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Abstract

The genome structure fundamentally shapes bacterial physiology, ecology, and evolution. Though insertion sequences (IS) are known drivers
of drastic evolutionary changes in the genome structure, the process is typically slow and challenging to observe in the laboratory. Here, we
developed a system to accelerate IS-mediated genome structure evolution by introducing multiple copies of a high-activity IS in Escherichia
coli. We evolved the bacteria under relaxed neutral conditions, simulating those leading to IS expansion in host-restricted endosymbionts and
pathogens. Strains accumulated a median of 24.5 IS insertions and underwent over 5% genome size changes within ten weeks, comparable to
decades-long evolution in wild-type strains. The detected interplay of frequent small deletions and rare large duplications updates the view of
genome reduction under relaxed selection from a simple consequence of the deletion bias to a nuanced picture including transient expansions.
The high IS activity resulted in structural variants of IS and the emergence of composite transposons, illuminating potential evolutionary pathways
for ISs and composite transposons. The extensive genome rearrangements we observed establish a baseline for assessing the fitness effects
of IS insertions, genome size changes, and rearrangements, advancing our understanding of how mobile elements shape bacterial genomes.
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The genome structure, including gene number and arrange-
ment, critically impacts bacterial physiology, ecology, and evo-
lution [1, 2]. A key driver of its evolution is insertion sequences
(IS), ubiquitous DNA transposons in bacterial genomes, ac-
tivating, disrupting, and reordering genes through recombi-
nation [3]. For instance, most genome rearrangements dur-
ing the two decades of the long-term evolution experiment
of Escherichia coli (LTEE) were mediated by ISs [4]. In na-
ture, ISs are particularly active in bacterial endosymbionts
and pathogens, whose genomes can harbor hundreds of IS

ments within hosts, combined with frequent population size
bottlenecks during transmission between hosts, relax selec-
tion, allowing the accumulation of weakly deleterious muta-
tions, including the increase of IS copies [7]. ISs can disrupt
genes upon insertion, and the proliferated ISs can delete se-
quences through tandem deletions and homologous recombi-
nations, leading to genome reduction, even down to one-tenth
of the size of free-living relatives [8].

Despite the abundance of sequence data, inferring the
dynamics, including the intermediate steps of genome
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structure evolution, can be difficult [9]. Moreover, disentan-
gling the potential factors driving these dynamics is funda-
mentally challenging, as the conditions of evolution in nature
cannot be controlled. Laboratory evolution offers an alterna-
tive approach, allowing researchers to directly observe evo-
lution under controlled conditions, track the dynamics, and
test evolutionary hypotheses [10], including the role of ISs in
genome reduction.

Previous studies struggled to observe IS-mediated evolution
in the laboratory primarily due to its slow pace. The model
bacterium E. coli has a genome that includes almost all the
genes of the genome-reduced aphid endosymbiont Buchnera
aphidicola [11] and has pathogenic strains harboring hun-
dreds of ISs [12]. This suggests that E. coli has the poten-
tial for intense IS-mediated reductive genome evolution in the
laboratory. However, IS transposition in E. coli typically oc-
curs only once per year (every few thousand generations) [12-
14]. Plague attempted to simulate natural IS expansions by
evolving E. coli for 4000 generations under relaxed selection
but failed to detect any IS expansion [15]. To observe the IS-
mediated genome evolution of E. coli, previous studies either
required decades, as in the LTEE [14], or involved evolving
hundreds of lines in parallel, as in the mutation accumulation
(MA) experiment by Foster’s group [13]. These studies high-
light the need for a more efficient method to study IS-mediated
genome evolution under well-defined conditions.

