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Abstract

Analysis of bacterial genomes shows that, whereas diverse species share many genes in common, their linear order on
the chromosome is often not conserved. Whereas rearrangements in gene order could occur by genetic drift, an al-
ternative hypothesis is rearrangement driven by positive selection during niche adaptation (SNAP). Here, we provide
the first experimental support for the SNAP hypothesis. We evolved Salmonella to adapt to growth on malate as the
sole carbon source and followed the evolutionary trajectories. The initial adaptation to growth in the new environ-
ment involved the duplication of 1.66 Mb, corresponding to one-third of the Salmonella chromosome. This duplica-
tion is selected to increase the copy number of a single gene, dctA, involved in the uptake of malate. Continuing
selection led to the rapid loss or mutation of duplicate genes from either copy of the duplicated region. After
2000 generations, only 31% of the originally duplicated genes remained intact and the gene order within the
Salmonella chromosome has been significantly and irreversibly altered. These results experientially validate predic-
tions made by the SNAP hypothesis and show that SNAP can be a strong driving force for rearrangements in chromo-
somal gene order.
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Introduction

The bacterial kingdom forms a coherent group evolved
from a last common ancestor but is genetically extremely
diverse with species and variants that occupy a huge var-
iety of environmental niches. Our understanding of how
bacterial species diverge is necessarily based on correctly
understanding the diversifying mechanisms that fuel bac-
terial evolution. One feature that is currently difficult to
explain is that the colinear organization of homologous
genes on bacterial chromosomes of different species is
highly variable and for most homologous genes, there is
no long-range colinearity in gene order (Koonin et al.
1996, 2021; Puigbo et al. 2010). The standard interpret-
ation for the low level of conservation is that selection
to maintain linear gene order is weak and this allows
changes in gene order to occur by genetic drift.
However, there are problems with this interpretation: (1)
the mechanisms of linear order rearrangement (inversion,
transposition, deletion with reacquisition at a new loca-
tion) each occur at low frequencies and without positive
selection (or strong founder effects) would very rarely go
to fixation and (2) the evidence suggests that many gene
order rearrangements are deleterious, with purifying

selection operating (Rocha 2006). This paradox could be
resolved if gene order rearrangements, including during
speciation, could be driven by positive selection. We re-
cently proposed selection during niche adaptation
(SNAP) as a radical alternative to the drift hypothesis
(Brandis and Hughes 2020). The major advantage of
SNAP over the traditional model is that each step in the
process occurs at a high frequency and each successive
step can be driven by positive selection, potentially result-
ing in very rapid evolution and fixation of rearranged gene
order. SNAP has the theoretical potential to contribute to
the genetic separation of lineages, a vital step on the path
to speciation, but has not previously been tested
experimentally.

Here, we use Salmonella enterica serovar Typhimurium
(S. Typhimurium) as a model organism to experimentally
validate specific predictions made by the SNAP hypothesis.
We adapted S. Typhimurium to growth in a novel environ-
mental niche and monitored genetic changes to the bac-
terial chromosome at regular intervals over the course of
2000 generations. Our results were in full agreement
with each prediction made by the SNAP hypothesis indi-
cating that the SNAP mechanism could play a crucial
role in the process of gene order diversification.
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Results

The SNAP Hypothesis

Occurring ~500 Ma, the Enterobacteriales are the most re-
cently diverged order within the Gammaproteobacteria
(Marin et al. 2017). Closely related species within this order
can display an almost identical linear order of genes across
the chromosome. The chromosomal gene order of S.
Typhimurium and Escherichia coli which diverged 100-
200 Ma (Ochman and Wilson 1987; Doolittle et al. 1996;
Baumler et al. 2013) differs mainly in a 563 kb long section
that is inverted between the two species (fig. 1c).
Comparing the chromosomes of S. Typhimurium and
Proteus mirabilis which diverged earlier in the evolution
of the Enterobacteriales, about 300-500 Ma (Ochman and
Wilson 1987; Brandis 2021), shows that this conservation
of gene order is not maintained within the bacterial order
(fig. 1c). Any observed long-range gene order conservation
between species that diverged more than 500 Ma has been
attributed to the existence of operons (Rocha 2006). It has
been generally assumed that changes in chromosomal gene
order are the result of genetic drift. The genetic drift model
assumes that the linear organization of the bacterial
chromosome is under weak selection and is subject to

rearrangements events involving inversion, transposition,
deletion, and horizontal gene transfer (Hughes 2000;
Skovgaard et al. 2011; Noureen et al. 2019). Over time, a
large number of successive rearrangement events could al-
ter the linear order of genes on a chromosome.

