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Gene copy-number mutations are frequent and prevalent yet often overlooked. While initially considered to be the neutrally evolving
raw material needed for the emergence of new genes through the process of gene duplication and divergence, recent technical
advances and renewed interest start to unravel a fundamentally different picture for duplications in bacteria: rather than being neutral,
duplications have strong direct and indirect fitness effects, and rather than giving rise to evolutionary novelty through protein family
expansions, duplications allow to transiently simply make more of the same. Tandem duplications arise at frequencies orders of magni-
tude higher than single nucleotide polymorphisms (SNPs), and they collapse at an even higher rate still. Understanding the biological
idiosyncrasies of copy-number mutations is pivotal to understanding their fundamental role in bacterial evolution. Having multiple cop-
ies of a gene influences its evolutionary dynamics in surprising ways, slowing down divergence, acting along with purifying selection as a
force of conservation, and facilitating “bet-hedging” in fluctuating environments or under diversifying selection. Paying careful attention
to structural variation in genomic sequence analyses will yield a more comprehensive understanding of bacterial evolution, especially
when it comes to the emergence of novel bacterial lineages, such as human pathogens.
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The process of duplication: underestimated
rates and conflicting terminology across
disciplines

The most easily measured and therefore also most commonly
discussed mutations are point mutations—a change to a single
nucleotide in the DNA sequence. The assumed random, uniform
nature of point mutations is not only easy to glean from DNA se-
quence data but also convenient for our understanding of the pro-
cess of evolution as the proverbial molecular clock (Bromham and
Penny 2003). However, nature is full of mutations that take place
on larger scales, such as inversions, deletions, and duplications
(Darmon and Leach 2014) that form via a variety of molecular me-
chanisms (Darmon and Leach 2014; Yelin and Kishony 2026) and
occur at a vast range of different rates. Their diversity in terms
of size and their transient nature make them much harder to
model, predict or even detect. Yet, the biological and medical im-
portance of duplications cannot be overstated—they supply the
raw material for much evolutionary novelty, provide a common
mechanism of antibiotic resistance, and constitute one of the
principal classes of driver mutations in cancer evolution
(Wellenreuther et al. 2019; Raffaele Cosenza et al. 2025).

This review aims to shed light on how the biological idiosyncrasies
of copy-number mutations influence evolutionary trajectories in
nontrivial ways. We review some intriguing recent findings that
reveal how the properties of gene copy-number mutations not
only grant rapid adaptation, but also how they give rise to
counterintuitive evolutionary dynamics. While our account is
focused on gene copy-number mutations in bacteria, we will com-
pare their dynamics to examples from the whole tree of life.

To illustrate our points, we focus on one of the most common
structural changes: tandem duplications, in which a DNA se-
quence is duplicated as a direct repeat in a head-to-tail manner.
Tandem duplications form through a variety of different molecu-
lar mechanisms and can span from tens of base pairs up to half a
bacterial chromosome (Darmon and Leach 2014). They most fre-
quently arise through homologous recombination between exist-
ing sequence repeats, such as two copies of mobile genetic
elements. At a lower rate, illegitimate duplications can form be-
tween any two sites of the genome sharing no homology at all or
micro-homologies of just a few base pairs (Fig. 1a) (Reams et al.
2012; Reams and Roth 2015). Irrespective of their formation, all
tandem duplications are genetically unstable (Andersson and
Hughes 2009), as the repeated stretch of DNA sequence is prone
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Fig. 1. a) Gene duplication or deletion occurs through homologous (or
illegitimate) recombination between homologous (or nonhomologous)
regions (highlighted) of replicating bacterial sister chromosomes. This
unequal cross-over leads to the deletion of gene “y” in one chromosome

« . »

and gain of an additional copy of gene “y” in the other chromosome. b)
Schematic showing the highly reversible nature of gene duplication. The
rate of initial duplication can vary considerably (small arrow), but once a
duplication occurs, the sequence becomes more prone to recombination
(large arrows) between the repeats that will lead to its deletion (reverting
to the ancestral sequence) or its further duplication (also termed
amplification). If a coding region (gene) is repeated, increases in gene
copy-number will lead to increases in the gene product being expressed
(cells with different degrees of shading).

to recA-dependent homologous recombination. In bacteria, dupli-
cations reverse back to the initial single copy (deletion) or dupli-
cate further (amplification), at rates between 107> and 107" per
cell per generation (Anderson and Roth 1977; Andersson and
Hughes 2009; Pettersson et al. 2009; Reams and Roth 2015;
Tomanek et al. 2020). Thus, one crucial difference between dupli-
cations and point mutations derives from the asymmetry of rates
of formation and reversal: duplications reverse more frequently
than they form. Their fleeting nature implies that tandem dupli-
cations provide transient adaptation: they form frequently and
spread in the population if under positive selection; yet rapidly
disappear once selection has subsided. The reversal of a duplica-
tion through homologous recombination restores the ancestral
sequence and thus leaves no trace in the record of genomic se-
quence data (Fig. 1B) (Reams and Roth 2015).

