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Abstract

The controversial theory of adaptive ampli!cation states gene ampli!cationmutations are induced by selective environments where they
are enriched due to the stress caused by growth restriction on unadapted cells. We tested this theory with three independent assays
using an Acinetobacter baylyi model system that exclusively selects for cat gene ampli!cation mutants. Our results demonstrate all
cat gene ampli!cation mutant colonies arise through a multistep process. While the late steps occur during selection exposure, these
mutants derive from low-level ampli!cationmutant cells that form before growth-inhibiting selection is imposed. During selection, these
partial mutants undergomultiple secondary steps generating higher ampli!cation over several days tomultiple weeks to eventually form
visible high-copy ampli!cation colonies. Based on these !ndings, ampli!cation in this Acinetobacter system can be explained by a nat-
ural selection process that does not require a stress response. These !ndings have fundamental implications to understanding the role of
growth-limiting selective environments on cancer development. We suggest duplication mutations encompassing growth factor genes
may serve as new genomic biomarkers to facilitate early cancer detection and treatment, before high-copy ampli!cation is attained.

Keywords: adaptive ampli!cation, adaptive mutation, stress induced mutation, stationary-phase mutagenesis, gene ampli!cation, gene
duplication, gene duplication ampli!cation (GDA), copy number variation (CNV), copy number alteration (CNA), Acinetobacter, replica
plating, "uctuation test, cancer, evolution, natural selection

Introduction
Geneampli!cationmutations occur across thediversity of life, from
viruses to humans (Romero and Palacios 1997; Gaines et al. 2010;
Elde et al. 2012). They play important roles in both short-term
adaptation to unfamiliar environments and long-term evolution
of novel genes (Ohno 1970; Reams and Neidle 2004b; Andersson
and Hughes 2009; Blount et al. 2012; Kondrashov 2012; Elliott
et al. 2013). In recent years, ampli!cation mutations have been
established as key factors contributing to human cancers, in which
gene ampli!cation promotes tumorigenesis and chemotherapy
resistance (Debatisse and Malfoy 2005; Albertson 2006; Santarius
et al. 2010). In pathogens, ampli!cation mutations contribute to
increased virulence and antibiotic resistance (Craven and Neidle
2007; Sandegren and Andersson 2009). Still, the underlying
environmental factors and molecular mechanisms regulating
gene ampli!cation formation remain unclear for any organism.

Ampli!cation mutations initially arise in clustered (i.e., focal)
tandem arrays, as either direct or inverted oriented repeats

(Fig. 1) (Roth et al. 1996; Reams and Roth 2015). If an ampli!ed
genomic segment encompasses an entire gene(s), its expression
is increased due to the increased copy number of the ampli!ed
gene’s promoter(s) (Iantorno et al. 2017). Amongst diverse organ-
isms, nascent (i.e., de novo) mutants carrying high-copy ampli!ca-
tions (>2 tandem copies) encompassing entire genes have been
widely reported under growth-limiting conditionswhere the amp-
li!ed gene’s increased expression provides a growth advantage
(Wrande et al. 2008; Thierry et al. 2016; Patterson et al. 2018). In
two separate well-studied bacterial model systems, the number
of de novo ampli!cation mutant colonies continually increases
over time during prolonged exposure to nonlethal selective
minimum lactose agar medium (Cairns and Foster 1991;
Quiñones-Soto and Roth 2011; Quiñones-Soto et al. 2012). The
theory of adaptive ampli!cation explains these observations by
proposing ampli!cation mutations are inducible by “selective
stress” (Hastings et al. 2000). According to this theory, a proposed
stress response that generates ampli!cation mutations is
stimulated under selective conditions due to its inherent growth
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inhibition on unadapted nonmutant cells. This theory has been
implied to all organisms, including humans, where gene ampli!-
cation is found in cancer cells (Rosenberg et al. 2012). If true,
adaptive ampli!cation theory infers diverse organisms have
evolved mutagenic stress responses to stimulate gene ampli!ca-
tion mutations when cells are placed under growth-limiting
selective conditions.

Controversy surrounds this theory due to its implications to
cancer and evolution, and whether selective environments in"u-
ence the rates and actual processes of genetic variation. In con-
trast, an alternative theory, termed “ampli!cation under
selection”, argues ampli!cationmutations arise without stress in-
duction through a multistep clonal evolution process (Roth et al.
2006; Maisnier-Patin and Roth 2015). According to this view, am-
pli!cations are initiated by partial variants (duplications or other
low-copy number ampli!cations) that arise during nonselective
growth. Upon selection exposure, these partial mutants undergo
multiple subsequent mutations (higher ampli!cation) without
any stress induction. Rather, each higher ampli!cation step is
gradually enriched over multiple cell divisions by their increased
growth advantage through natural selection until a fully !t vari-
ant is achieved. This view is in line withmost evolutionary biology
and population genetics literature, and consistent with many
documented examples where bene!cial gene copy number in-
creases have been positively selected in a plethora of organisms
and environments (Albertson 2006; Bass and Field 2011; Cvijovic!
et al. 2018; Nicoloff et al. 2019). Several researchers have argued
the various cases apparently supporting adaptive mutagenesis
are the result of artifacts in the experimental systems, and not
due to evolved stress-induced mutagenic responses (Sniegowski
and Lenski 1995). For these reasons, the adaptive theories of
evolved mutagenic mechanisms in nongrowing cells under selec-
tion are still hotly debated.

Here, we investigate both theories using a previously reported
gene ampli!cation model system in the bacterium Acinetobacter
baylyi (Reams and Neidle 2003; 2004a; Seaton et al. 2012). Unlike
other systems, this experimental system is distinctive by its ability
to exclusively select for gene ampli!cationmutants. This is due to
a rigorous selection where growth on agar plates with benzoate as
the sole carbon source requires mutations that increase the ex-
pression of two distinct transcriptional units, the catA gene and
the catBCIJFD operon. These cat genes, encoding enzymes for
benzoate catabolism, are clustered within a 10-kb region on the
circular chromosome. In the system’s parent strain, these genes
have only low unregulated expression due to the absence of their
two transcriptional activators. As a result, this parent strain is un-
able to grow on benzoate plates (Ben-). Only ampli!cation of gen-
omic segments encompassing this 10-kb clustered cat gene region
singly increases the basal expression of all these cat genes to sup-
port colony growth on selective benzoate plates (Ben+) (Fig. 1).
While a combination of several point mutations in the promoter
regions may be possible, they are several orders of magnitude
less likely to occur and have not been seen (Steinrueck and Guet
2017). Since the only adaptation observed is ampli!cation in this
system, it allows the process of gene ampli!cation to be directly
analyzed without the interference of other mutation types, such
as frameshifts or point mutants.

Using this experimental system, here we test the two theories
explaining the role of selective environments on gene ampli!ca-
tion formation by reconstruction experiments, Lederberg replica
plating assays, and Luria–Delbrück "uctuation tests (Luria and
Delbrück 1943; Lederberg and Lederberg 1952; Hastings et al.
2000). The goal of these three independent methods is to

determine whether the ampli!cation mutations arise before or
in response to selective stress. Based on our experimental results,
we propose amodel on how cat gene ampli!cationmutations arise
during selection. We discuss the implications of these results on
understanding the development of cancer.