We have recently proposed an additional mechanism
that could contribute to rapid chromosomal reorganiza-
tion. The SNAP hypothesis proposes that gene order rear-
rangements could emerge from positive SNAP (Brandis
and Hughes 2020). The SNAP hypothesis proposes a po-
tential evolutionary trajectory that bacteria can undergo
when entering a novel growth environment (fig. 1a and
b). Initially, duplication of a chromosomal region that pro-
vides a selective advantage, for example, by increased ex-
pression of a nutrient transporter gene, will be selected.
This initial rapid genome expansion phase is followed by
a reduction phase. In this phase, duplicate genes will be
lost to reduce fitness disadvantages caused by genes that
are not required in duplicate copies (due to waste of re-
sources or interference with normal physiology).
Inactivation of genes will occur randomly with respect to
each copy of the duplication, which will ultimately result
in a rearrangement of the linear order of genes within
the duplicated region (fig. 1a and b).
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Fic. 1. The SNAP hypothesis. (a) Schematic overview of the SNAP model. The gene under selection for duplication is shown in dark blue and the
regions of homology flanking the ends of the duplicated region are indicated by blue rectangles. Red crosses designate copies of genes that are

deleted. (b) Change in duplication size during the stages of the SNAP model. The light blue area indicates the progress of the Mte

-+, 2000G isolate

along the SNAP trajectory (31% of duplication remains). (c) Whole-genome alignment (with a 5 kb block size) of Salmonella Typhimurium
(NC_003197) with Escherichia coli (NC_000913) and Proteus mirabilis (NC_010554). Homologous regions displayed below each black line

are inverted relative S. typhimurium.
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The SNAP Hypothesis Makes Specific Predictions on
Multiple Steps Along the Evolutionary Trajectory
The evolutionary trajectory predicted by the SNAP hy-
pothesis can be divided into four sequential stages: dupli-
cation, selection, inactivation, and fixation (fig. 1a and b).
The fixation stage marks a point of no return at which the
only viable path forward is the step-wise inactivation of
duplicate genes that will ultimately result in an altered
gene order on the bacterial chromosome (Brandis and
Hughes 2020). To validate the SNAP hypothesis experi-
mentally, we defined five specific predictions that need
to be fulfilled:

(i) Large chromosomal duplications arise frequently
during growth in a novel niche.

(ii) The duplications provide a selective benefit to bac-
teria in the novel niche due to the increase in copy
number of a small number of duplicated genes.

(iii) Continuing evolution within the niche leads to the
inactivation of individual copies of some of the dupli-
cate genes (including essential genes).

(iv) Accumulation of mutations within the duplicated
region will prevent segregation of the duplication.
(v) Mutations will be randomly distributed between the

two copies of the duplicated region.

Duplications are a Common Adaptation Mechanism
to Novel Growth Conditions

The occurrence of duplications of large and small seg-
ments of the bacterial chromosome is common during
growth in nonlethal selective environments (Straus and
Hoffmann 1975; Sonti and Roth 1989; Nasvall et al. 2012;
Hoegler and Hecht 2018; Hufnagel et al. 2021). The ability
to utilize a novel carbon source has been shown to be a po-
tential key event in the establishment of a population
within a new environmental niche (Blount et al. 2012).
Thus, we have used a minimal medium with malate as a
sole carbon source to simulate a novel growth environ-
ment. Malate is a poor carbon source for wild-type
Salmonella which forms only tiny colonies on minimal
malate agar (~1 mm diameter after 48 h) (fig. 2a) and dis-
plays almost no increase in optical density after 24 h of
growth in liquid minimal malate medium (fig. 2f). It was
previously shown that large colony variants could be de-
tected when plating Salmonella on minimal malate agar.
Genetic mapping indicates a large chromosomal duplica-
tion to be present within the large colony variants but
the isolates were never whole-genome sequenced (Straus
and Hoffmann 1975). We repeated the selection of
Salmonella on minimal malate agar and found that large
colony variants (referred to as Mte™) appeared at a fre-
quency of 4 x 10~“ Two independent Mte® colonies
were isolated and whole-genome sequenced. The se-
quence analysis showed that both isolates contained an
identical 1.66 Mb tandem duplication within the chromo-
some flanked by the duplicate ccmABCDEFGH operon
which encodes cytochrome c-type biogenesis proteins
(Thodny-Meyer et al. 1995) (fig. 2b). The ccm operons