Arguably, the relative neglect of structural mutations in com-
parison to singlenucleotide polymorphisms (SNPs) is not only a
function of their hard-to-detect nature or plethora of mutation
mechanisms but also due to marked differences in terminology
and focus in different fields of biology. In genomics and evolution-
ary biology, the term copy-number variation (CNV) is used to refer
to both tandem duplication as well as whole-chromosome dupli-
cation (Conrad and Hurles 2007), while microbiologists typically
talk about gene duplications (two copies) and amplifications
(that is, duplications of more than two copies in tandem).
Adding to the confusion, different fields mean different things
when they talk about the rate of duplication. In some contexts,
such as bacterial genetics, duplication rate refers to the de novo
mutation rate (Andersson and Hughes 2009; Reams et al. 2010;
Tomanek and C. Guet 2022), with the majority of de novo muta-
tions lost due to the high rate of reversal, selection, or drift, and
therefore never making it into the “written” record of a species’
genomic sequence data. However, in genomics, the rate of dupli-
cation often refers to the rate at which duplicates fix in the popu-
lation, which ignores all mutations lost again shortly after their
formation (Lynch and Conery 2000; Miller et al. 2011; Koonin

2015; Tria and Martin 2021). In addition to the ambiguous termin-
ology, the error of confusing the rate of fixation (the molecular
clock rate, x4, which is commonly low) with the rate of supply (for-
mation) of potential mutations (the population mutation rate, uN,,
which is typically much higher) is common (Lieberman 2022;
Torrillo and Lieberman 2024). Each bacterial cell residing within
a population can supply random mutations created during DNA
replication in every generation; however, only the surviving muta-
tions along a single line of descent are taken into consideration
when calculating molecular clock rates.

Due to their high reversibility and hard-to-detect nature, the
rate of duplication formation (uN,) is less straightforward to meas-
ure than that of point mutations. There are two standard ways to
measure microbial mutation rates: the fluctuation test (Luria and
Delbriick 1943) and mutation accumulation experiments (Muller
1928; Lynch et al. 2008; Halligan and Keightley 2009). In a fluctu-
ation test, the number of individuals in a population carrying a
mutation in a neutral marker gene depends on whether the muta-
tion occurred early on during the first few generations of an ex-
panding bacterial culture (most members will have inherited the
mutation), or during later generations (only a small fraction will
have inherited the mutation). Assaying many replicate
populations allows one to estimate the mutation rate from the
distribution of the frequency of point mutations (Foster 2006).
However, in contrast to point mutations, the high rate of forma-
tion and loss of duplications means their frequency in a popula-
tion rapidly reaches a steady state. Accordingly, replicate
populations carry a similar number of duplications, irrespective
of whether they formed early or late during outgrowth. It is thus
immune to fluctuation tests (Reams and Roth 2015).

In mutation accumulation experiments, small laboratory po-
pulations are subjected to extreme bottlenecks to render selection
extremely inefficient or abolish it to a large degree, meaning that
all but extremely deleterious mutations will be transmitted to the
next generations. The mutation rate can then be inferred from se-
quencing the individuals after a known number of generations.
However, this approach is difficult with microorganisms, and
the reason is illustrated in a recent publication: a mutation accu-
mulation experiment attempted to estimate the rate of duplica-
tion by applying a strong population bottleneck through
re-streaking single colonies of Escherichia coli (Zhou et al. 2023).
While this method indeed introduces single-cell bottlenecks, the
phase of colony outgrowth from a single cell to the 10° cells inside
a typical colony imposes significant purifying selection for 30 gen-
erations (Korolev et al. 2012). During colony growth, cells that div-
ide more rapidly can outcompete less fit individuals. For instance,
individuals that lost a costly duplication expand in sectorized
zones within a colony (Reams et al. 2010; Tomanek et al. 2020).
Hence, rather than measuring the rate of duplication formation,
the outcome of single colony experiments more accurately re-
flects the rate of formation of duplications with neutral fitness ef-
fects. Accordingly, due to their microscopic nature, the gold
standard for mutation accumulation experiments in bacteria re-
quires microfluidic devices to allow single-cell bottlenecks in
every generation (Robert et al. 2018) without phases of outgrowth
where the more competitive clones can overtake the population
(Korolev et al. 2012). This is particularly crucial when aiming to
capture highly reversible mutations. To the best of our knowledge,
such experiments have only been conducted to estimate the rate
of recombination of an existing duplication at a particular locus,
but not the rate of de novo duplications (Tomanek et al. 2020).

Despite the difficulties with measuring the duplication rate,
clever bacterial genetics experiments using a linear DNA
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fragment homologous to a marker gene were able to “trap” dupli-
cations in Salmonella enterica and inferred a duplication rate be-
tween 107° and 1072 per locus per cell per generation (Reams
et al. 2010; Reams and Roth 2015). Across experiments, the esti-
mates for copy-number changes are orders of magnitude higher
than the rate of point mutation (Drake et al. 1998; Elez et al.
2010), especially if a locus is flanked by existing repeat sequences
such as mobile genetic elements (Steinrueck and Guet 2017). Not
only are duplications more common, their mutational effect is
likely larger, as the most common impact of a point mutation is
no observable change in phenotype, while having additional
gene copies is likely to affect the expression of the duplicated
gene (Elde et al. 2012; Nasvall et al. 2012; Steinrueck and Guet
2017; Dulmage et al. 2018; Todd and Selmecki 2020; Tomanek
and Guet 2022; Fritts et al. 2023).

In principle, the rate of duplication fixation is more straightfor-
ward to estimate than the rate of duplication formation, as it can
be directly inferred from genomic sequence data. However, the
prevalence of copy-number variations in genomic sequence data
is likely an underestimate, and its interpretation is partially mis-
leading. The reason is 3-fold: Firstly, in short-read sequencing
data, structural variation is more challenging to detect than
SNPs and, due to its more ambiguous interpretation, is often fil-
tered out (Draper et al. 2017). Secondly, genome sequences are
temporal snapshots and mostly capture the genome sequence
of single bacterial clones isolated from large and potentially poly-
morphic populations (Draper et al. 2017; Wang et al. 2021; Vezina
et al. 2024). Thirdly, and most importantly, because of the fleeting
nature of duplications, even if they are adaptive temporarily, they
are often lost fast when the environment changes (Tomanek et al.
2020), such as when bacterial isolates are grown in the absence of
a selection pressure like antibiotics prior to DNA extraction. More
generally, as any adaptation is context-dependent, changing con-
ditions may select for the reversal of a once adaptive mutation. It
has recently been argued that reversal conceals adaptive changes
even for SNPs, if populations experience fluctuating directional
selection as observed for members of the mammalian gut micro-
biome (Torrillo and Lieberman 2024) or human pathogens
(Weissman et al. 2007, Morelli et al. 2010; Torrillo and
Lieberman 2024). We would therefore expect this pattern to be
more common for mutations with an even higher rate of reversal.