Materials and methods
Bacterial growth conditions
Unless otherwise noted, bacteria were cultured at 30°C in
Lysogeny (LB)medium orminimalmedium (MM)with 10 mM suc-
cinate or 2 mM benzoate as the carbon source (Sambrook et al.
1989; Singh et al. 2019).

Bacterial strains, Ben reversion assay, and lawn
growth measurements
Acinetobacter spontaneous Ben+ampli!cation mutants were de-
rived from the Ben- parent strain ACN293 (Reams and Neidle
2003). This strain was subsequently renamed DR1023. For the
Ben reversion assay, DR1023 parent strain cells were streaked
out from a !80°C frozen stock onto nonselective agar plates con-
taining either LB medium or 10 mM succinate MM, as indicated.
After incubation at 30°C, single colonies were inoculated into
tubes or baf"ed "asks containing between 2 and 100 ml of either
liquid succinate MM or LB broth, while consistently maintaining
the same liquid medium type as the streak plate medium.

Fig. 1. Tandem head-to-tail gene ampli!cation mutations form by a
two-step process. The top line represents the cat gene cluster region on
the wild-type A. baylyi chromosome. In the !rst duplication step (yellow
downward arrow), a cross-over event occurs between two distant loci
(d and c) on sister chromosomes, indicated by the yellow dotted line.
In the Ben reversion system, these duplication events predominantly
depend on illegitimate recombination between regions of very short to no
shared sequence identity (0–5 bp). The chromosomal region that is
ampli!ed (amplicon), shown by parentheses, varies widely in size
(12–290 kb) between different Ben+ revertants, but always encompass
the cat genes. During subsequent higher ampli!cation steps
(red downward arrows), the duplicated segments serve as extensive
substrates for unequal crossing-over events between sister
chromosomes, indicated by the red dashed lines, allowing them to occur
at much higher rates than duplication formation. These secondary steps
can occur multiple times in series, leading to incrementally higher
amplicon copy numbers (e.g., 3, 5, 9, 17 copies, etc.). These same
secondary interchromosomal recombination events, along with
intrachromosomal exchanges, cause rapid collapse and loss of the
ampli!cation mutation (red upward arrows) once selection is removed.
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Cultures were grown to saturation overnight at 30°Cwith 220 rpm
shaking. Cells from each fully grown culture were pelleted and
washed three times with 0.85% saline solution to remove any
residual carbon source. Washed cells were concentrated 10-fold
by resuspending in saline solution at 1/10th volume of the
overnight liquid culture. A 100 "l sample was spread plated on a
selective plate with 2 mM benzoate as the sole carbon
source (Ben plate). Each selective Ben plate was spread with
approximately the same number of parent strain cells (~5!108

cells) and incubated at either 30°C or 22°C, as indicated. The num-
ber of viable cells spread on each Ben plate was calculated by per-
forming serial dilutions on the remaining concentrated cells, with
CFUs determined on LB plates. Ben plates were analyzed every
1 to 3 days for new Ben+ revertant mutant colonies. The term
“Ben+ revertant” refers to the return or “reversion” of the Ben-
DR1023 parent strain back to the wild-type A. baylyi ADP1 strain’s
Ben+phenotype.

At various times points, the population of viable parental tester
cells in the lawn on the Ben plates was determined by taking agar
plugs from the surface of the selection plates, avoiding any visible
Ben+ colonies. Cells from the plugs were suspended in 0.85% sa-
line solution, vortex mixed for at least 2 hours, and serially di-
luted. Dilutions were plated on LB plates and used to calculate
the lawn viable cell count on the selective plates.

Preparation of intact genomic DNA, restriction
digestion, pulsed-!eld gel electrophoresis (PFGE)
analysis, and Southern hybridization methods
DNA samples for PFGE analysis were prepared in agarose plugs as
described in Gralton et al. 1997. Plugs were digested with the re-
striction enzyme NotI and electrophoretically separated by the
pulsed-!eldmethods of either transverse alternating !eld electro-
phoresis (TAFE, Geneline II, Beckman) as previously described
(Gralton et al. 1997), or CHEF-DRII using a 24 hour protocol with
a constant 6-V cm!2 current and pulse switch times that increase
from 10 to 200 seconds. Southern hybridization methods were
carried out as indicated by Gralton et al. 1997. Nonradioactive
probes, prepared with digoxigenin and a random-primed labeling
system (Genius Systems, Boehringer Mannheim), were hybridized
to target sequences, and detected with anti-digoxigenin alkaline
phosphatase conjugates and chemiluminescent substrates.
Hybridization signal intensities on exposed X-ray !lms were digi-
tized and calibrated on a UVP Lab Products gel documentation
system according to the directions of the LabWorks image acqui-
sition and analysis software.

Measurement of amplicon length and copy
number
For all ampli!cation mutants, amplicon length and copy number
were estimated by PFGE and Southern hybridization as previously
described (Reams and Neidle 2004a). The amplicon size for 74
ampli!cation mutants was veri!ed by isolating and sequencing
over their junction endpoints (Reams and Neidle 2003). The dis-
tance between them was calculated based on the A. baylyi ADP1
genome sequence. This calculation accounts for the 446 bp catM
deletion in strain DR1023.

Reconstruction experiments
Reconstruction experiments were performed by plating a known
number (approximately 300) of Ben+ revertant cells with about 5
!108 DR1023 cells as in the original Ben reversion ampli!cation
mutant selection. Multiple Ben+ revertants arising on various
days were isolated and tested. Additional assays were conducted

with derivative ACN277 strain cells carrying different amplicon
copy numbers (15, 8, 3, or 2). Before plating, each population of
cells was grown in 10 mM succinate MM. Background ampli!ca-
tion rate was determined by plating 5!108 DR1023 cells without
any Ben+ revertant cells onto selective plates. Each set of experi-
ments with different Ben+ revertants arising on various days
were repeated three times, while experiments with ACN277 and
its derivative strains were repeated ten times.

Replica plating experiments
LB cultures of the Ben- DR1023 parent strain were grown over-
night to saturation, serially diluted, and 5,000–50,000 CFUs were
spread plated onto multiple rich medium (LB) agar plates and in-
cubated at 30°C. After 13–16 days incubation, each LB plate was
replicaprinted onto one LB plate followed by three selective Ben
plates. The position of each replica platewasmarked to determine
whether Ben+ revertants arise in the same positions. The non-
selective LB plates were incubated for 2–3 days and then stored
at 4°C for future analysis. The sets of three selective plates were
incubated at 30°C for up to 21 days and analyzed every 1–3 days
for newBen+ revertant colonies. Any clustered Ben+ revertant col-
onies arising in the same location on all three selective plateswere
recorded as potential siblings and separately grown in liquid
benzoate MM for further analysis.