provide a 6.3 kb region of sequence homology which ex-
plains the high frequency at which Mte™ colonies are se-
lected (Gerstein et al. 1994; Brandis et al. 2018). This
data show that duplications as large as a third of the bac-
terial chromosome can rapidly be selected for within a no-
vel growth environment. One of the sequenced Mte™
isolates was used for the further evolution experiment.

Selection for Increased Expression of a Single Gene is
Responsible for a 1.66 Mb Duplication

The duplication in the Mte™ strain contains 1,529 genes, of
which six are involved in malate utilization. These genes
encode two Cé4-dicarboxylate transporters (DctA and
YhiT), three malate dehydrogenases (MaeB, Mdh, and
STM3081), and the transcriptional regulator Crp which
regulates dctA expression (Unden et al. 2016) (fig. 2b
and c). We tested which of these six genes is the main driv-
ing force for selection of the duplication using two differ-
ent approaches. First, we asked which of the six genes is
necessary for the selection of the Mte™ duplication. For
this, we constructed a set of five strains with single gene
deletions (excluding crp which is essential for growth)
and selected large colony variants on minimal malate
plates. As expected, bacteria with deletions of dctA or
mdh were not able to grow with malate as a single carbon
source (Davies et al. 1999; van der Rest et al. 2000). For the
remaining three isolates (AmaeB, ASTM3081, and AyhiT),
large colony variants containing the Mte™ duplication
could be selected (fig. 2d). Thus, only three of the genes
(crp, dctA, and mdh) are necessary for the selection of
the Mte™ duplication. Next, we asked if the duplication
of any single gene is sufficient to explain the increased fit-
ness of the Mte™ strain in a minimal malate medium. Six
strains with single-gene duplications were constructed
and their growth rates in minimal malate media were mea-
sured (fig. 2e and f). Wild-type Salmonella shows almost no
increase in optical density after 24 h of growth. This inabil-
ity to grow with malate as a carbon source remains in four
of the six strains that carry duplications of maeB, mdh,
STM3081, and yihT and is only slightly elevated in the
strain carrying the crp duplication (fig. 2f and
supplementary fig. S1, Supplementary Material online).
In stark contrast, the duplication of dctA significantly im-
proves the growth characteristics of the strain leading to
exponential doubling times close to those of the strain car-
rying the Mte™ duplication (Mte™: 106 + 5 min, dctA?"P:
139 + 3 min) and indistinguishable optical densities after
24 h of growth (Mte™: ODgoonm 0.57 + 0.01, dctA®P:
ODgoonm 0.55 + 0.07) (fig. 2f). Since crp is a regulator of
dctA expression, it is most likely that the improved growth
observed in the crp duplication strain is also the result of
increased dctA expression. Taken together, these data
show that the duplication of dctA is necessary and suffi-
cient to explain the improved growth characteristics of
the Mte™ strain and that the duplication of a single gene
can be the driving force for the selection of a 1.66 Mb du-
plication on the chromosome.
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FiG. 2. Selection and analysis of the Mte™ duplication. (a) Comparison of wild-type (WT) and Mte™ colonies on minimal malate plates. (b)

Normalized read depth coverage of the Mte™

isolate. The locations of the six genes involved in malate utilization within the duplicated region

are indicated. (c) Schematic overview of the protein functions of the six malate utilization genes included in the duplicated region. (d) Individual
genes involved in malate utilization were deleted and Mte™ colonies were selected. The read depth analysis of the Mte™ colonies carrying dele-
tions of yhiT, meaB, and STM3081 is shown below. (e) Overview of the construction process of single-gene duplications using lambda-red re-
combineering. (f) Growth curves of strains in minimal malate medium. The curves show the average density + 95% confidence interval of

five biological replicates.