Detecting structural variants in the
genomics era: overcoming a history of
neglect

Our mathematical models and understanding of evolution have
long been dominated by point mutations, due to rather mundane
reasons such as “attention is shifted where the data are”
(Kondrashov 2012). However, with the advent of long-read se-
quencing data, this is rapidly changing. Our current understand-
ing of tandem duplications came from classical bacterial
genetics experiments (Anderson and Roth 1977; Petes and Hill
1988). Later, microarrays allowed detection of repeats in human
genomes, followed by short-read sequencing-based approaches,
where detection was limited as it relies on algorithms to infer mu-
tations that, by their very nature, span more than one read. Thus,
inferring structural variation is ideally based on a combination of
detecting several of its features such as (i) unique signature se-
quences at junction sites, (ii) altered read depth, and (iii) distance
and direction of paired-end reads. The advance of long-read se-
quencing has solved all these shortcomings (Wellenreuther
et al. 2019; Ho et al. 2020; Abrahams et al. 2022).

In recent years, the increased use of nanopore sequencing to-
gether with improvements in analysis pipelines is revolutionizing
the detection of structural variation. Recent studies have un-
earthed a plethora of examples where copy-number variation be-
tween strains of the same species carries the signature of
environmental selection (Waters et al. 2025). For instance, the
copy-number of antibiotic resistance genes is increased when
bacterial strains are isolated from humans and livestock as op-
posed to other environments. Copy-number variation in human
gut commensals has been associated with host disease risk fac-
tors (Zeevi et al. 2019; Abrahams et al. 2022; Maddamsetti et al.
2024). Structural variation appears in species across diverse habi-
tats, suggesting that a comprehensive picture of bacterial diver-
sity can only be obtained by also including structural variants
(Abrahams et al. 2022). For instance, Bordetella pertussis and
Mycobacterium tuberculosis were believed to be surprisingly mono-
morphic pathogens based on SNP analyses. However, their broad-
er genetic diversity and population structure only became
apparent once analyses included copy-number variation
(Abrahams et al. 2020; Abrahams et al. 2022). B. pertussis evolved
from its nonpathogenic ancestor by accumulating repeats in the
form of insertion sequence (IS) elements and ensuing rearrange-
ments. Interestingly, the occurrence of amplification was dis-
persed throughout the genome, pointing to transient
copy-number increases in different lineages. CNVs were also
found in the cancerogenic pathogen Helicobacter pylori (Draper
et al. 2017; Jang et al. 2017) and isolates of Methicillin-Resistant
Staphylococcus aureus (MRSA) derived from patient samples. In
the latter, the copy-number of genes with known immunomodu-
latory function varied considerably within a single bacterial popu-
lation and increased significantly during infection (Belikova et al.
2020). However, while long-read sequencing improves our ability
to detect tandem duplications that are present at the time of sam-
pling, it cannot recover duplication events that have already re-
verted! As a result, the abundance of tandem duplications
revealed currently by long-read sequencing studies is likely to re-
present only a lower bound on their true prevalence in nature.

Evolutionary dynamics of duplications:
adaptive gene copy-number as a dominant
force

Since Susumu Ohno’s seminal work in the 1970s (Ohno 1970),
gene duplications have mostly been viewed as the passive raw
material necessary for the evolution of new genes through the
process of gene duplication and divergence. Genomics data pro-
vided us with a rich fossil record of molecular evolution that
paints a detailed picture of how two duplicated genes diverge
over time as they accumulate point mutations. While Ohno pos-
ited that gene duplicates evolve neutrally, the last decades have
provided many examples in which duplication has strong fitness
effects, positive as well as negative.

As a first approximation, duplications increase the level of gene
expression with every additional copy, and they do occur at a high
rate compared to SNPs (Elde et al. 2012; Né&svall et al. 2012;
Steinrueck and Guet 2017; Dulmage et al. 2018; Todd and
Selmecki 2020; Tomanek and Guet 2022; Fritts et al. 2023). The
fact that tandem gene duplications were discovered in bacteria
isno coincidence. Handling them in the laboratory unintentional-
ly or intentionally exposes microorganisms to strong selective
pressures as conditions differ from what they encounter in their
natural environments (Vezina et al. 2024). Above all, it is perhaps
the fact that amplification is a common adaptation to the lab
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environment (Horiuchi et al. 1963; Adams 2004; Blount et al. 2012),
that may lead to the view that copy-number increases are some
sort of lab artifact warranting its filtering out of sequencing data
sets in experimental evolution studies (Spealman et al. 2023),
with most experimental evolution studies focusing on SNPs
(Elena and Lenski 2003; Good et al. 2017). The interaction of
growth, amplifications, single base pair mutations, and selection
can create intricate dynamics, which need to be interpreted care-
fully rather than jumping to simple conclusions (Roth and
Maisnier-Patin 2016). The first detailed description of tandem du-
plications emerged from classic experiments of E. coli grown on
lactose as a single limiting nutrient (Horiuchi et al. 1963), leading
to amplification of the lac operon (Anderson and Roth 1981). The
reversible nature of duplications was noted by early bacterial ge-
neticists, who described them as heritable yet very unstable phe-
notypes that returned to their original (ancestral) state at high
frequency (Anderson and Roth 1977). This high intrinsic rate of de-
letion, in combination with often significant fitness cost
(Bergthorsson et al. 2007; Pettersson et al. 2009; Reams et al.
2010), has one important implication: observing more than two
copies of a certain gene or genomic region means they are most
probably an adaptation, or at least have been one in the recent
evolutionary past. Point mutations can fix via drift, but gene am-
plifications remain polymorphic and thus hardly ever fix even un-
der strong positive selection (Reams et al. 2010; Tomanek et al.
2020; Tomanek and Guet 2022; Khomarbaghi et al. 2024). This fea-
ture has been of practical medical relevance and copy-number
variation in human cancers is used to identify causative onco-
genes (Albertson 2006). Consistent with this idea, recent bacterial
genome-wide association studies have linked copy-number vari-
ation to adaptive phenotypes, further supporting the view that
amplifications often reflect ongoing selection (Tam et al. 2024).