To isolate and purify in the absence of selection the progenitor
(precursor) cells that gave rise to the selected Ben+ revertants,
cells were collected from the LB replica plate at the corresponding
location to the revertant colonies on the three Ben plates. These
cells were grown overnight to saturation in LB liquid medium at
30°C. Cultures were diluted and under 500 CFUs were spread pla-
ted onto LB agar plates. After incubation at 30°C for 2–3 days,
these plates were once again replicaprinted onto one LB plate fol-
lowed by three Ben plates. The LB plates were incubated for 2–3
days and then placed at 4°C for future analysis. The sets of three
Ben plates were incubated at 30°C for up to 14 days and analyzed
every 1 to 3 days for new Ben+ revertant colonies. Successful en-
richment of precursor cells was indicated by many same-position
clustered Ben+ colonies on all three Ben plates. Clonal popula-
tions of precursor and revertant cells were collected and saved
from isolated colonies at the same position on the replica plates.

Fluctuation tests
122 independent parallel cultures of the Ben- DR1023 parent
strain were grown overnight in nonselective LB media and were
then tested for Ben+mutant frequency using the Ben reversion as-
say. Each culture was derived from a different single isolated col-
ony. For 3 of the 122 cultures, a "ask was used to grow large
cultures (40–100 ml). The other 119 cultures were grown in smal-
ler volumes (2 ml each). The cells from the large cultureswere pla-
ted onto 18–49 selective plates for each culture, whereas the
smaller culture cells were plated onto one selective plate per cul-
ture. Regardless of the culture volume, each selective plate was
spreadwith approximately the samenumber of parent strain cells
(5!108 cells). Selective plates were incubated at 30°C and ana-
lyzed every day for 21 days. The distributions of mutant frequen-
cies were analyzed by plotting the relation between the logarithm
of the proportion of selective plates with x or more Ben+mutants
(y-axis) and log x (x-axis) (Luria and Delbrück 1943; Cairns et al.
1988; Cairns and Foster 1991).

Statistical analysis
Correlation between amplicon length and day number mutant
colony arose was assessed with both Spearman Rho and Kendall
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Tau correlation tests. The Brown–Forsythe equality of variance
test was performed to determine whether there was a signi!cant
difference in variances of Ben+ revertant frequencies per Ben
plate measured between multiple cultures versus within single
cultures (Brown and Forsythe 1974a, b). All three statistical tests
were independently performed in both R and Excel 2016 to assure
consistent results.

Results
The emergence of Ben+ampli!cation mutant
colonies increases exponentially during
prolonged selection on nutrient-limiting plates
In the Ben reversion assay, spontaneous Ben+mutant colonies are
selected by placing a population of the Ben- parental cells, A. bay-
lyi strain DR1023, ontominimummedium agar plates with benzo-
ate as the sole carbon source (Ben plates). During prolonged
incubation on the selective Ben plates, Ben+mutant colonies ac-
cumulate exponentially over time (Fig. 2). Rare Ben+ revertant col-
onies are visible as early as day 3 while additional new visible
mutant colonies continually arise and accumulate over time until
the plates are either saturatedwith revertant colonies or dried out
after about 50 days. Our previous studies have shown these
ampli!cation mutant colonies accumulate to a frequency of 10!8

(Ben+ampli!cation mutant colonies per total cells plated) within
21 days (Reams and Neidle 2003). Here, with the aim of making
this assay more ef!cient, we compared the effect on reversion fre-
quencies of varying the growth media before selection (minimum
succinate vs rich LB) and the selective incubation temperatures
(22°C vs 30°C). Under all conditions tested, the number of Ben+re-
vertant colonies that were selected on the Ben plates increased ex-
ponentially over time. Although the growth medium before
selection did not signi!cantly affect themutant frequencies, selec-
tion at 30°C compared with 22°C caused an approximately 10-fold
increase in revertant accumulation (Fig. 2a). Under these optimized
conditions, Ben+ampli!cation mutant colonies accumulate to

frequencies of 10!9 at 9 days, 10!8 at 14 days, and 10!7 at 19 days
(Fig. 2b). To con!rm Ben+colonies form exclusively by gene ampli-
!cationunder these optimized conditions, 75 colonies appearingon
various dayswere puri!ed and analyzed by pulsed-!eld gel electro-
phoresis. All had increased gene dosage of the cat chromosomal re-
gion. Moreover, no Ben+colonies arose within 2 days of incubation.

Investigating potential causes for the delay
in Ben+ampli!cation mutant colony formation
Most Ben+ampli!cation mutant colonies do not become visible
until after a signi!cant delay. For example, the majority of accu-
mulated revertant colonies over a 21-day period do not become
visible until after 18 days of incubation (Fig. 2). This delay in col-
ony formation was not a direct effect of the slow growth of the
ampli!ed mutants since when cells were transferred from their
original selective plate to a fresh selective plate they formed large
single colonies similar to the growth rate of the wild type, within
1–3 days.We also tested whether the diverse times in Ben+ colony
formationunder the original selection could be explained by a cor-
relation between the day the colonies appeared and the size of the
ampli!ed chromosomal cat gene region (amplicon) (Fig. 3). Such a
correlationmay exist, for example, if independent revertants vary
in their amplicon size and slower colony appearance is associated
with amplifying larger amplicons. However, no practical signi!-
cance in the correlation was detected using both Spearman and
Kendall correlation tests for data collected during 30-days incuba-
tion (Spearman coef!cient of 0.27 with a p-value of 0.016 and
Kendall Tau coef!cient of 0.20 with a p-value of 0.012). To analyze
where the strongest correlation exists, the data was subdivided
into three groups with 10-day ranges. Using a Kendall Tau correl-
ation test, only the !rst period (days 3–13) indicated a very weak
correlation between the time until colony appearance and ampli-
con size (Kendall Tau correlation coef!cient of 0.38 with a p-value
of 0.017). On one hand, only revertants with smaller amplicons
(<100 kb) arose prior to 8 days, whereas those with larger ampli-
cons (>100 kb) required a minimum of 8 days of incubation

Fig. 2. Ben+ revertant colonies carrying nascent cat gene ampli!cation mutations accumulate exponentially over time on selective Ben plates. a)
Comparing Ben+ revertant frequencies using previous assay conditions (succinate MM growth before selection, selective incubation temperature
at 22°C) indicated by orange square versus new optimized conditions (LB growth before selection, selective incubation temperature at 30°C) shown by
red triangles. Each Ben plate was spread with ~5! 108 cells. Each point represents the average value from 100 independent repeated trials. This data was
derived from 119 trials where 19 outliers (jackpots) were removed. Error bars represent the standard deviations across the 100 independent trials. b) Ben+
revertants accumulate exponentially both under the new optimized (red triangles) and previous test conditions (not shown). The Ben+ revertant
frequencies represent the same data as Fig. 2a but graphed with the left y-axis on a logarithmic scale. Changes in the lawn cell population size (blue
circles) are indicated by the right y-axis. Both y-axes are graphed proportionally to each other on a logarithmic scale to allow a direct comparison between
lawn population size changes and Ben+ revertant accumulation.
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time. On the other hand, after 11 days of incubation,mutantswith
wide varieties of amplicon sizes formed visible colonies after the
same length of incubation. For example, 3 independent ampli!ca-
tion mutants arising on the 11th day had amplicon sizes of ap-
proximately 32, 146, and 273 kb, respectively. Therefore, in
general, amplicon size alone does not fully explain the delay in
colony formation in the Ben reversion system.