Continuous Evolution within the New Niche Leads to
Inactivation of Duplicate Genes

Our experiments show that selection pressure on in-
creased expression of a single gene (dctA) can rapidly
lead to the duplication of a large section of the chromo-
some. The SNAP hypothesis predicts that continuous evo-
lution within the new niche will lead to the inactivation of
duplicate genes that are not under selection and ultimate-
ly lead to a rearranged gene order within the duplicated
section of the chromosome (Brandis and Hughes 2020)
(fig. 1b and ¢). An alternative possibility is that mutations
that increase dctA expression (e. g. within the dctA pro-
moter region) will ultimately appear thus alleviating the
selection on the Mte™ duplication. In that case, the dupli-
cation could segregate without changing the gene order
within the chromosome.

To test these two possibilities, we evolved five inde-
pendent lineages of the Mte™ strain in minimal malate
media by serial passage (fig. 3a). After 500 generations of
evolution, cultures were plated on minimal malate plates
and a single clone was isolated from each lineage for
whole-genome sequencing. The sequence analysis showed
that none of the isolates had lost the entire Mte™ duplica-
tion but instead they had segregated a large segment with-
in the duplicated region. Four of the five isolates
segregated an ~1 Mb large segment containing 977 genes
between two homologous transposon genes (tnpA-3 and
tnpA-5) (supplementary fig. S2, Supplementary Material
online). The fifth isolate lost 1.1 Mb sequence containing

4

1,023 genes as a result of a nonhomologous recombination
event between the genes yfdZ and yheS. This isolate also
acquired an additional 23 kb duplication between the
genes yed| and nfo outside the original duplication region
(fig. 3b, supplementary fig. S2, Supplementary Material on-
line). Each strain had acquired one mutation outside but
none within the duplicated region (supplementary tables
S1 and S2, Supplementary Material online). These results
are consistent with the SNAP hypothesis and indicate
that, at least in the short term, mutations that are suffi-
cient to increase expression of the dctA gene to the re-
quired level are not selected for. To test if this
observation holds true on a long term, we decided to ac-
celerate the rate of evolution by inactivating the bacterial
mismatch repair system thus increasing the mutation rate
(Worth et al. 1994; Elez et al. 2007). We deleted the mutL
gene within the five isolates which increased mutation
rates more than 300-fold in minimal malate medium (fig.
3d) and continued the evolution experiment. After an add-
itional 500 generations of growth, we plated the cultures
and isolated a single clone of each lineage.
Whole-genome sequence analysis showed that the rem-
nants of the original Mte" duplication remained stable
within all five isolates (supplementary fig. S3,
Supplementary Material online). Mutations had also
started to accumulate within the duplicated region, with
each of the five isolates carrying 3-8 mutations
(supplementary tables S1 and S2, Supplementary
material online). Most interestingly, one lineage (Mte™
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Changes in the linear order of genes are indicated by gray triangles.

1000G) acquired two mutations in essential genes, glyS

Q357* and nrdB 1147 T, in one of the two copies of these
genes (fig. 3¢). GlyS is the § subunit of glycine-tRNA ligase
(Nagel et al. 1984; Goodall et al. 2018). The Q357* non-
sense mutation truncates the protein resulting in the
loss of 332 amino acids at the C-terminus which includes
the anticodon binding domain (Finn et al. 2016). Thus,
at least one of the eight mutations observed in this isolate
inactivates a copy of a duplicated gene as predicted by the
SNAP hypothesis (Brandis and Hughes 2020). The other

isolate (bottom). Only genes with a mutated/deleted allele within the duplication region are shown.

seven mutations are amino acid substitutions and could
potentially reduce the activity of the respective proteins
(supplementary table S1, Supplementary Material online).