Gene amplification generates polymorphic
populations

Unsurprisingly, a lot of our knowledge about gene duplication and
amplification in the "wild", stems from studying them in the con-
text of antibiotic resistance, where they are a common adapta-
tion. Increases in copy-number increase the expression of
resistance genes such as efflux pumps, drug targets, or antibiotic-
modifying enzymes. By examining specific cases of resistance and
their evolutionary trajectories, researchers have gained valuable
insights into the dynamics of duplication and deletion more gen-
erally, as well as their broader evolutionary consequences
(Andersson and Hughes 2009; Sandegren and Andersson 2009).
One intriguing example of how the biological idiosyncrasy of
amplifications, in particular their instability, has important—but
long overlooked-consequences for public health is hetero resist-
ance (Nicoloff et al. 2024). During antibiotic treatment, high rates
of copy gain and loss can lead to polymorphic populations where
different levels of gene copies result in subpopulations of bacteria
with varying levels of susceptibility to an antibiotic. Due to the
cost often associated with both resistance and copy-number in-
creases, additional copies are rapidly lost in the absence of selec-
tion. In Klebsiella pneumoniae and Salmonella enterica, for instance,
tandem amplifications of efflux pumps or p-lactamase genes tran-
siently confer resistance, allowing bacteria to survive antibiotic
treatment but revert to susceptibility in the absence (Nicoloff
et al. 2019). However, testing the antibiotic susceptibility of any
bacterial sample in a clinical testing laboratory involves transfer-
ring only a small subset of a population to an antibiotic-
containing medium. The population will appear susceptible,

masking the subpopulation perfectly capable of growing in the
presence of the antibiotic. The failure to recognize hetero-
resistance driven by structural variation has led to underestimat-
ing resistance levels in clinical settings, which ultimately contrib-
uted to antibiotic treatment failures and the silent spread of
resistant strains (Hjort et al. 2016; Nicoloff et al. 2019).

Polymorphisms, bet-hedging, and a
primitive mechanism of gene regulation

The phenomenon of hetero-resistance highlights an intriguing
consequence of the high rates of duplication gain and loss, which
was pointed out almost 50 years ago (Anderson and Roth 1977):
under transient directional selection, bacterial populations will
rapidly and reversibly change their (average) gene expression le-
vel of a gene or genomic region, without “committing” to a differ-
ent genotype in the long run. Microbial life is constantly exposed
to such environmental fluctuations, and a population’s survival
critically depends on its ability to adapt to these changes.

Canonically, this feat is achieved with gene regulation at the le-
vel of the individual cell, where transcription factors bind to regu-
latory regions of a gene promoter. Thereby, populations of
otherwise clonal individuals can rapidly access different pheno-
typic states in a manner responsive to the environment. Such pre-
existing regulatory networks represent the primary mechanism
by which bacteria respond to environmental change. However, if
the environment shifts to a condition not previously met—such
as exposure to a novel carbon source or antibiotic—population
genetic theory predicts that new regulatory sequences are unlike-
ly to evolve quickly enough to deal with it (Berg et al. 2004; Tugrul
etal. 2015). In this context, duplication and amplification, serving
as “a rather crude regulatory mechanism” (Anderson and Roth
1977) at the population level, can provide an intermediate solu-
tion until more refined regulatory adaptations evolve. In situa-
tions where gene regulation has yet to evolve, copy gains and
losses can direct gene expression levels up and down on time
scales of a single day (Tomanek et al. 2020).

Initially, this “amplification-mediated gene expression regula-
tion” (AMGET) was shown in a proof-of-principle study under con-
trolled laboratory settings (Tomanek et al. 2020) (Fig. 2). More
recently, it was found to occur in nature, in environments where
strong selection varies on relatively short time scales. A study
by Belikova et al. showed that gene amplifications contribute to
the genetic and phenotypic diversity in S. aureus populations iso-
lated from a community outbreak. The researchers identified sev-
eral hotspots of gene copy-number variation in these isolates,
notably the csal gene cluster, which encodes immunogenic lipo-
proteins. They observed that the csal locus can expand and con-
tract during bacterial growth both in vitro and during systemic
infection in mice, leading to rapid heterogeneity in initially clonal
cultures. Strikingly, variation in csal copy-number was found to
alter the bacteria’s immunostimulatory capacity (Belikova et al.
2020), suggesting that hostimmune response is the relevant selec-
tion pressure driving AMGET.