Here, we introduce a method to rapidly observe IS-
mediated genome evolution in the laboratory. Plague at-
tributed their failure to observe IS expansion to the low IS
activity of the wild-type strain of E. coli compared to bac-
teria experiencing an increase in IS activity in nature [15].
Simulating the conditions of such IS expansion, we inserted
multiple copies of high-activity ISs into the genome of E. coli
and evolved 44 lines under a stable, nutrient-rich, and low-
population-size condition. This approach enabled us to ob-
serve extensive [S-mediated genome structure evolution in just
10 weeks. Our study provides a reference for studying the fit-
ness effects of IS insertions, genome size changes, and rear-
rangements, and demonstrates a powerful method for exper-
imentally investigating bacterial genome structure evolution
under controlled laboratory conditions.

Materials and methods

Reagents

We used the following reagents and instruments:

For cell cultures during the MA, we used LB broth,
Miller (NACALAI TESQUE, Japan, 20068-75), LB agar,
Miller (NACALAI TESQUE, Japan, 20069-65), anhydrote-
tracycline hydrochloride (aTc; Sigma—Aldrich, USA, 37919),
chloramphenicol (Wako, Japan, 034-10572), dimethyl sulfox-
ide (Wako, Japan, 043-07216), and ethanol (99.5) (Wako,
Japan, 057-00456).

The master stock of aTc was prepared at 5mg/ml in
dimethyl sulfoxide, and the working stock was prepared by
diluting to 100 pM with ethanol and stored at —20 °C. Chlo-
ramphenicol was dissolved in ethanol and stored at —20°C.

For handling nucleic acids and DNA sequencing, we
used KOD One PCR Master Mix Blue (Toyobo, Japan,
KMM-201), exonuclease V (RecBCD) (New England Bi-
olabs, USA, MO0345S), Rapid Barcoding Kit 96 (Ox-
ford Nanopore Technologies, UK, SQK-RBK110.96), Na-

tive Barcoding Kit 24 V14 (Oxford Nanopore Technologies,
UK, SQK-NBD114), In-Fusion Snap Assembly Master Mix
(Takara Bio, Japan, 638948), Phenol/Chloroform/Isoamyl al-
cohol (25:24:1) (NIPPON Genetics, Japan, 311-90151), and
Wizard HMW DNA Extraction Kit (Promega, USA, A2920).

We used the following instruments: Infinite F200 multi-
mode plate reader (Tecan, Switzerland), Blue/green LED tran-
silluminator (NIPPON Genetics, Japan, LB-16BG), FACSAria
I (BD, USA), Flongle Flow Cell R9.4.1 (Oxford Nanopore
Technologies, UK, FLO-FLG001), Minion Flow Cell R9.4.1
(Oxford Nanopore Technologies, UK, FLO-MIN106D), Min-
ION Mk1B (Oxford Nanopore Technologies, UK, MIN-
101B), and Minion Flow Cell R10.4.1 (Oxford Nanopore
Technologies, UK, FLO-MIN114).

Biological resources

We used the following strains and plasmids: E. coli MDS42
[16], BW25113 recA (JW2669-KC, NBRP-E.coli at NIG,
Japan) [17], pKD46 [18], pCP20 [19], and pAJM.011 [20].

The following plasmids were constructed in this study:
pKD46_tetR and pYK-2X8 (plasmid with IS1-YK2X8). The
maps are provided in Supplementary Fig. S1, and sequences
are provided as in the “Data availability” section.

