the putative repB
protein. Similar protein-coding genes were searched using
BlastP with the amino acids sequence as a query. Only hits
of >90% identical amino acids were retained. A total of 38
contigs where all three pTAD components were found were
further aligned with the pWH1277 backbone sequence and
the global sequence similar to the plasmid genome was man-
ually inspected (supplementary table S4, Supplementary
Material online). The full genomes of these 38 isolates were
downloaded from NCBI (ver. 08/12/2020). To validate the
taxonomical classification of the E. coli and K. pneumoniae
data sets, we observed the 16S rRNA sequences and found
that they corresponded to the designated species. Clusters of
homologous proteins were reconstructed based on amino
acids sequence similarity. First, we performed a pairwise
BLAST (Camacho et al. 2009) search among all isolate pairs
(including all contigs) using a threshold of E-value�1e-10. At
the next step, reciprocal best BLAST hits were identified and a
global pairwise alignment of those pairs of protein sequences
was performed using the Needleman–Wunsch algorithm
with parasail (Daily 2016). Pairs having �30% amino acids
sequence identity were retained and used to reconstruct
clusters of homologous protein sequences using MCL
(Enright et al. 2002) with an inflation factor¼ 2.

Phylogenetic networks and trees were inferred for the plas-
mid and chromosome independently. For the chromosome
analysis, we identified 1,617 universal single-copy protein

families that were used for the phylogenetic reconstruction.
The plasmid phylogenetic reconstruction comprised five uni-
versal single-copy protein families. All protein families were
aligned with MAFFT using the automatic option (Katoh and
Standley 2013) and were converted into codon alignments
using Pal2Nal (Suyama et al. 2006). Phylogenetic networks
were inferred with SplitsTree ver. 4.14.6 (Huson and Bryant
2006) using Hamming distances. The chromosome phyloge-
netic network was reconstructed from a concatenated align-
ment including the codon alignments of all 1,617 protein
families. The plasmid network was reconstructed from an
alignment of the whole plasmid genome (i.e., nucleotide se-
quence). Additionally, we reconstructed a phylogenetic net-
work for only A. baumannii based on a concatenated
alignment of 2,645 universal genes.

For the comparison of evolutionary rates, multiple align-
ments of the protein families including a selection of 11
strains (fig. 4A and supplementary table S4, Supplementary
Material online) were reconstructed using MAFFT (automatic
option) and phylogenies were inferred for each protein family
using IQTREE (Minh et al. 2020) using a general model for
codon evolution (Goldman and Yang 1994) and specifying
the bacterial genetic code. Additionally, to infer genome pair-
wise dN/dS for each gene phylogeny, we used the program
codeml, from the PAML package (Yang 2007). To calculate
the statistical significance of differences in the median tree
size and pairwise dN/dS between the plasmid and chromo-
some, we used a bootstrap analysis (Whitlock and Schluter
2009). This methodology was chosen due to the large differ-
ence in sample size between the two data sets which com-
prised five genes for the plasmid group and 2,315 genes for
the chromosome group. The empirical distribution of median
values was established from the median tree size in 1,000
bootstrap replicates of five chromosomal protein families
each. The P value for differences in tree size was calculated
as the frequency of bootstrap replicates that resulted in a
median tree size equal or lower than the plasmid median
tree size. Similarly, P value for differences in genome pairwise
dN/dS was calculated as the frequency of bootstrap replicates
that resulted in a median dN/dS pair genome pair equal or
larger (or smaller) than the plasmid median dN/dS (using an a
of 0.05).

Statistical Analysis
All statistical tests and data analysis were performed in
RStudio version 1.2.1327. Confidence intervals for medians
were calculated using the package “rcompanion” and the
“groupwiseMedian” function for grouped data with
n¼ 1,000 replicates for the bootstrap percentile method
(Carpenter and Bithell 2000). Comparisons between groups
(e.g., fitness calculations) were performed with two-sided
Wilcoxon signed-rank test (Whitlock and Schluter 2009) by
the “wilcox.test” function.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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