After 1,000 generations of growth, including 500 genera-
tions with an accelerated mutation rate all lineages
evolved according to the evolutionary trajectories pre-
dicted by the SNAP hypothesis. We were particularly inter-
ested in the strain (referred to as Mte™ '°°°) carrying the
inactivating mutation in glyS. SNAP predicts that inactiva-
tion mutations in essential genes are a critical stepping
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stone to permanent fixation of the original duplication
(Brandis and Hughes 2020). We focused our evolution ef-
forts on the Mte™ 19%°% isolate that carries the glyS muta-
tion and evolved 10 lineages for an additional 500
generations after which we isolated a single clone per lin-
eage for whole-genome sequencing. As before, the rem-
nants of the Mte™ duplication remained within all 10
isolates (fig. 3b, supplementary fig. S4, Supplementary
Material online) and each strain had acquired 3-16 add-
itional mutations within the duplicated region
(supplementary tables S1 and S2, Supplementary
Material online). The number of gene inactivation muta-
tions (defined as nonsense and frameshift mutations) in-
creased to up to four mutations per strain. One strain
(Mte™ 1500C) acquired an additional inactivating mutation
within an essential gene, folC P360fs. FolC is the dihydrofo-
late synthetase and the mutation removes the last 62 ami-
no acids of the C-terminus (Bognar et al. 1985; Goodall
et al. 2018). Whereas this region does not contain a known
essential domain a truncation of this size is expected to re-
duce protein functionality.

We conclude that evolution within the new niche leads
to the stepwise deletion and inactivation of duplicate
genes, including essential genes, as predicted by the
SNAP hypothesis. After 1,500 generations of evolution,
the number of intact duplicated genes within the Mte ™t
15996 has been reduced from 1,529 genes to 495 genes cor-
responding to a reduction of 68% (fig. 3e).

Genetic Drift Increases the Rate of Gene Loss

The evolution experiments to this point were performed in
liquid cultures with large population sizes (~1.5 x 10" cfu
for the Mte ™ *°°C strain). These conditions impose a con-
stant competitive state on the evolving cells and restrict
evolutionary trajectories to the most-fit ones. We asked
if introducing genetic drift to the system could increase
the loss rate of genes within the duplicated region by alle-
viating the requirement for optimal fitness. To address
this, we evolved 10 lineages of the Mte™” "*°°© on minimal
malate agar plates. Serial restreaking of single colonies ef-
fectively introduces single-cell bottlenecks every 25 gen-
erations. After 500 generations of evolution, the final
clone of each lineage was whole-genome sequenced. The
results show that increasing the possibility for genetic drift
increased the rate of accumulation of mutations within
the duplicated region by 55% (Mann—Whitney test, 95%
confidence level, P=0.035). Accordingly, the average
number of accumulated mutations increased from 6.4/lin-
eage in generations 1,000-1,500 to 9.9/lineage in genera-
tions 1,500-2,000 (supplementary tables S1 and S2,
Supplementary Materials online). One of the lineages
(Mte™ 2°%°C) carried a total of 28 mutations within the du-
plicated region of the chromosome out of which nine are
predicted to be gene-inactivating mutations. In this strain,
the total number of wild-type duplicated genes has been
reduced from 1,529 genes to 478 genes (69% reduction).

6

Accumulation of Mutations Locks an Evolutionary
Trajectory that Leads to a Novel Gene Order

Our data show that (1) adaptation to growth within a new
niche can select for large chromosomal duplications and
that (2) continuous evolution within the new niche results
in the loss of duplicate genes. The next prediction made by
the SNAP hypothesis is that the accumulation of muta-
tions within the duplicated region will lead to the fixation
of the duplication even in the absence of the initial select-
ive pressure (Brandis and Hughes 2020). Every additional
mutation has the ability to limit potential possibilities to
segregate the duplication since the segregation might
lead to a chromosome that lacks essential genes. Once a
critical number of mutations has accumulated within
the duplicated region, any viable segregation should be-
come impossible. At this point, the only path to lose the
remaining duplicated genes would be by stepwise inactiva-
tion/deletion. To test if this prediction is correct, we se-
lected a set of four directly related strains that represent
each of the steps along an evolutionary trajectory of the
evolution experiment (Mte®, Mtet °%°¢ Mte™ 1°9°¢,
Mte™ *°°C, and Mte ™" 2°°°“) and measured the stability
of the duplication in rich medium (fig. 3f). The duplication
is rapidly lost within the unevolved isolate (Mte™) with a
loss rate of 24.2% per generation. In contrast, and in agree-
ment with the prediction made by the SNAP hypothesis,
the duplication becomes increasingly stable with each
additional evolutionary cycle. After 1,500 generations of
evolution, the duplication is fully stabilized and no viable
segregation is observed during the growth in the rich me-
dium (fig. 3f and table 1).