Preparation of strains and plasmids

To observe IS-mediated evolution in the laboratory, we de-
signed a high-activity IS, IS1-YK2X8 (Fig. 1A), based on IS1,
one of the most active IS in wild-type E. coli [13]. We made
the following modifications to IS1. The wild-type transposase
gene of IS1 (¢pn) has a frameshift in its coding sequence, sig-
nificantly reducing its activity [21]. The A¢C mutation was
introduced to the transposase gene to fix the frameshift to re-
cover IS activity [21]. tpn was expressed from a strong in-
ducible promoter based on Ppo-1 [9]. tetR from pAJM.011
repressed the promoter [20], preventing unintended IS activ-
ity. aTc was added to culture media to cancel the repression
and induce the expression of tpn to promote IS activity. Start-
ing from an increased copy number of IS would likely in-
crease the rate of IS-mediated genome evolution. To increase
the copy number of IS based on fluorescence intensity, as de-
scribed later, we introduced 7fp (mScarlet-I) from pYK-1N35
[9]. Furthermore, transcription at the ends of the IS interferes
with transposition [22]. To avoid promoter activities, we in-
serted strong terminators at the ends (rrzB T1 and L3S3P21
[23]). Inadvertent introduction of promoters was avoided by
checking for potential promoter sequences computationally
[24]. To avoid recombination within the IS1 as much as pos-
sible, we checked for potentially unstable repetitive sequences
using the EFM calculator [25]. For example, tpn overlaps with
the terminal sequence of ISs called the inverted repeat (IR).
The recombination between the IR and tpn may result in the
unwanted loss or duplication of tetR and rfp. We reassigned
the codons of the 3’-end of tpn to remove this homology. The
DNA sequence of IS1-YK2X8 is provided with the custom
scripts in the fasta directory and the plasmid map is provided
in Supplementary Fig. S1.

A copy of IS1-YK2X8 was introduced into the genome of
an IS-free strain of E. coli, MDS42 [16]. We used this strain to
prevent native ISs from interfering with the IS1-YK2X8 activ-
ity. The IS was introduced using lambda red recombination
[18] with plasmid pKD46_tetR (Supplementary Fig. S1A).
The plasmid was synthesized by In-Fusion reaction, integrat-
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Figure 1. The construction of ancestor strains with multiple copies of high-activity ISs. (A) To achieve rapid IS-mediated evolution, we constructed E. coli
strains with high IS activity. First, a copy of an inducible IS 7-YK2X8 was introduced into the gpmA-galM locus of IS-less E. coli MDS42 by lambda red
recombination. tpn: transposase gene, tetR: tet repressor gene, rfp: red fluorescent protein gene, IR: (L: left; R: right) inverted repeat. (B) Then, IS was
accumulated in the genomes by selecting cells with brighter red fluorescence by FACS and by picking brightest colonies under blue/green LED. For
FACS, bright cells within manually drawn gates (polygon) were collected. “FSC-A" indicates forward scatter value, used as a proxy for cell size. (C) The
positions and numbers of IS copies in genomes of the 11 ancestor strains used for the subsequent MA experiment. The numbers after “x" indicate the
copy numbers. The circular genomes are drawn to scale with the origin of replication (ori) at the top. Fw and Rv: ISs located on the forward and reverse

strands, respectively.

ing the tefR cassette from pAJM.011 [20] into pKD46 [18].
pKD46_tetR was used instead of the typical pKD46 [18] to
enhance the efficiency of lambda red recombination by re-
pressing leaky IS1 transposase expression, which may kill cells
with IST integrated. The recombination was performed as fol-
lows. A gpmA-IS-galM cassette with ~500 bp overhang ho-
mologous to the gpmA and galM genes of MDS42, was pre-
pared on plasmid pYK-2X8 (Supplementary Fig. S1B). The
homologous sequences are adjacent in the MDS42 genome,
and no sequence is deleted upon integration. The polymerase
chain reaction (PCR) primers to amplify the gpmA-IS-galM
cassette can also amplify a shorter sequence between the
gpmA and galM genes from the genome (Supplementary
Table S1). To avoid the amplification of genomic gpmA and
galM that do not contain the IS, the plasmid was cured of
residual genome DNA pre-PCR by exonuclease V treatment
that deletes linear DNA for 30 min, following the manufac-
turer’s protocol. Approximately 1ung of PCR product was
transformed into 80 ul of electrocompetent cells prepared
from log-phase MDS42 cells cultured in Super Optimal Broth
(SOB) with 0.1% (w/v) arabinose. After post-culture at 37°C
in SOB with catabolite repression (SOC) medium, cells were
plated on LB agar plates with 12.5 pg/ml chloramphenicol
at 42°C to cure pKD46_tetR. IS insertion was confirmed by
PCR using primers outside the homologous sequences, and
the loss of the plasmid was confirmed by the loss of ampicillin
resistance.