Could AMGET be a frequent type of evolutionary dynamics in
natural bacterial populations despite canonical gene regulation
being ubiquitous even in the simplest of organisms? Indeed, we
know that cis-regulatory sequences seem to evolve faster than
the coding regions they regulate (Surguchov 1991; Elena and
Lenski 2003; Matus-Garcia et al. 2012; Nijveen et al. 2012; Oliver
and Greene 2012; van Passel et al. 2014; Yona et al. 2018; Lagator
et al. 2022). Why would bacteria rely on a mechanism that grants
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Fig. 2. Amplification-mediated gene expression regulation (AMGET)
allows bacterial populations to rapidly and reversibly tune mean gene
expression in response to selection. The high rate of gene duplication and
deletion renders bacterial populations polymorphic with respect to the
duplicated locus, harboring cells that differ in copy-number and,
accordingly, gene expression levels. Directional selection for high gene
expression favors cells with increased copy-number (dark shading, top),
while selection for low expression favors cells with fewer copies (light
shading, bottom) allowing gene expression to rise and fall reversibly on
the timescale of days as the selective environment changes.

survival only to a fraction of a population, which is much less ef-
ficient than canonical gene regulation (once it has evolved)?

Intriguingly, between these two “classical” routes for altering
gene expression—hard-wired promoter regulation (highly non-
random and rapid) and adaptive mutation (random and slow)—
a third, widespread category exists in bacteria. In this process,
termed phase variation, changes in gene expression occur at rates
that fall between the extremes of fast regulatory responses (in
which all cells adjust expression within a single generation) and
slow cis-regulatory mutations (in which only one cell in a large
population acquires a change per generation). This intermediate
timescale involves mutations that are, in a sense, partially hard-
wired: genetically encoded mechanisms that generate reversible
or repeatable changes in gene expression. The genomic loci at
which these switches occur are known as contingency loci -sites
with an elevated mutation rate, typically maintained by repeats
or dedicated recombination hotspots, that generate a standing
pool of phenotypic variants within a population. This strategy is
a form of bet-hedging: rather than all cells sensing the environment
and responding uniformly, a population pre-emptively diversifies
into subpopulations with different phenotypic states, so that re-
gardless of which environment materializes, some fraction of
the populationis already suited toit. Bacteria employ a striking ar-
ray of such “specialized” mutational processes—ranging from
highly frequent chromosomal breakpoints to catalyzed DNA
inversions—to modulate their phenotypes in ways that can be en-
tirely stochastic or more tightly programmed (Moxon et al. 1994,
2006).

This is true especially for pathogens, whose cell surface anti-
gens are in direct contact with the immune system, and under
constant selection to diversify (Hollingshead et al. 1987). For in-
stance, in Streptoccocus pyogenes, antigenic variation is generated
by high-frequency homologous recombination between short re-
peats within the M protein gene (Hollingshead et al. 1987) such
that 11in 2000 colonies harbor M proteins of a different size (a mu-
tation rate of 5x10™* per cell per generation). Clinical isolates of
Streptococcus pneumoniae and Staphylococcus aureus switch the ex-
pression of virulence factors via frequently occurring large-scale
inversions. Importantly, recombination occurs at defined break

points on opposite arms of the chromosome, resulting in a popu-
lation with two otherwise isogenic subpopulations that differ in
their colony morphology, antibiotic susceptibility, and hemolytic
activity, among other things (Cui et al. 2012; Slager et al. 2018).
Other classic examples include pathogens that carry an increased
copy-number of virulence factors only when isolated from their
human host: this is true for the cholera toxin of Vibrio cholerae,
(Goldberg and Mekalanos 1986) and the cap locus of Haemophilus
influenzae (Moxon et al. 1994). Worldwide isolates of Haemophilus
influenzae carry an asymmetric tandem duplication of the cap lo-
cus, which activates it for duplication. Cap codes for the produc-
tion of capsular polysaccharides and is amplified during
invasive infection, but not in commensal isolates (Corn et al.
1993; Davis et al. 2011).

Unlike the above examples, where stochastic phenotype
switching relies on “Sollbruchstellen” (German for meant-to-be
breakpoints), frequent recombination at “dedicated” chromosom-
al hotspots or between existing repeats, the expression of pili in
uropathogenic E. coli is controlled entirely by the enzymatically
catalyzed inversion of a promoter fragment. The rates of this gen-
etic switch also depend on the sensing of environmental factors
(Tomasek et al. 2022) and, in the spectrum of tuning gene expres-
sion, lie closer to evolved canonical gene regulation than spontan-
eous mutation.

Moreover, this kind of genetic bet-hedging is by no means lim-
ited to pathogens. For instance, many species of the common soil
bacterium Streptomyces carry linear chromosomes, which are
highly unstable. Incidentally, most genes required for the produc-
tion of secreted secondary metabolites, such as toxins and anti-
biotics, which presumably serve to interact with other species in
its environment, are confined to the unstable chromosome arms
(Leblond and Decaris 1994; Chen et al. 2002; Traxler and Kolter
2015). A 2023 study by Lowrey et al. investigated a bet-hedging
strategy of another soil bacterium, the Beta-proteobacterium
Burkholderia thailandensis. The authors show that RecA-mediated
homologous recombination between two IS 2-like elements flank-
ing a 208.6 kb genomic region allows stochastic switching be-
tween biofilm formation and planktonic growth.

In the above examples, dedicated genetic systems allow switch-
ing of genotypes and phenotypes at rates orders of magnitude high-
er than the point mutation rate (Moxon et al. 2006). A recent study
employed an evolution experiment of ingenious design to show
how second-order selection can indeed produce a contingency lo-
cus with an increased mutation rate, allowing the establishment
of polymorphic populations for first-order selection to act on
(Barnett et al. 2025). Given that duplication and deletion can occur
at high rates in almost any region of the chromosome, and the fact
that gene expression changes along with copy-number, it should
not be surprising that AMGET dynamics occur in nature.