These data confirm the prediction made by the SNAP hy-
pothesis that the accumulation of mutations within the du-
plicated region will lead to a point of no return at which
segregation of the duplication becomes inviable. At this
point, an evolutionary trajectory is locked in place that inev-
itably leads to a rearranged gene order within the bacterial
chromosome. Our data suggest that this point can be
reached in as little as 1,500 generations of growth which
would suggest that even relatively transient adaptation to a
novel growth environment could lead to a rearrangement
of gene order within the bacterial chromosome.

Adaptation Leads to a New Order of Genes on the
Chromosome

The last prediction made by the SNAP hypothesis is that
mutations will be randomly distributed among the two

Table 1. Stability of the Mte™ duplication along an evolutionary
trajectory.

Strain Loss rate (% per generation)
Mtet —242+ 12
Mte™ 50°C —1.6+08
Mte 1900¢ —02+ 0.0
Mte 15006 —0.0 + 0.0
Mte ™t 20006 —0.0 + 0.0
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copies of the duplication. Theoretically, it would be pos-
sible that all mutations arise within the same copy of the
duplication which would not lead to a rearranged gene or-
der. Unfortunately, the short-read sequencing used to
identify duplications and mutations within this study
does not reveal in which of the copies a mutation is lo-
cated. To address this limitation, we chose three of the
evolved strains: Mte ™ %% to identify the location of the
initial large deletion and Mte™ "% as well as Mte™
2000G ¢ identify the locations of the point mutations.
We introduced selective deletions within the duplicated
region of these strains followed by whole-genome sequen-
cing to identify which mutations were lost with the dele-
tion and which remained (fig. 4). This method allowed
us to identify the location of each of the acquired muta-
tions (table 2). We found that the initial large deletion
and 12 mutations occurred in the left copy, whereas 16
mutations occurred within the right copy of the duplica-
tion (based on the linear order of the Salmonella chromo-
some). These results show that mutations do indeed
appear randomly within the two copies of the duplicated
region and show that the gene order of the Salmonella
strain evolved in minimal malate media is already signifi-
cantly altered after 2,000 generations (fig. 3g).

Discussion

A low level of gene order conservation in bacterial genomes
is well established (Koonin et al. 1996, 2021; Puigbo et al.
2010; Darmon and Leach 2014). Successive chromosomal
inversions are one mechanism by which gene order could
be rearranged and indeed inversions have been noted as
a type of organizational variant in many bacterial species
(Belda et al. 2005; Darling et al. 2008; Matthews et al.
2011; Scott and Ely 2016; Xu et al. 2016; Mao and Grogan
2017; Repar and Warnecke 2017; Ely et al. 2019; Shelyakin
et al. 2019), sometimes shown to be associated with recom-
bination between inverted repeats such as ribosomal RNA
operons or mobile genetic elements including prophage
(Matthews et al. 2011; Wang et al. 2017; Fitzgerald et al.
2021). However, it remains an open question to which de-
gree the observed long-term evolutionary lack of gene or-
der on bacterial chromosomes is due to the successive
effects of overlapping inversions which in many cases are
not expected to confer any immediate selective advantage
on the affected bacterial strain. We have proposed a mech-
anism that could use the force of positive selection to drive
rapid chromosomal rearrangements during the process of
adaptation to new environmental niches: the SNAP hy-
pothesis, involving duplication of chromosomal segments
that carry genes where increased copy number provides a
fitness advantage, followed by a process of random gene
loss from each copy of the duplication, resulting in a rear-
ranged gene order (Brandis and Hughes 2020) (fig. 1).
Although the SNAP hypothesis is an attractive explanation
for bacterial genome rearrangements, it has never been ex-
perimentally verified. Here we have tested the key predic-
tions of the SNAP hypothesis, using Salmonella

Typhimurium as a model. We found that positive selection
for adaptation to a novel environment resulted in the rapid
and irreversible rearrangement of the bacterial chromo-
somal gene order.