IS1 has higher activities at lower temperatures [26]. There-
fore, in the subsequent experiments, cells were cultured at
32°C when inducing IS activity and at 37°C otherwise to
avoid unintended IS activity.

IS accumulation using fluorescence as a proxy for
IS copy number
To further facilitate IS-mediated evolution, we prepared IS-
accumulated strains of recA* and recA™E. coli. recA* strains
were prepared through cycles of fluorescence-activated cell
sorting (FACS)-based selection and colony-based selections,
using fluorescence as a proxy for IS copy number (Fig. 1B).
First, we selected cells by FACS. Four colonies obtained
through the genome integration described in the previous sec-

tion were transferred to LB medium with 12.5 pg/ml chlo-
ramphenicol and 100 nM aTc, and incubated at 32°C with
continuous shaking for one overnight. The antibiotic chloram-
phenicol was added to the media to avoid contamination of
cultures by other bacteria. Approximately 100 cells exhibit-
ing the brightest ~0.01% fluorescence were isolated using
FACS into 200 pl of phosphate-buffered saline (PBS) and cul-
tivated on LB agar plates at 37°C for two overnights. Twelve
bright colonies under a blue/green LED transilluminator were
picked and cultured in a rich defined medium based on stan-
dard M9 (Supplementary Table S2) and were considered in-
dependent evolutionary lines for the subsequent steps of IS
accumulation.

Cells were further subject to cycles of FACS-based and
colony-based selection. Colonies were diluted in the modi-
fied M9 medium with varying concentrations of aTc (0, 1,
10, and 100 nM) and incubated at 32 °C for two overnights.
The cell cultures with the strongest induction without growth
defects were diluted into PBS, and the 0.01% brightest cells
were collected by FACS into 200 ul of PBS. The cell mixes
were spread onto LB agar plates and incubated at 37 °C to ob-
tain isolated colonies. The three brightest colonies were identi-
fied using a custom Image] script on photographs taken under
a blue/green LED transilluminator, mixed into the modified
M9 medium, and used for subsequent rounds of selections.
A total of four rounds of FACS-based IS accumulation were
performed.

recA™ strains were prepared similarly. recA was deleted be-
fore IS accumulation from MDS42 by integrating the kanR
cassette, which was amplified from the recA™ strain of the
Keio collection [17], using lambda red recombination [18].
The kanR cassette was then removed by FLP recombinase ex-
pressed from pCP20 [19]. A copy of IS was introduced into the
recA~ strain by lambda red recombination with pKD46_tetR.
IS accumulation was performed with nine rounds of FACS-
based IS accumulation.

The genotype of the cells was identified by long-read se-
quencing as described below but with a low read depth just
to identify the presence of ISs. Among the multiple strains
obtained, we chose the strains that seemed to have accu-
mulated ISs based on the sequencing results. We excluded
strains that ended up amplifying ISs through tandem dupli-
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cation, possibly allowing the strains to increase rfp while
avoiding transposition-induced growth defects (example in
Supplementary Fig. S2).

Mutation accumulation experiment

The IS-accumulated strains were subjected to MA experiments
in a nutrient-rich medium with aTc induction. For each pas-
sage, fresh LB agar plates were prepared by spreading aTc
mixed in 100 pl of sterile water on pre-prepared LB agar plates
containing 12.5 pg/ml chloramphenicol, resulting in a final
aTc concentration of 3nM. We employed a low induction
concentration to avoid growth defects due to high IS activity.
Chloramphenicol was added to avoid contamination of other
bacteria.

Single visible colonies were randomly selected for each lin-
eage and streaked onto new plates to obtain isolated colonies,
as previously described [27]. Plates were incubated at 32°C
for 3—4 days with shading to prevent aTc degradation (two
passages per week). To avoid selection for faster or slower
growth, we randomly picked colonies with diameters be-
tween 2 and 3 mm. When unavailable, colonies were selected
randomly.