Interestingly, recent work has demonstrated that copy-number
changes can also be achieved when mobile genetic elements move
genes for antibiotic resistance onto multicopy plasmids (Yao et al.
2022), allowing reversible changes in gene dosage that track envir-
onmental conditions through a principle similar to AMGET (Ha
et al. 2025; Maddamsetti et al. 2025). Plasmid copy-number itself,
independent of any mobile element, can likewise generate pheno-
typic heterogeneity: stochastic fluctuations produce transient,
nongenetic antibiotic resistance within isogenic populations
(Hernandez-Beltran et al. 2024) and modulate virulence and re-
sistance over infection (Wang and Joffré 2025). Such plasticity
may also buffer costly new functions across multiple plasmid cop-
ies, easing evolutionary innovation until selection refines them
(Rodriguez-Beltran et al. 2018).
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Fig. 3. Amplification hindrance. The schemeillustrates the fate of increasing copy-number mutations and single point mutations (asterisks) in a situation
where growth is limited by an enzymatic reaction encoded by the gene shown in green. Fitness can be increased by increasing gene expression (either by
duplication/amplification or a point mutation in the gene promoter region), or by improving catalytic activity (via a point mutation in the coding region of
the gene). a) Amplification hindrance occurs when adaptive amplification occurs much more frequently (large arrows) than point mutations (small
arrows) and allows the population to reach its fitness peak before adaptive point mutations can fix. If maximum fitness is reached by gene amplification,
additional point mutations can only fix through drift, as they provide no additional fitness benefit. This contrasts with (b), where in the absence of
duplication, point mutations in the promoter or coding sequence directly increase fitness and spread in the population.

T_he role of duplication in bacterjal evolution:
divergence, hindrance and horizontal gene
transfer

As we have seen throughout this review, the high rates of duplica-
tion and deletion give rise to more transient evolutionary dynam-
ics than observed for point mutations. However, it gets more
interesting and rather counterintuitive, when both types of muta-
tion interact. Together, copy-number and point mutations are re-
sponsible for the evolution of most functionally novel genes
through the process of duplication and divergence of existing
genes (Ohno 1970; Kacser and Beeby 1984; Conant and Wolfe
2008; Andersson et al. 2015).

Since most studies have focused on understanding the long-
lasting process of how duplicate gene pairs diverge by accumulating
point mutations (Lynch and Conery 2000; Teufel et al. 2015;
Friedlander et al. 2017), we know less about the potentially short-
lived initial duplication event itself (Innan and Kondrashov 2010).
In part, this bias is also due to significant technical difficulties of
studying transient copy-number variation experimentally (Lauer
and Gresham 2019; Tomanek and Guet 2022; Mihajlovic et al. 2025).

However, a recent study was able to scrutinize how two dupli-
cate gene copies diverge by constraining further recombination
by intentionally placing the two copies in a head-to-tail manner
(Mihajlovicetal. 2025). When two duplicate copies of a fluorophore
gene were “frozenin place”, both copies evolved higher geneticand
phenotypic diversity and carried combinations of key beneficial
mutations earlier than a single copy subjected to the same selec-
tion for increased fluorescence. This confirms one part of Ohno’s
hypothesis: selection is relaxed due to the redundancy provided
by a second gene copy (Ohno 1970). However, the study also con-
firmed the flipside of this prediction, termed Ohno’s dilemma
(Bergthorsson et al. 2007): relaxed selection means that adaptive
point mutations will accumulate rapidly, and so will deleterious
point mutations. In Mihajlovic et al.’s experiments, the function
of the second gene copy is lost after only a few generations.

While Ohno’s original idea suggests that most gene duplicates
evolve neutrally, in bacteria, selection for increased dosage is like-
ly to play a crucial role in the evolution of paralogs (Andersson and
Hughes 2009; Treangen and Rocha 2011; Copley 2020; Cisneros
et al. 2026). As we have seen throughout this review, duplications