Additionally, we investigated whether the exponential accu-
mulation in revertant colonies during prolonged incubation could
result from residual growth of the Ben- lawn population. At vari-
ous time points, viable cells on the surface of the Ben plates
were quanti!ed by taking agar plugs of the lawn cells, avoiding
any visible Ben+ revertant colonies, and CFUs from these plugs
were assessed. While the Ben+ revertant frequency increased ex-
ponentially nearly 10,000-fold between 3 and 21 days, the lawn
population change was negligible (Fig. 2b). Initially, the lawn
population size slightly decreased (~10-fold) during the !rst 12
days of incubation, followed by a minor increase to the original
starting population size by day 21. Therefore, the lawn cell popu-
lation does not match the exponential increase in Ben+ revertant
frequency during extended selection.

Dohigh-copy cat gene ampli!cationmutants arise
before or during exposure to growth-restrictive
selective conditions?
The delay in Ben+ revertant colony formation could be explained
by the ampli!cation mutations forming on the selective Ben
plates. To test whether the Ben+ampli!cation mutations oc-
curred before or during exposure to selection, we performed re-
construction experiments as previously used in studies
investigating the adaptive ampli!cation theory (Hastings et al.
2000). The purpose of these experiments is to understand why se-
lected Ben+ colonies appear late and after a delay, even though
they form colonies rapidly (1–3 days) when transferred to fresh se-
lective plates. If fast-growing Ben+mutants are present in an ini-
tial population prior to selective nutrient starvation on Ben plates,
the delayed appearance of colonies might be attributed to

competition amongst the high density of parent strain cells (5!
108 CFUs/Ben plate). This competition may be growth restricting
and cause the delay in colony formation in the Ben reversion as-
say. Therefore, transferring a Ben+colony to fresh selective me-
dium does not represent the same conditions as the original
selection. To assess the time needed for Ben+ampli!cation mu-
tants to form visible colonies under the original selective condi-
tions, Ben+ revertant cells carrying high-copy ampli!cation were
diluted and plated along with a high density of Ben- parent strain
cells onto selective medium. These conditions mimic and “recon-
struct” the original selective conditions in which the ampli!cation
mutants initially arose.

Reconstruction experiments were conducted with 25 inde-
pendent Ben+ revertants that initially arose after a range of incu-
bation periods, from 4 to 21 days. In all cases, revertants formed
visible colonies more quickly in the reconstruction experiment
than in its corresponding original isolation (Fig. 4). For example,
a revertant strain that appeared as a colony on day 14 in the ori-
ginal selection formed colonies within only 3 days in the recon-
struction experiments. On average, Ben+colonies arose 8 days
faster in reconstruction experiments compared to their original
selection. Therefore, the presence of a high density of parent
strain cells did not cause rare high ampli!cation cells to grow
slowly. These results suggest cells with high-copy gene ampli!ca-
tion did not exist in the starting population and that some as-
pect(s) of the gene duplication and higher ampli!cation process
occurred during the extended period of selection.

Ben+colony formation with strains carrying
different levels of cat gene copy numbers
The results of the reconstruction assays suggest fast-growing
Ben+cells with high cat-region gene dosage do not exist in the ini-
tial population from which revertants were selected. To explain
the emergence of Ben+ colonies, the adaptive ampli!cation theory

Fig. 3.Timeuntil visible Ben+colony formation does not directly correlate
with amplicon length. Amplicon size (y-axis), determined by PFGE and
join point sequence analysis, for 74 independently isolated
Ben+ revertants that were !rst visible after different days of incubation
(x-axis) where the Ben plateswere incubated for 30 days. A SpearmanRho
test yielded a correlation coef!cient of rs=0.27 with a p-value=0.016. A
Kendall Tau test produced similar results with a correlation coef!cient of
r#= 0.20 with a p-value=0.012.

Fig. 4. Reconstruction experiments with high-copy ampli!cation
mutants. Each red triangle represents an independently isolated Ben+
revertant veri!ed to carry a high-copy cat gene ampli!cationmutation by
PFGE. The x-axis shows the number of days it took for the revertant to
form a visible colony under the original isolation. The y-axis indicates the
number of days it took the revertant to reform a visible colony under the
reconstruction conditions, whichmimic the original selective conditions.
The diagonal line with a slope of 1 serves as a reference to determine
whether the revertant took the same (along line) or less (below line) time
to form a visible colony under the reconstruction conditions.
Reconstruction experiments were repeated three times for each
revertant; in all 25 revertants, standard deviations were within one day
between the three trials.
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posits that gene duplications, as the rate-limiting step in the for-
mation of ampli!cationmutants, would be induced during expos-
ure to growth-restrictive selective conditions. An alternative
possibility proposed by the ampli!cation under selection theory
is that cells within the initial population carry cat gene duplica-
tions or other low levels of gene ampli!cation. These variant cells
could give rise to Ben+ revertant colonies as higher cat gene amp-
li!cation is selected during growth on benzoate. To understand
the appearance of Ben+ colonies fromcellswith different initial le-
vels of cat gene ampli!cation, we isolated several derivatives of a
Ben+ampli!cation mutant. Each derivative population contained
cells with a reduced copy number of the cat gene region.

Usingapreviouslydescribedmethod (ReamsandNeidle 2003), a
Ben+ revertant strain, ACN277, carrying high-level tandem ampli-
!cation (15 copies) of an approximately 28 kb ampliconwas grown
under nonselective conditionswith succinate as its carbon source.
Such growth conditions do not require ampli!cation for growth
and continual passage of ACN277 resulted in derivative strains
with fewer amplicon copies (Fig. 1). After 200 generations of

nonselective growth, derivative strain populations were isolated
in which the majority of cells carried different copy numbers of
the 28 kb cat gene amplicon. A frozen stock of each derivative
cell populationwasmadebygrowing individually isolatedcolonies
on succinate to obtain a suf!cient number of cells for DNA isola-
tion and analysis. This procedure corresponded to approximately
30 generations of growth on nonselective medium. To determine
the amplicon copy number of each derivative population, plugs
were prepared and analyzed by PFGE and Southern hybridization.

Figure 5b shows the results for three of these derivatives that
varied in amplicon copy number. Each of these three derivative
populations appears to represent different intermediate stages
in the process of deampli!cation. Derivative populations were ob-
tained in whichmost cells contained 2, 3, and 8 copies of the 28 kb
amplicon. These populations were designated 2X, 3X, and 8X,
respectively.