The numbers of generations were inferred using a previ-
ously established regression between viable cell count and
colony size [27]. For colonies within the target size range, we
assumed a 2.5 mm diameter (27.2 generations). For colonies
with atypical sizes, generations were calculated based on mea-
sured diameters.

Genome sequencing

To identify the genome sequences of the evolved strains, we
employed long-read sequencing. Genomes were sequenced at
three points: before MA, after eight passages, and after twenty
passages. Raw reads were prepared as follows. During the
MA, glycerol stocks were prepared every four passages from
the same colonies used for the next passage. These stocks
were created by incubating cells in LB medium with chloram-
phenicol and storing at —80°C. After the MA, these stocks
were restreaked on agar plates, single colonies were picked,
and cultured overnight in LB medium with chlorampheni-
col at 37°C. We did not add aTc to these post-MA cultures
to avoid IS activity. Genome DNA was extracted from the
cells using the standard phenol-chloroform method using the
reagents of the Promega Wizard HMW DNA extraction kit
and Phenol/Chloroform/Isoamyl alcohol (25:24:1). The ex-
tracted DNA was read using the Rapid Barcoding Kit 96
and sequenced using R.9.4.1 minion and flongle flow cells
or using Native Barcoding Kit 24 V1 with R10.4.1 minion
flow cells. We used v5.1.0-v5.7.5 of the MinKNOW soft-
ware to run the experiments. Fastq files containing the DNA
sequences were generated by ONT Guppy (v6.1.5-v6.5.7)
super-accurate mode.

The reads containing sequences from individual DNA
molecules were assembled to draft genomes as follows. Reads
<1000 bp were filtered out using Filtlong (v0.2.0), and the
remaining reads were assembled with Flye (v2.9) [28]. The
median N50 of post-filter reads was 22.3 kbp, and the me-
dian read depth was x 30.3 (Supplementary Table S3). Some
genomes failed to assemble automatically into a single circu-
lar contig using Flye due to the presence of repeats >100 kbp
(e.g., L02-4 passage 20, Fig. 3A). Such genomes were manu-

ally resolved by visualizing the assembly graph using Bandage
(v0.9.0) based on the network of contigs and read depths [29].
When resolving these repeats, we chose the organization re-
sulting in the most parsimonious number of rearrangement
events. Due to this limitation, inversions between the repeats
could have been missed, and we might have underestimated
their numbers.

The draft genomes were refined before the analysis of struc-
tural variations (SVs). Assembled draft genomes were polished
using medaka (v1.6.0) as follows. Fastq reads were mapped to
the draft genome using minimap2 (v2.24) [30]. Variants were
called using medaka consensus and medaka variant. Polished
sequences were generated using bcftools (v1.15) [31] con-
sensus command, applying the called variants in VCF for-
mat to the draft genome.

To assess the quality of the polished genomes, we mapped
assembly reads back to polished genomes using minimap2.
We used cutadapt (v4.0) [32] to remove potentially chimeric
reads before mapping. To identify potential misassemblies, we
calculated the ratio between hard or soft clipped reads (clip-
ping length >100 bp) and average read depth for each 1kbp
window. A missed tandem duplication would ideally produce
a ratio of 1/1.5 (~0.67). Imagine a genome with a tandem
duplication >1 kbp with exactly 1x coverage and the dupli-
cation is missed in the assembly. In the window that includes
the left end of the duplication, we expect 1x coverage of reads
without clipping and an additional 1x coverage of reads only
in the right side of the end. If we further assume that the end
is at the center of the window, the average coverage would be
1.5 x with one clipped read. Thus, we focused on loci with ra-
tios >0.6, manually verified read alignments in IGV [33], and
corrected assemblies when possible (Supplementary Table S3).