rarely remain just duplications. Copies either contract or expand
at high rates, and selection will direct population copy-number to-
ward one or the other direction (Tomanek et al. 2020). For example,
if having more copies is beneficial, as it increases expression of an
enzyme whose activity is rate-limiting, populations will gain more
than just two copies (Bergthorsson et al. 2007; Nésvall et al. 2012;
Copley 2020). This principle also underlies the influential amplifica-
tion model proposed by Andersson, Slechta and Roth (Andersson
et al. 1998), in which amplification of a weakly beneficial allele pro-
vides an immediate fitness advantage until it is replaced by a more
beneficial point mutation. The amplification subsequently col-
lapses, leaving behind only the adaptive point mutation. This pro-
cess of Innovation-Amplification-Divergence (IAD) (Né&svall et al.
2012) tied dosage selection to the intuition that additional gene cop-
ies speed up divergence (Andersson and Hughes 2009; Reams et al.
2010; Elde et al. 2012; Yona et al. 2015; Cone et al. 2017; Bayer et al.
2018; Lauer et al. 2018; Todd and Selmecki 2020), as, all else being
equal, more copies should provide a bigger target for point muta-
tions (San Millan et al. 2017). However, all else is not necessarily
equal, as point and copy-number mutations have the potential to
interact. If we let the copy-number mutation dynamics unfold, a
more complex picture emerges (Tomanek 2024). When both point
and copy-number mutations increase an enzyme’s activity or ex-
pression, adaptive evolution will be dominated by the much more
frequent copy-number increases (Fig. 3). If the fitness peak is
reached with just amplification, additional point mutations will
not contribute further to fitness. That means that point mutations
which may have been adaptive in a gene present in single copy
(such as mutations increasing enzyme activity) are not providing
any extra benefit in a situation where the selective problem has al-
ready been optimized by copy-number increases. These potentially
adaptive point mutations may still fix, but only exceedingly slowly,
le., via genetic drift rather than selection (Fig. 3). This phenomenon,
which we termed “Amplification Hindrance,” is in essence a form of
negative epistasis between copy-number and point mutations
(Tomanek and C. Guet 2022) and was confirmed in the context of
antibiotic resistance by a recent study (Jena et al. 2025). By hindering
divergence, adaptive amplification could ultimately have long-
lasting consequences not just despite, but because of its transient na-
ture: if adaptation by amplification is the fastest and sufficient
(De et al. 2025), other, less frequent, adaptive mutations, such as
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SNPs, may not have a chance to compete. In contexts where rapid
amplification suffices for adaptation, it may act—alongside purify-
ing selection—as a force conserving genes and their expression,
paradoxically preventing even beneficial mutations from fixation!
The idea that amplification hinders the evolution of paralogous
proteins aligns with the observation that gene duplication and di-
vergence are not major drivers of protein family expansion in bac-
teria. Unlike eukaryotes, bacterial genomes are dominated by a
strong deletion bias, selection for genome compactness, and
high rates of horizontal gene transfer (Mira et al. 2001; Kuo and
Ochman 2009; Koonin 2016). Hence, the majority of functionally
novel genes in a bacterial lineage are orthologs, not paralogs.
They have not evolved through duplications within the same gen-
ome, but enter through horizontal transfer after having evolved in
the genome of another bacterial lineage (Ochman et al. 2000;
Koonin et al. 2001; Treangen and Rocha 2011; Eme and Doolittle
2016; Hehemann et al. 2016). Interestingly, this pattern is evident
when taking a zoomed-out view of the phylogenetic tree of all
three domains of life: duplication and divergence become increas-
ingly relevantin the archaeal lineage leading up to the eukaryotes
(Makarova etal. 2005; Manzano-Morales and Gabaldén 2026), with
paralogs occurring in conjunction with smaller population sizes
and increased drift, both thought to play a crucial role in the evo-
lution of eukaryotic complexity (Lynch and Conery 2003) (Fig. 4).

Beyond bacteria: a universal and
underestimated force

Despite the different role tandem duplications play in eukaryotes,
where they contribute to the evolution of evolutionary novelty in
the form of paralogs and, with it, to organismal complexity, their
rate of formation—Ilike in bacteria—exceeds the rate of point mu-
tation by orders of magnitude. In macroscopic organisms, muta-
tion accumulation experiments are more straight forward, and
the rate of duplication and deletion has been estimated to be
around 107> per locus per generation in Daphnia pulex (Keith
et al. 2016)), 10~ per locus per generation in Caenorhabditis elegans
and Drosophila melanogaster (Lipinski et al. 2011; Schrider et al.
2013), and 107° per locus per generation in Saccharomyces cerevisiae
(Lynch et al. 2008), respectively.

Just as for bacteria, there is mounting evidence that gene copy-
number changes also drive rapid evolutionary dynamics in eukar-
yotes. Examples include the independently evolved amplification
of the salivary amylase enzyme gene AMY in humans and many
other starch-consuming mammals (Perry et al. 2007; Pajic et al.
2019), the amplification of tumor suppressor gene TP53 as an
adaptation to afford the increased body size of elephants (Sulak
et al. 2016) or the de novo evolution of increased copy-number of
a cholinesterase gene in humans upon insecticide exposure
(Prody et al. 1989). More extreme examples of animals and plants
illustrate that amplification provides appropriate gene expression
levels in subpopulations of cells on time scales of a single gener-
ation. For instance, in species of frogs and flies, programmed
gene amplification during development provides a mechanism
to drastically increase the expression of certain gene products re-
quired at high levels, such as rRNA (Kafatos et al. 1985; Claycomb
and Orr-Weaver 2005). The genome of the parasite Leishmania tro-
pica is devoid of promoter-mediated regulation. Instead, gene ex-
pression is regulated through dosage in the form of structural
variation, including tandem amplification (lantorno et al. 2017).
An even more intriguing form of gene amplification of multiple
loci occurs in flax (Linum usitatissimum), where heritable copy-
number variation can evolve in a subset of cells within a single

organismal generation in a manner that is responsive to the cur-
rent environmental conditions (Cullis 2005).

In a similar vein, P. falciparum, a eukaryotic parasite and causa-
tive agent of malaria, relies on high rates of recombination to
adapt to the diversifying selection exerted by its host. In P. falcip-
arum, duplications in the var genes generate diversity in hyper-
variable surface proteins that interact with the host immune
system. These genes contain G4-quadruplex structures linked to
recombination and replication stalling (Claessens et al. 2014;
Ebel et al. 2023), indicating dedicated breakpoints, supplying mu-
tations at a relatively high rate.

Copy-number variation can also drive rapid somatic evolution
within the cells of a single organism. Akin to the parallels we drew
between AMGET and plasmid copy-number variation in bacteria,
circular DNA plays a role in animals too. In a substantial fraction
of human cancers, oncogenes are amplified on extrachromosomal
DNA (ecDNA). These circular elements lack centromeres and seg-
regate randomly to daughter cells, generating copy-number het-
erogeneity within a tumor on timescales of days (Turner et al.
2017; Lange et al. 2022). This unequal segregation allows ecDNA
copy-number to respond rapidly to selective pressure, including
chemotherapy, and is associated with more aggressive disease
and worse clinical outcomes across tumor types (Kim et al. 2020;
Lange et al. 2022). Because ecDNA is inherited independently of
the chromosomal genome, tumors can carry discordant chromo-
somal and extrachromosomal states within the same lineage, fur-
ther amplifying intra-tumor heterogeneity (Decarvalho et al.
2018). The dynamics closely parallel AMGET: in both cases, gene
dosage occurs in response to a changing selective environment,
without committing the underlying change in nucleotide sequence.