Each strain carrying partial ampli!cation was grown overnight
in nonselective succinate medium. After growth to saturation,
10 "l was dropped onto Ben plates and incubated at 22°C for 2

Fig. 5. Reconstruction experiments with strains carrying different cat gene copy numbers. a) Chromosomal map of Acinetobacter baylyi showing the
locations of NotI cut sites and the cat gene cluster region. NotI digestion of thewild-type chromosome yields six fragments designatedA to F in decreasing
size order: A 1,380 kb, B 1,044 kb, C 622 kb, D 259 kb, E 197 kb, and F 97 kb. The cat genes are located on the normally ~200 kb E fragment. b) PFGE (left) and
Southern hybridization (right) analysis of strains carrying different copy numbers of an ~28 kb amplicon encompassing the cat gene region. GenomicDNA
of each strain was digested with NotI. A catA probe was used for the Southern hybridization. The Lambda DNA size ladder ($) was used as a size marker.
The A, B, C, and E labels mark their corresponding NotI fragment size in the wild type. 1X refers to the haploid DR1023 parent strain, while the 2X, 3X, 8X,
and 15X strains are strains carrying 2, 3, 8, and 15 amplicon copies, respectively. c) Phenotypes of strains carrying different cat gene copy numbers on
selective Ben plates. The wild-type ADP1 strain (w/t), which does not require gene ampli!cation mutations to grow on benzoate medium, is shown as a
comparative reference. Each strain was grown to saturation in nonselective succinate liquid medium. After overnight growth, 10 "l of each undiluted
culture was drop plated at different positions on a single Ben plate. Each image is amicroscopic view of the corresponding strains’ 10 "l drops after 2 days
incubation at room temperature (22°C). d) Reconstruction experiments with strains carrying different levels of cat gene ampli!cation. Approximately 300
cells of each derivative strain alongwith 5!108 cells of the DR1023 parent strainwere spread plated onto each Ben plate. The percentage of Ben+colonies
refers to the total number of Ben+colonies above background colonies divided by 300 colonies. The background coloniesweremeasured by plating 5!108

cells of the DR1023 parent strain without the derivative strains and counting the number of Ben+ revertant colonies each day. Each point represents the
average value from 10 independent repeated trials with 10 plates per trial.

6 | G3, 2023, Vol. 00, No. 0
D

ow
nloaded from

 https://academ
ic.oup.com

/g3journal/advance-article/doi/10.1093/g3journal/jkac327/6887838 by guest on 18 January 2023



days (Fig. 5c). In general, the lower the average copy number, the
longer the population took to grow when transferred back to se-
lective Ben plates. Further analysis by PFGE and Southern hybrid-
ization of these benzoate-grown derivatives demonstrated they
had regenerated higher ampli!cation during selective growth. In
contrast, strains which reverted completely back to a haploid
state (1X) were unable to grow on benzoate medium, nor did
they generate higher ampli!cation.

Reconstruction experiments were performed with the high and
intermediate level ampli!cation strains (Fig. 5d). Where the high
ampli!cation revertant colony initially became visible after 12 days
on the original selective medium, most of the cells carrying the pre-
existing high ampli!cation (15 copies) arosewithin only 4 days under
the conditions of the reconstruction experiments. Based on these re-
sults, higher ampli!cationwas generated under the original selective
conditions and was not preexisting before selection.

In the reconstruction experiments with the intermediate copy
number strains, the results were signi!cantly different (Fig. 5d).
The lower the initial copy number, the longer the cells took to
form visible colonies. For example,most cells with only two copies
took at least 27 days to form a visible colony under the original se-
lective conditions. PCR analysis was performed on chromosomal
DNA from 30 Ben+colonies that arose after 20 days of incubation
in these reconstruction experimentswith the two-copy derivative.
Of these 30 colonies, 12 contained the same duplication junction
present in the 2X derivative. The other 18 colonies were consid-
ered spontaneous Ben+mutants derived from the dense popula-
tion of parent strain cells. PFGE and Southern hybridization
analysis on these 12 strains showed a ladder of bands hybridizing
to a catA probe indicating that all colonies had regenerated higher
ampli!cation from the preexisting duplication.

In contrast to the 2X population, where most cells took at least
27 days to form a visible colony, most cells in the 3X and 8X popu-
lations took at least 17 and 5 days to forma visible colony, respect-
ively (Fig. 5d). Since these low copy number strains generate
higher ampli!cation when grown on benzoate, these reconstruc-
tion experiments indicate the secondary steps of generating high-
er ampli!cation required several days to occur, that were
increasingly longer with lower initial copy numbers. These results
suggest these secondary steps are the rate-limiting event to Ben+
colony formation. They further suggest the generation of higher
ampli!cation from a low-level ampli!cation, such as a cat gene
duplication, is the cause for the delay in visible colony formation
under the original selective conditions.

Ben+gene ampli!cation mutants originate before
selective pressure
Our experiments indicate Ben+high-copy ampli!cation mutants
are not present before exposure to the selective starvation condi-
tions, however it is still possible low-copy cells are present in the
initial unselected population that are predecessors to high-copy
Ben+ revertants. To assay whether these ancestral cells are pre-
sent before selective pressure, replica plating experiments were
performed as described previously (Lederberg and Lederberg
1952). The goal of these experiments is to detect and potentially
isolate predecessor cells that give rise to the selected Ben+ revert-
ant colonies before the cells are exposed to selection. For these ex-
periments, approximately 5,000 to 50,000 microcolonies of the
Ben- parent strain were cultivated on individual nonselective
(LB) plates, where growth does not require gene ampli!cation
(Fig. 6a). These plates were replicaprinted onto four plates: one
LB plate (providing a library of all cells) and three selective Ben
plates (where ampli!cation mutations are required for growth).

The position of each replica plate was marked to allow alignment
and determine whether Ben+ revertants arise in the same
positions.

Our replica plate experiment results show single Ben+ revert-
ant mutant colonies accumulate on the printed selective Ben
plates during prolonged incubation, consistent with the standard
Ben reversion assay. However, in contrast to the standard assay,
additional clustered Ben+ revertant colonies arose on the printed
selective plates (Fig. 6bc). These clustered colonies appeared as
multiple colonies congregatedwithin one position on the selective
plate. Typically, these clustered colonies were the !rst revertants
to appear on the selective plates, becoming visible after 3 to 14
days of incubation, but appeared on later days as well.
Importantly, all clustered revertant colonies arose in the same
position on the three selective replica plates. We performed these
replica plate experiments for over 100 independent DR1023 cul-
tures, and repeatedly observed these same-position clustered re-
vertant colonies across different cultures. These same-position
clustered colonies appeared as though a revertant colony on the
nonselective plate had been printed to the selective plates.
Consistentwith this possibility was the clustered colonies became
more diffuse with each printing such that the clustered Ben+ re-
vertantsweremore smudged on the third and !nal selective plate.
These results suggest these mutants were present on the non-
selective plate and therefore formed before selective stress was
imposed.

To isolate the progenitor cells that gave rise to the Ben+ rever-
tants on the three selective replica plates, cells within the corre-
sponding position on the nonselective plates were collected,
regrown in LB liquid overnight, and further analyzed by repeating
the replica plating assay. During this enrichment process, replica
plating was performed with nonselective plates carrying fewer
colonies (<500 colonies per plate) than the initial round (>5,000
colonies per plate). After replica plating, we consistently observed
a high frequency of same-position clustered revertants on all
three selective replica plates. An example of these enrichment
replica plating results is shown in Fig. 6d. In repeating these tests,
10%–90% of the colonies on the nonselective plate gave rise to
same-position clustered Ben+ revertants. This wide variation in
enrichment wasmost likely due to the dif!culty of precisely iden-
tifying the corresponding position and inadvertently picking up
neighboring cells from the nonselective plate, where microcolo-
nies are densely packed and not spatially isolated. Also, if ances-
tral precursor cells carry low-copy ampli!cation, they are likely
very unstable due to the absence of selection and collapse back
to parental haploid during their nonselective growth. As a control,
cells were collected from random positions of the initial screen
nonselective plate that did not correspond to clusters of Ben+ col-
onies. In these cases, the results were identical to the initial round
of replica plating. That is, very rare to no same-position clustered
revertants were observed on the selective replica plates.
Collectively, these results strongly suggest Ben+ revertants carry-
ing high cat gene dosage arise from cells existing in the population
prior to exposure to selective starvation. Importantly, they dem-
onstrate the original ancestral cells can be enriched without the
cells ever being exposed to selective stress.