There were some genomes with high clipping ratio even
after the manual curation. The ancestor genomes exhibited
high ratios where we manually introduced SVs that were com-
monly found in multiple evolved genomes (see “Identifica-
tion of IS insertion sites” section, Supplementary Table S4).
Some genomes showed high ratios near IS copies inserted by
lambda red recombination because sequences adjacent to the
initial IS inadvertently matched the sequencing kit adapter
(RBK110.96), causing supporting reads to be filtered by cu-
tadapt. These clippings do not indicate misassemblies, as with-
out filtering, the clipping ratio were typically within the nor-
mal range. Finally, reads of lines L01-4 (passage 20), L05-2
(passage 20), L05-4 (passage 8),and L06-1 (passage 8) did not
support a single genome structure. We manually fixed these
genomes so that the genome structure minimizes the number
of sites with high clipping ratios while being consistent with
other genomes of the same line.

To assess the validity of identified ISs we also checked that
all ISs in genomes of passages 8 and 20 had at least one sup-
porting read that start aligning from at least 100 bp upstream
to 100 bp downstream of the IS, and within the sequence start-
ing from 20 bp upstream to 20 bp downstream of the IS, the
alignments do not have any gap, indel, or clipping >10 bp. As
examples of read alignments on ISs, reads covering IS variants
in Fig. 5B are shown in Supplementary Fig. S4.

Note that we did not polish the genomes by short-read se-
quences, and the analyzed genomes contain false point muta-
tions and small indels. Nevertheless, the impact of these errors
on SV analysis appears negligible, as evidenced by the general
consistency of results among descendants of the same ancestor
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and the contiguity of the assembled genomes excluding those
with repeats over 100 kbp.

Identification of IS insertion sites

To detect ISs even if they have altered structures as in Fig. 5, we
adopted the following procedure. Sequences significantly (e-
value <1e — 10) matching the IS were identified by blastn [34]
(v2.14.0+), using the sequence of IST-YK2X8 as the query.
The blastn hits of candidate IS sequences were clustered, per-
mitting a gap of up to 20 bp. Hits in the same cluster were
assumed to be parts of the same IS. Among the IS candi-
date sequence clusters, those that contained at least 300 bp
of continuous IS matches were classified as ISs. The direction
of IS was assigned based on the largest match of IS in the
cluster.

We then analyzed the “IS insertion site,” the position of IS
insertion based on the coordinates of a reference predecessor
genome (Supplementary Fig. SSA). We analyzed such sites to
connect ISs detected in descendant genomes to those in pre-
vious sequencing rounds and identify those that are newly
inserted, even under the presence of structural mutations.
For every IS detected in the descendant genome (e.g., post-
twentieth passage), we identified the IS insertion sites in the
genome of the predecessor (e.g., post-eighth passage), the an-
cestor (pre-MA), and MDS42 (the common ancestor). Se-
quences of ISs, including the 100 bp sequences flanking the
IS in the genome of the descendants, were searched in pre-
decessor genomes by blastn. We used the best hit in terms of
e-value to avoid over-counting the insertion events when ISs
were inserted into duplicated regions. This will generally give
two loci for each IS, one for each end, because 1S1 typically
forms 8 or 9 bp target site duplications upon insertion [3].
If there were duplications or inversions between 1ISs, the loci
of the two ends would not be found near each other. To iden-
tify unique insertion sites in the coordinates of the predecessor
genomes, we clustered the blastn hits of all ends of ISs in both
the predecessor and descendant genomes, permitting a gap of
up to 20 bp by agglomerative clustering (single linkage, scikit-
learn [35], v0.24.2), and chose the center of the cluster as the
IS insertion site. We allowed up to 20 bp gaps to allow loci sep-
arated by the target site duplications to be clustered together
(Supplementary Fig. S5A).

We quantified IS insertion events by identifying unique IS
insertion sites in the reference genome that were exclusive to
descendant genomes. Specifically, IS insertion sites were cate-
gorized based on the presence of the sites across generations:
“original” (present in both ancestor and descendant genomes),
“lost” (present only in the ancestor), and “new” (present only
in the descendant) (Supplementary Fig. S5B). This procedure
prevents overestimation of insertion events when, for exam-
ple, an IS undergoes tandem duplication, as the duplicated
copies would share identical insertion sites in the predecessor
genome (Supplementary Fig. S6C).