Over the course of evolution, and associated with
changes in the biological, chemical, and physical environ-
ment, bacteria will have frequently been under pressure
to adapt to novel growth conditions such as shifts in tem-
perature, pH, oxygen level, available carbon sources, the
presence of antibacterial compounds and metals, and
the evolving biological environment presenting new op-
portunities and challenges (Riehle et al. 2007;
Kondrashov 2012; Dailey et al. 2017; Kjeldsen et al. 2019).
According to evolutionary theory, the creation of new spe-
cies is strongly associated with genetic isolation and adap-
tation to these new environmental niches (Baquero et al.
2021). Evolutionary adaptation by SNAP will result in rapid
rearrangements in gene order as an inevitable by-product
of this process. SNAP will contribute to genetically isolat-
ing the newly adapted population from their recent ances-
tors, by reducing the possibility of recombining DNA
fragments acquired by horizontal genetic transfer, for ex-
ample, conjugation or transformation. Importantly, this
process of adaptation and genetic rearrangement can ori-
ginate with a single founder cell, does not require large po-
pulations or the acquisition of rare mutations, and the
entire process is driven rapidly by positive selection and
through a series of high-frequency events.

Materials and Methods

Bacterial Strains and Growth Conditions

All strains are derived from S. enterica serovar
Typhimurium strain LT2 (McClelland et al. 2001). See
supplementary table S3, Supplementary Material online
for a list of all strains used in this study. Bacteria were grown
in a minimal malate medium (1 g/ K,SO, 13.5 g/I K,HPO,,
4.7 g/l KH,PO,, 0.1 g/l MgSO,+7H,0, 10 mM NH,CI, and
0.2% L-malate) or Luria-Bertani (LB) broth (10 g/I tryptone,
5 g/l yeast extract, and 10 g/l NaCl [Oxoid, Basingstoke,
UK]) at 37 °C for 24—48 h with aeration by shaking at
200 rpm. For solid plates, 15 g/l of improved essential agar-
extra pure was supplied. All chemicals were purchased
from Merck unless stated otherwise.

Selection of the Met™ Duplication

Bacterial cultures were grown overnight in 1 ml LB and
traces of the rich medium were removed by washing
two times with 1 ml 09% NaCl. Cells were diluted in
0.9% NaCl, plated on minimal malate plates, and incubated
at 37 °C for up to 48 h. Large colonies were restreaked on
minimal malate plates and potential genetic changes were
identified by whole-genome sequencing,

Strain Constructions
Genes involved in malate transport and metabolism were
inactivated using DiRex (Nasvall 2017) or duplicated by
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isolate was classified into five sections (a—e) and two deletions (AL and AR) were designed in order to identify the location of section
C. The chromosomal order and theoretical result of the two deletions are shown for the case that section C is located in the left copy (left)
or the right copy (right) of the duplication. The gray crosses indicate chromosomal structures that are nonviable due to the absence of essential
genes. The dashed box shows the number of colonies acquired from the two transformation experiments. (b—g) Schematic overview of deletions
designed to identify the location of mutations (left) and read depth coverage analysis of the resulting Mte™ "% (b—e) or Mte™” 2°°°¢ (f—g)
isolates after transformation (right). The dotted black lines indicate the location of the originally duplicated section and the green stars indicate

sequences that were used for the localization of the selected mutations.

inserting a kanamycin resistance gene (Nasvall et al. 2017).
The mutL gene was inactivated by replacing it with a tetra-
cycline resistance cassette using dsDNA lambda-red re-
combineering (Yu et al. 2000). The mutL deletion was
moved into the evolved isolates using P22 phage transduc-
tion (Schmieger 1972). All oligonucleotides used in this
study are shown in supplementary table S4,
Supplementary Material online.

Whole-Genome Sequencing

Bacterial genomic DNA was prepared using MasterPure
DNA Purification kit (Epicentre, lllumina Inc, CA, USA) ac-
cording to the instruction of the manufacturer. DNA li-
braries were assembled using Nextera XT library
preparation and index kits (lllumina Inc., CA, USA) accord-
ing to manufacturer instructions. The libraries were
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sequenced on a Miseq device using a 600-cycle V3 reagent
kit (Illumina Inc,, CA, USA). Reads were processed, aligned,
and analyzed using CLC Genomics Workbench V9
(CLCbio, Qiagen, Denmark).

Mutation Frequency Measurements

The mutation frequency of wild-type and Amutl
Salmonella was measured by plating ~4 x 10°® cells of
overnight cultures on minimal malate plates containing
100 mg/I rifampicin. Each measurement was performed
with 10 independent replicates.