Ben+ revertants with high-copy cat gene
ampli!cation derive from cells with duplications
or low-level ampli!cation that exist before
selective stress
To characterize chromosomal rearrangements in isolates from
these replica plate experiments, such as the one shown in
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Fig. 6d, we performed PFGE on genomic DNA digested with NotI
(Fig. 7). Cells were analyzed from a well isolated colony that was
never exposed to selective starvation (labeled as “Pre”), and the
Ben+ revertants (labeled as “Rev”) that arose in the same position
on the three replica plates (labeled A, B, and C). This method was
repeated for three independent sets (labeled 1, 2, and 3). As a ref-
erence, a parent strain control, labeled “Ben-”, was used to

indicate the NotI digest pattern in an isolated colony that did
not give rise to Ben+growth on selective medium.

Gene ampli!cation of the cat gene region can be demonstrated
on PFGE by two general NotI band patterns (Fig. 7ab) (Reams and
Neidle 2003; 2004a). In revertants where the cat gene ampli!ed
segment is con!ned within the NotI E fragment, cat ampli!cation
is demonstrated by an enlarged E fragment, which houses the cat

Fig. 6. Replica plating assays to detect unselected progenitor cells of Ben+ revertants. a) Schematic of replica plating procedure: a nonselective liquid
culture of the Ben- parental strain is diluted and plated onto a nonselective plate. After incubation, colonies are replicaprinted onto three selective Ben
plates, incubated at 30°C, and monitored for growth. Image created with BioRender.com. b) A nonselective plate and its three selective replica plates
showing clustered Ben+ revertant colonies arise in the same position on all three selective plates. c) The selective plates 1, 2, and 3 in panel b were
processed using GIMP software to "uorescently highlight the Ben+ colonies blue, pink, and yellow, respectively. The plate on the far left is an overlap
composite of these three "uorescent plates, where the overlap of the three colors yields a new color: purple. This purple con!rms the colonieswere in the
same position and was used to locate the corresponding position on the nonselective plate to enrich the ancestral precursor cells. d) Enriched precursor
cells were collected from the nonselective plate, grown in LB, diluted, and spread onto a fresh nonselective plate to repeat the replica plating procedure in
panel a. Like panel b, this panel shows a nonselective plate (with isolated colonies) and its three selective replica plates. The numbers 1–7 indicate
clustered Ben+colonies present in the same position on all three selective plates and the nonselective plate.
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genes (Fig. 7a). This is the case for Revertants 3ABC which each
have a missing 200 kb E fragment and several new larger faint
bands, indicating enlarged E fragments, of different sizes between
the D and C fragments (Fig. 7c). These multiple bands indicate a
cell population that varies in amplicon copy number, where
each faint band represents a subpopulation of cells carrying the
same amplicon copy number.

In other revertants where the cat gene amplicon extends into
the neighboring D fragment, the 200 kb E fragment is maintained
but high cat ampli!cation is demonstrated by an additional more
intense NotI fragment (Fig. 7b). Since each amplicon contains a
single NotI cut site and is thereby linearized by NotI digestion,
this new band corresponds to the amplicon size and its relative
higher intensity corresponds to the amplicon’s higher copy num-
ber. This is the case for Revertants 1ABC and 2ABC which each
have an additional fragment between the D and E fragments of
higher intensity (Fig. 7c). Estimated amplicon copy number in
the 9 revertants ranged from 5 to 15 copies per cell, consistent
with Ben+ revertants characterized under the standard Ben rever-
sion conditions. Therefore, our PFGE results indicate all nine re-
vertants carried high cat gene ampli!cation.

Interestingly, the amplicon size was consistent across all three
revertants within each set (Fig. 7c). The one set of revertants hav-
ing enlargedNotI E fragments (Rev. 3ABC) yielded similar PFGE re-
sults across all 3 revertants isolated on separate selective replica
plates. Invariably, these three revertants each contained a ladder
of faint enlarged E fragments where each rung was separated by
approximately 40 kb, indicating various subpopulations were pre-
sent with different copy numbers of the 40 kb amplicon. Similarly,
the other two sets of revertants had the same approximate ampli-
con size for all three revertants within its set: the Rev. 1ABC set

had an approximately 237 kb amplicon and the Rev. 2ABC set
had an approximately 247 kb amplicon. Together, these results
support that each of these three sets of revertants are indeed sib-
lings derived from a common ancestor present before selection.

In contrast to the high-copy cat gene ampli!cation siblings, our
PFGE results show the three ancestral precursor populations,
which never experienced starvation stress, contained a relatively
high percentage of cells carrying low-level ampli!cations of the
cat genes, likely duplications (two copies). Again, this is evident
in Fig. 7c by either enlarged NotI E fragments (Pre. 3) or an add-
itional NotI fragment of relatively low intensity (Pre. 1 and 2). In
each of these three precursor populations, these PFGE results
show a signi!cantly higher percentage of cells with low-level cat
gene ampli!cations than unenriched Ben- parental DR1023 popu-
lations which typically do not have PFGE-detectable ampli!ca-
tions or other rearrangements.

Notably, each precursor had approximately the same amplicon
size as its three revertant siblings. The Rev. 3ABC sibling set with
enlarged NotI E fragments had a precursor (Pre. 3) with an E frag-
ment enlarged by approximately 40 kb, consistent with a duplica-
tion. Corroborating evidence supporting Precursor 3 carries a
duplication is provided by its three sibling revertants having a lad-
der of various size enlarged E fragments where each rung is sepa-
rated by approximately 40 kb, suggesting the amplicon size is
~40 kb. Similarly, the Rev. 1ABC and Rev. 2ABC sibling sets with
an additional NotI fragment (equivalent to the amplicon size)
had precursor populations with the same amplicon size: 237 kb
in Pre. 1 and 247 kb in Pre. 2 (Fig. 7). In these two cases, the add-
itional NotI fragment had a much lower relative intensity in the
precursor populations, indicating a lower amplicon copy number
compared to their revertant sibling populations. This lower band

Fig. 7. PFGE analysis of unselected precursors (Pre.) and Ben+ revertants (Rev.) from replica plates. a and b) NotI restriction maps of the cat gene region
targeted for ampli!cation in Ben+ revertants. A large-scale view of this map is shown in Fig. 5a. 1X refers to the parent haploid strain, while 2X and 5X
refer to isolates carrying 2 and 5 amplicon copies, respectively. Panel a displays the scenario where the amplicon is con!ned within the NotI E fragment,
causing an enlarged E fragment. Panel b shows the outcomewhere the amplicon includes theNotI cut site between theNotI E andD fragments (between e
and f). This maintains the 200 kb E fragment but generates a new NotI fragment that corresponds to the amplicon size. c) PFGE analysis on three sets of
precursors and their three Ben+ revertants. Each set has its own number. For example, the three revertants aligned with Pre. 1 are Rev. 1A, 1B, and 1C,
where each revertant was from a separate replica plate. Ben- refers to the DR1023 parent strain. Genomic DNA from each isolate was prepared and
digested with NotI. The Lambda DNA size ladder ($) was used as a size marker. The A–F labels mark their corresponding NotI fragment size in the wild
type: A 1,380 kb, B 1,044 kb, C 622 kb, D 259 kb, E 197 kb, and F 97 kb. The cat genes are located on the normally ~200 kb E fragment.
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intensity also likely re"ects the higher instability and collapse of
their larger duplicated segments compared to Pre. 3 during the
nonselective growth. Together, these results indicate Ben+high-
copy ampli!cation mutants arise from gene duplication events
that occur prior to selective stress.