We recognize potential insertion overcounting when new
IS elements insert into previously duplicated loci; blastn
hits of flanking sequences may produce multiple identical e-
value hits, potentially causing misassignment of insertion sites.
Manual inspection revealed only one such case in L04-3 (pas-
sage 20) where an IS at 2.16 Mbp inserted into a locus du-
plicated in passage 8. However, insertion sites were correctly
identified at the same predecessor genome locus at 2.32 Mbp,
with no resulting overcounting.
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The detection of IS insertion sites revealed some errors in
the assembled sequences, which were manually corrected if
necessary to avoid over-counting IS-related events. Several
genomes originating from the same parental strain exhib-
ited identical structural mutations related to ISs, perhaps due
to either heterogeneity within the parental strain or muta-
tion events between sequencing the ancestor strain and the
start of MA. To prevent the over-representation of IS-related
events, we manually incorporated those identical mutations
into the pre-MA genomes (Supplementary Table S4). Besides,
the post-MA genomes of L07 and LO8 had identical IS inser-
tion sites, likely due to cross-contamination before MA. Also,
the genome of L04-1 after the 20 passages was highly diverged
from the genome at the eighth passage. While the genomes
of the two time-points were similar compared to genomes
from other lines, many ISs inserted in the eighth passage were
lost in the twentieth. Hence, we excluded the comparison be-
tween the eighth and twentieth passages of L04-1 from the
analysis of IS insertion sites. Thus, the per-line event counts
of SVs shown in Table 1 likely show slightly conservative
estimates.

Visualization of structural variations

Genome structure changes were visualized using SyRI (v1.6.3)
[36] and plotsr (v1.1.1) [37] (Fig. 3A and Supplementary
Figs S8-S11). To circumvent the difficulty of identifying SVs
in the presence of repetitive ISs, we removed the ISs from the
genome sequences before running SyRI. Genomes of consec-
utive rounds of sequencing were aligned by minimap2. Since
we did not polish the assemblies by short-read sequences, the
preset asm20 was used to accept mismatches due to small er-
rors in the assembled genomes. Further options -H -f 100
-rlk,10k -rmg=no was used for compatibility with SyRI.
SyRI was run using the output bam file with options ~allow-
offset 20 -cigar -no-gc. We considered that an SV
had a corresponding IS if at least one of its ends was within
20 bp of an IS. The identified coordinates of the boundaries
of SVs were transformed back to the original sequences con-
taining IS using a custom script. We used the SV annotation
by SyRI for inversions, but for deletions and duplications, we
used the copy number changes, as explained in “Detection of
deletions and duplications™ section.

Rearrangements of at least 100 bp were visualized using
plotsr. We preprocessed the output of SyRI to make it com-
patible with plotsr using a custom script as follows. We re-
assigned the genomes in the configuration file for plotsr into
chromosomes and the generations to genomes to visualize the
rearrangements in one plot. Blastn matches of ISs >300 bp
were exported as BED files with a format compatible with
plotsr. As plotsr did not display rearrangements within a syn-
teny block, we used a custom script to reveal the nested rear-
rangements inside synteny blocks. Also, we reclassified CPG
(Copy Gain) or CPL (Copy Loss) events into duplications
or deletion, respectively, as they were also missed by plotsr.
Some mutations were classified as highly diversified regions
(HDRs) by SyRI and were excluded from the visualization.
This includes the complex rearrangement depicted in Fig. 3D,
as can be seen from the lack of bands connecting the regions
in Supplementary Fig. S10.