Conclusions

We have focused our review on gene duplication and deletion in
bacteria in order to shed light on the evolutionary dynamics
that can arise with various types of copy-number mutations: rapid
and reversible and potentially keeping SNP-based adaptation
from happening (Tomanek and Guet 2022).

However, these dynamics are not unique to bacteria, nor do they
rely on tandem duplication as a mechanism. Across the tree of life,
gene copy-number mutations grant rapid but transient adaptation
in situations where increased gene expression is favorable. We
have argued that rather than limiting their importance, their tran-
sient nature causes it. This is because, firstly, unstable tandem ar-
rays bring about a state of hypermutability (of increasing or
decreasing the copy-number) of that specific locus under selection.
Thus, once a gene is present in several copies, a population is
equipped with a genetic way by which it can easily access different
levels of gene expression on very short time scales (Tomanek et al.
2020). Secondly, because copy-number increases allow responding
to selective pressures fast, they compete with and may ultimately
hinder the slower, more permanent routes to the same phenotype:
point mutations. The title of our review illustrates this paradox:
changes that disappear as readily as they arise can nonetheless
leave a lasting mark on genotypes, and on the evolutionary paths
that were not taken, of the populations that carry them.

However, much of what we know about these dynamics still
comes from a small number of tractable experimental systems,
and the true extent of transient copy-number variation in
nature likely remains underestimated. As we noted earlier, long-
read sequencing has transformed our ability to detect tandem du-
plications and other structural variants directly, replacing indir-
ect and error-prone inference from short reads. In addition,
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Fig. 4. Evolutionary dynamics of duplications in prokaryotes are often characterized by transient duplication and amplification events due to dosage
selection (left scheme). In eukaryotes (right scheme), transient amplification may occur, but the evolutionary fate of duplications differs markedly.
There, the divergence of duplicate gene copies through the accumulation of single nucleotide changes can lead to the evolution of paralogs. In
prokaryotes, the long-term retention and divergence of tandem duplicates is much less common and gene families expand when genes diverge along
with diverging bacterial lineages. These orthologs can be transferred horizontally (HGT), resulting in two diverged gene copies which do not originate

from tandem duplication.

realizing this will also require a shift in standard bioinformatic
and modeling practice: most pipelines remain SNP-centric by de-
fault, and tools that systematically screen for structural and copy-
number variation are only beginning to emerge (Zabelkin et al.
2022). However, without dedicated experiments and time-
resolved sampling, their transient dynamics may escape our at-
tention despite these advances. Only then will we be able to
fully capture how much of adaptive evolution—in bacteria and
beyond—is currently invisible to us because it did not have to last.

Glossary
Adaptive mutation

Amutation thatincreases the fitness of an organismin a given en-
vironment. In this Review, the term refers solely to the fitness ef-
fect of a mutation and does not imply that mutations arise in
response to selection.

Adaptive mutation controversy

A long-standing debate in bacterial genetics, initiated by the ex-
periments of Cairns et al. (1988), over whether stressful conditions
can induce beneficial mutations or whether adaptation is instead
explained by conventional mutation and selection. The contro-
versy was largely resolved by recognizing the role of gene duplica-
tion in amplifying small adaptive advantages that allow growth
under selection and thereby increase the opportunity for subse-
quent beneficial mutations.

Bet-Hedging
An evolutionary strategy, formalized by Cohen (1966) and Slatkin
(1974), in which a genotype reduces the variance in its fitness

across generations at the cost of a lower arithmetic mean fitness.
In unpredictably fluctuating environments, this tradeoff is fa-
vored because it raises the geometric mean fitness over time—
the more relevant currency for long-term population persistence.

CNV (Copy-number variation)

A subset of structural mutations that only changes the number of
copies of a genomic region (not its orientation), such as duplication
(two copies), amplification (>two copies), or deletions (loss of a copy).

Contingency locus

A term coined by Moxon et al. (2006) for genomic regions with a lo-
calized mutation or recombination rate substantially elevated
above the genome-wide background (conventionally, exceeding
roughly 10 mutations per locus per division). These loci, which
are often built from simple sequence repeats or specific recombin-
ation hotspots, generate a repertoire of genetic and phenotypic
variants at a subset of genes, typically those interacting directly
with a host or changing environment, allowing a population to
adapt rapidly to conditions that cannot be anticipated in advance.

Gene dosage

The functional consequence of copy-number variation: as a first
approximation, additional copies of a gene will result in more tran-
scripts of the amplified gene(s) and hence increased expression.

Phase variation

The high-frequency switching of gene expression through reversible
genetic changes at a contingency locus that allows clonal bacterial
populations to rapidly generate phenotypic diversity. It is viewed a
bet-hedging strategy to cope with fluctuating selection pressures.

9202 1290190 g0 uo 1sanb Aq | 565/88/29zZ0eAl/sonausb/ce0 1 01 /10p/a|onie-80UuBAPE/SON8aUSH /W0 dNO™0ILSPEIE. WO} PAPEOJUMO(]



The dynamics of gene copy-number mutations | 9

SNP (Single nucleotide polymorphism)

A genetic change affecting only a single nucleotide of the DNA se-
quence, also referred to as point mutation.

Structural mutation (Structural variation)

A larger-scale genomic alteration of hundreds or thousands of
base pairs that occurs via a deletion, duplication, inversion, trans-
location, or large insertions of a DNA sequence fragment.
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