Independent populations show signi!cant
"uctuation in ampli!cation mutant frequencies
rather than a Poisson distribution
Our experimental results from two independent methods, replica
plating and reconstruction assays, suggest Ben+ revertants origin-
ate from rare duplication events that occur during the LB growth
before selective pressure. As a third independentmethod to either
support or oppose these !ndings, we performed a Luria–Delbrück
"uctuation test to determine whether these mutants arise before
or during selection. The basis of this test is that mutant frequen-
cies vary or “"uctuate” between different parental cultures due to
random early or late mutational events occurring during cell
growth before selection. In the Ben reversion, if ancestral precur-
sor mutants arise during nonselective growth prior to starvation
stress, they should have Ben+mutant frequencies that widely
"uctuate between independent LB cultures. In contrast, the adap-
tive ampli!cation theory argues mutant frequencies should not
"uctuate between cultures since stress induction of mutant for-
mation is proposed to occur on the selective plates, where nutri-
ent limitation and growth restriction occurs. If mutations are
induced at !xed rates during selection, where parental population
sizes are relatively constant and do not change much, there

should be very little to no "uctuation in Ben+mutant frequencies
between different cultures (other than "uctuation caused by pro-
cedural or sampling variation).

For our "uctuation test, we grew 119 parallel independent LB
cultures of the Ben- parental DR1023 strain, with each culture in-
oculated from a different single isolated colony. After overnight
growth, one sample fromeach culturewas spread onto a single se-
lective Ben plate. As a control to analyze intraculture "uctuation
(due to procedural or sampling variation), a large DR1023 culture
was spread ontomany selective plates. To access the repeatability
of this control, 3 large DR1023 cultures were spread onto a total of
116 selective plates (18, 49, and 49). All 235 selective plates were
incubated at 30°C and analyzed every day for 21 consecutive
days. Our"uctuation test results showBen+ revertant colonies ac-
cumulated on the selective plates at the same average rates both
in the single and multiple cultures, as shown in Fig. 3. However,
“jackpots” were seen amongst only the 119 independent cultures,
and not seen in any of the 116 selective plates from the 3 large cul-
tures (Table 1). For example, 2 of the 119 selective plates from in-
dependent cultures had 17 and 19 revertant colonies per Ben plate
on day 10,when themedianwas 1 Ben+ revertant colony per plate.
Another 4/119 plates had 10, 10, 10, and 12 Ben+ revertant col-
onies per plate. In comparison, none of the 116 plates derived
from the 3 large cultures had over 2 Ben+ revertant colonies per
plate on day 10.

Notably, for all days analyzed there wasmuch higher variation
in Ben+mutant frequencies per Ben plate between multiple cul-
tures than within single cultures, for all three large cultures
(Fig. 8a). The variance was 10- to 190-fold higher in multiple cul-
tures compared with single cultures depending on the day and
culture. A Brown–Forsythe equality of variance test indicated a
signi!cant difference between the variance inmultiple versus sin-
gle cultures. This was true for all days analyzed except for four
days in one of the three large cultures; yet these four days still
had over 19-fold higher variance across the multiple cultures
than within the single culture. Together, these results indicate
the high "uctuation observed in the 119 parallel cultures was
not due to procedural or sampling variation. Importantly, the
high variance between multiple cultures for all days further sug-
gests that Ben+gene ampli!cationmutants originate before selec-
tion, including revertants arising late.

Furthermore, we analyzed the distribution of Ben+mutant fre-
quencies per Ben plate across the independent cultures to deter-
mine whether they follow a Poisson or Luria–Delbrück
"uctuation distribution. The adaptive ampli!cation theory pre-
dicts a Poisson distribution (little to no "uctuation) in both the sin-
gle and multiple cultures. In contrast, the view that gene
ampli!cation mutants originate before selection predicts a
Poisson distribution in single cultures, but a Luria–Delbrück "uc-
tuation distribution (wide "uctuation) across multiple cultures.
Mutant distributions were analyzed by plotting the relationship
between the logarithm of the proportion of selective plates with
x or more Ben+mutants (y-axis) and log x (x-axis) (Luria and
Delbrück 1943; Cairns et al. 1988; Cairns and Foster 1991). As
shown in Fig. 8b, our analysis demonstrates the three single cul-
tures each followed a Poisson distribution across the multiple
Ben plates, as evident by a relatively "at line followed by a steep
drop (slope=!3.32). This Poisson distribution indicates very little
"uctuation in Ben+mutant frequenciesmeasured on different se-
lective plates derived from a single culture. In comparison, the
multiple cultures followed a mix of Luria-Delbrück "uctuation
and Poisson distributions. Compared with the distribution within
single cultures, the distribution across multiple cultures is much

Table 1. Luria and Delbrück "uctuation test results showing the
distributions of Ben+gene ampli!cation mutant frequencies
between and within cultures. For the 119 cultures, one sample of
each culture was plated onto a single Ben plate. For the 3 large
cultures, each culture was plated ontomultiple Ben plates: 18, 49,
and 49.Mutant frequenciesweremeasured by the number of Ben+
revertant colonies per Ben plate after 10 days of incubation. The
mutant frequency distributions in the 119 parallel cultures are
shown in the column to the left of the vertical line, while each of
the 3 large cultures are shown in the 3 columns to the right.

Number of cultures 119 1 1 1
Number of plates 119 18 49 49

Number of Ben+
revertants per plate Number of plates
0 48 10 40 39
1 24 4 6 9
2 21 4 3 1
3 7
4 8
5 1
6 1
7 1
8 1
9 1
10 3
11
12 1
13
14
15
16
17 1
18
19 1

Average per plate 1.95 0.67 0.24 0.22
Variance 10.13 0.71 0.31 0.22
Median 1 0 0 0
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closer to a straight line (slope=!1.22), indicating a Luria–
Delbrück "uctuation distribution (Fig. 8b). This distribution sug-
gests the Ben+gene ampli!cation mutants originated prior to se-
lection. However, this line has a moderate downward in"ection,
consistent with a partial Poisson distribution. Although these
mixed distributions are dif!cult to directly interpret, they are con-
sistent with our results demonstrating Ben+ revertants are de-
rived from duplication mutations formed before selection.
Unlike point mutants, duplication mutants rapidly approach a
steady-state frequency during nonselective growth due to their
high loss rate (collapse to haploid) and associated !tness cost
(Reams et al. 2010). Even if the !rst precursor duplication forms
early or late during the LB growth prior to selection, all independ-
ent cultures approach the same cat gene duplication steady-state
frequency, thereby limiting "uctuation (Reams and Roth 2015).
This could explain the observed partial Poisson distribution.
Still, the distribution across independent cultures was closer to
a Luria–Delbrück "uctuation distribution than the Poisson

distribution in single cultures. In summary, our "uctuation test
results showing multiple cultures have jackpots, signi!cant high
variance, and a trend towards a Luria-Delbrück "uctuation distri-
bution further supports that Ben+gene ampli!cationmutants ori-
ginate before selective stress.