Experimental Evolution
Evolution in liquid medium was performed with 100 ml
minimal malate medium in 300 ml E-flasks with
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Table 2. Location of mutations in the duplication region of the final
Mte™ 2000G

isolate.
Gene® Left copy" Right copy"
gyrA® wt Glus575*
nrdB* wt 1le147Thr
nuoG wt Ala411Val
yfbS *609GIn wt
ackA GIn111Arg wt
folC® Pro360fs wt
pstE Glu80Gly wt
yfdZ-yhes® AyfdZ-yheS wt
yhfC Gly356Asp wt
nirB wt Val798Ala
bigA His802fs wt
mrcA wt AArg534-Met536
yhgF Leu706Pro wt
malP wt Thr16Met
livk wt AVal84-Ala85
yhiH wt Val18fs
dppF Pro305Ser wt
STM3631 Wt Gly89fs
yhjw Tyr268Cys wt
glys© wt GIn357*
avtA wt Met284fs
rfaC wt Val312lle
dfp© Leu146Pro wt
ligB wt GIn345*
spoT© wt Glu444lys
STM3773 wt Thr109Ala
STM3781 wt Pro70Leu
uhpT Trp164* wt
STM3796A.S Gly141Ser wt

*Indicates that the mutation creates a nonsense codon (a translation termination
codon in the mRNA).

2All genes are listed in their linear order on the Salmonella chromosome.

PLeft and right copy are defined based on the linear order of the Salmonella
chromosome.

“The gene has been identified to be essential for growth in LB (Baba et al. 2006;
Goodall et al. 2018).

“The segment contains genes that have been identified to be essential for growth
in LB (Baba et al. 2006; Goodall et al. 2018).

continuously shaking at 37 °C. The lineages were serially
passaged after each cycle of growth by transferring
100 pL of the grown cultures into 100 ml fresh medium
(corresponding to 10 generations of growth per cycle).
After 50 cycles (500 generations of growth), cultures
were plated on minimal malate plates and a single colony
of each lineage was isolated for further analysis. Single-cell
bottleneck evolution was performed by serial restreaking
on minimal malate plates with each cycle corresponding
to ~25 generations of growth. Plates were incubated at
37 °C for 48 h. For each passage, the second last single col-
ony of the streak on the plate was picked and restreaked
on a fresh minimal malate plate. After 25 cycles (corre-
sponding 500 generations of evolution), a single colony
of each lineage was isolated for further analysis. A detailed
scheme of the evolution experiment is shown in
supplementary fig. S5, Supplementary Material online.

Growth Rate Measurements
Exponential growth rates were measured using a Bioscreen
C machine (Oy Growth curves Ab Ltd). To prepare

bacteria, wild-type LT2 was streaked on LA plates, the
strains with single-gene duplications were grown on LA
with kanamycin at 50 mg/l and strains containing the
Met™ duplication were grown on minimal malate plates.
All strains were incubated at 37 °C until colonies of
~1 mm diameter were formed. Cells were scraped from
each plate and resuspended in 0.9% NaCl to an ODgypm
of 0.8. The bacterial suspensions were then diluted
2000-fold in a minimal malate medium. 300 pl of each di-
luted culture were incubated at 37 °C with continuous
shaking in honeycomb microtiter plates. Optical density
(600 nm) was measured at 5 min intervals. Doubling times
were calculated from the increase in optical density over a
sliding 10 measurement points window. Maximum expo-
nential growth rates were defined as the measurement
window with the highest doubling time. Final optical dens-
ities were measured after 18 h of growth. All results are the
average of five biological replicates.

Duplication Stability Measurements

Three independent cultures of the isolates Mte™, Mte™
SOOG’ Mte+, 10000’ Mte-l—. 1SOOG’ and Mte+, 2000G were grown
in 15 ml falcon tubes containing 1 ml LB medium. Each cul-
ture was serially passaged for 10 cycles by transferring 1 pl
of overnight culture into 1 ml fresh LB (total of 100 genera-
tions). After cycles 1, 2, 3, 5, and 10, ~100 cfu of each lin-
eage were plated on minimal malate plates (Mte™) or LA
plates (others) and incubated for 24 (LA) or 48 h (minimal
malate) at 37 °C. For the Mte™ isolate on the minimal mal-
ate plates, the presence of the duplication was assessed by
colonyssize. For the other isolates on LA plates, the presence
of the duplication was tested by PCR across the unique
junction present in the duplication. For each lineage and
time point, 10 colonies were tested by PCR.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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