Discussion
DNA-damaging agents—such as radiation and DNA reactive
chemicals—increasemutation rates through error-proneDNAdam-
age repair responses (e.g., SOS, etc.) (Maslowska et al. 2019).
However, it is still debated whether growth inhibition caused by se-
lective environments triggers mutagenesis without DNA-damaging
agents present. Here, we tested the adaptive ampli!cation theory,
proposing ampli!cation mutations are induced by selective stress,
usinganAcinetobacter systemthat exclusively analyzesampli!cation
mutants. Our experimental results demonstrate ampli!cation mu-
tants originate from low-copy ampli!cations (duplications) that
arise before exposure to selection; therefore, the initial duplication
cannot be caused by selective stress. Indeed, gene duplicationmuta-
tions form frequently without selection in diverse organisms and
contribute to many known human neurological disorders (Lupski
et al. 1991; Flores et al. 2000; Zhang et al. 2009; Ramocki et al.
2010; Reams et al. 2012, 2014; Konrad et al. 2018). In an unselected
lab culture of Salmonella enterica, approximately 10% of cells carry a
duplication of some chromosomal region (Roth et al. 1996). In an
A. baylyi overnight nonselective culture, Seatonand coworkersmea-
sured cat gene duplications at a frequency of 0.01%, equivalent to
about 50,000 cells per benzoate selective plate in the Ben reversion
assay (Seatonetal. 2012). Thisnumberof plated catduplicationbear-
ing cells (50,000) is vastly greater than the number of revertant col-
onies (70) after 3-weeks incubation, suggesting that the plated cat
duplications have a low probability of reaching visible colonies.
However, it should be noted that Ben+revertant colonies continue
to accumulate on the selective plates beyond 3 weeks. Also, while
different Ben+revertants carry cat gene amplicons that vary widely
in size (12–290 kb), one of the amplicon ends appears to be restricted
to an approximate 5.5 kb region between the catA gene and the up-
streampromoter of the benABCDE operon (Reams andNeidle 2004a).
This endpoint limitationmay reduce the number of cat duplications
that can amplify to support benzoate growth. Even with these com-
plexities, we estimate there is a suf!cient number of cells carrying
permissive cat gene duplications present before selection to account
for the number of revertants.

Although the initial duplication appears to arise before selec-
tion, the secondary steps of generating higher-copy cat gene amp-
li!cation occur during selection. Still, these secondary steps donot
appear inducedby selective stress for several reasons. First, our re-
constructionexperimentswithdifferent copynumber strains indi-
cate these higher ampli!cation steps occur relatively slowly under
selection, overmanydays tomultipleweeks; therefore, theydonot
appear to be induced. Second, our"uctuation test results show the
number of new revertants arising on all days, even 21 days, highly
"uctuatebetween independent culturescomparedwithsingle cul-
tures, suggesting they originated before selection.

Rather than stress-induced, Ben+high-copy ampli!cation col-
onies can be explained by a clonal evolution process driven bynat-
ural selection, consistent with the ampli!cation under selection
model proposed by Roth and the basic tenets of evolutionary biol-
ogy (Fig. 9). According to this model, rare cells with a cat duplica-
tion are present before selection. On the selective plate, these cells
initiate slowly growing clones. Within the developing clones, se-
lection favors cells with further increases in cat copy number

Fig. 8. Fluctuation test results comparing Ben+mutant frequencies in
multiple cultures to single cultures. a) The amount of variance in the
Ben+mutant frequencies per Ben plate in parallel cultures compared
with single cultures, for all days analyzed. The black diamonds refer to
the amount of variance between 119 parallel cultures where one sample
of each culture was spread onto a single Ben plate. The orange squares,
gray triangles, and blue circles each refer to the amount of variance
within a single culture where each culture was spread onto 18, 49, and 49
Ben plates, respectively. b) The distributions of Ben+ revertants per Ben
plate in multiple and single cultures after 19 days of incubation. The
y-axis indicates the observed number of plates with more than x Ben+
colonies for the various values of x shown on the x-axis. The black
diamonds show the distribution across the 119 parallel cultures described
in panel a, whereas the blue circles show to the distribution within a
single culture spread onto 49 selective plates. The slopes are based on the
best !t dotted line shown in blue and black.
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(higher ampli!cation). These likely form by unequal recombin-
ation between the ampli!ed segments (repeats), through the
same mechanisms as their collapse (Fig. 1). Since the substrates
of these events are large repeats (12–290 kb), these events likely
occur spontaneously at suf!ciently high rates (~10!2/cell/gener-
ation), providing a mathematical practicality for generating amp-
li!cation within the time it takes to form a visible colony (~20
generations) (Reams et al. 2010). Before selection, higher ampli!-
cation is limited due to frequent collapse and associated !tness
costs. However, under selection, copy number increase is driven
since selection favors growth of cells with more cat gene copies
(Fig. 9).

This process of clonal evolution, where a “renegade cell” ex-
pands and diversi!es through sequentialmutational events, plays
an important role in cancer development, therapy resistance, and
relapse (Andor et al. 2016; McGranahan and Swanton 2017;
Weinberg 2008). Also, ampli!cations are found in many tumors
where ampli!ed genes (e.g., MYC, CCNE1, and HER2) help cells
escape growth limitation (Ahn et al. 2020; Gorski et al. 2020).
The structures of ampli!cation mutations characterized in mam-
malian cells are often similar to those in yeast and bacteria: tan-
dem arrays of copies in either direct or alternating orientations.
Like Ben+ revertants, gene ampli!cationmutations in cancer cells
are generally believed to form through a multistep pathway: an
initial duplication event followed by a series of higher ampli!ca-
tion steps, likely developing over many generations under selec-
tion for improved growth (Reams and Roth 2015). Based on our
results, we suggest duplications of growth factor genes may serve
as new genomic biomarkers for early cancer detection and treat-
ment, before high-copy ampli!cation is attained (Caporaso
2013). Accumulation of these duplication-carrying cells may re-
present daughters of the “renegade cell” and indicate the initial
stages of clonal expansion during cancer development or chemo-
therapy resistance. For example, in several reported cases of
metastatic breast cancer, MYC duplications in primary tumors
were found to expand to higher-copy MYC ampli!cation in the
metastatic more aggressive breast cancers (Singhi et al. 2012).

Duplication of growth factor genes could be detected by techni-
ques such as "uorescence in situ hybridization (FISH), genome
sequencingwith read-depth analysis, or other emerging technolo-
gies. In the future, identifying precursor duplications, as well as
understanding and preventing the mechanisms of generating
higher copy number will be important for targeting and inhibiting
ampli!cation in cancer cells.
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