Analysis by SyRI and plotsr revealed some errors in the
assembled genomes. Among regions identified as HDRs,
we manually fixed the regions that were contaminated by
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Table 1. Events during the ten weeks of MA

This study LTEE® Wild-type MA®
Event recA* /line recA~ /line Total /line (IS) Total (IS) Total (IS)
IS increase 380 15.8 135 6.8 S15 11.7 - 150.5 - - -
Insertion® 644 26.8 258 12.9 902 20.5 - 2404 - 758 -
(Simple Ins.)? 260 10.8 106 5.3 366 8.3 - - - - -
Deletion?® 254 10.6 109 5.5 363 8.3 358 82 57 146 98
Duplication? 30 1.3 10 0.50 40 0.91 40 9 4 0 0
(Transposition)? 20 0.83 N 0.25 25 0.57 25 0 0 0 0
Inversion 42 1.8 12 0.60 54 1.2 54 19 15 £ £

Columns with (IS) indicate IS-mediated events among the total. Note that the number of insertions can exceed the net increase in IS count. For example, when
an IS inserts and subsequently triggers a deletion that includes a pre-existing IS, the total IS count remains unchanged despite the new insertion event. a,b:
Onmitted data from L04-1 Passage 20 and reversions of inversions, respectively. ¢: Data from 12 lines after 40000 generations [4, 14]. d: “IS-related” mutations
in a previous study [14]. e: Data from 520 independent MA lines of wild-type E. coli and its 12 repair-deficient mutants (total ~2.2 million generations) [13].

f: Not detectable using short-read sequencing [13].

low-complexity repeats (Supplementary Table S3). We reran
the above analyses if any modification was made to the
genomes.

Analysis of the distribution of IS insertion sites

Hotspots of IS insertions were detected using a sliding window
approach. We used 100 kbp-sized windows with a step size of
1 kbp. The significance of the IS insertion frequency in each
region was determined using binomial tests.

We discriminated simple insertions from complex insertions
entailing recombination, such as ISs that underwent intrachro-
mosomal transposition via the cointegration pathway [38].
Simple insertions were identified in two steps (Supplementary
Fig. S6A and B). First, for each IS in the descendant genome,
we identified whether the blastn match of the sequence flank-
ing the IS to the predecessor genome supports simple insertion.
Specifically, this was judged by (i) 100 bp sequences flank-
ing the IS have matches over 80 bp; (ii) the position where
ISs are inserted based on the blastn are clustered into the
same IS insertion site as described above; (iii) no significant
match to the predecessor IS was found in the site (otherwise,
it should be a part of a predecessor 1S); and (iv) the strands
the flanks match are consistent with a simple insertion event.
Then, if at least one IS among the descendant ISs support-
ing a new IS insertion site satisfies these criteria, the new in-
sertion is classified as a simple insertion. This criterion was
also applied to identify eight simple insertions of composite
transposons. We did not include them in the simple insertions
in the hotspot analyses, but included them when analyzing
the “local hopping” of ISs to increase the number of simple
insertion events per line. Examples of simple insertions and
complex insertions are shown in Supplementary Figs S6B-D
and S7.

Following a previous analysis of MA of wild-type E. coli
[13], we analyzed the distance distribution of newly inserted
ISs relative to pre-existing ones. This involved comparing the
distribution of distances from the newly inserted ISs to their
nearest pre-existing ISs with randomly generated distance dis-
tributions. The random distributions were generated from
10 000 simulated insertion events per genome in pre-MA and
post-eight passage genomes. The expected probability of sim-
ple insertions within 10 kbp of pre-existing ISs was calculated
by taking the median of 11 medians, each derived from a
simulated distribution based on IS positions in the pre-MA
genomes of the 11 parent strains.

Detection of deletions and duplications

To identify deletions and duplications, we analyzed the copy
number changes. First, we identified the copy number changes
based on the MDS42 genome sequence (Supplementary Fig.
S12). Genome sequences were mapped against the sequence
of MDS42 but with the IS inserted between gpmA and galM,
simulating the post-lambda red recombination state. We used
minimap2 to align the genome of interest to the reference
MDS42 genome. The per-base-pair depths were computed
with the depth command of pysam [31] (v0.21.0). Small vari-
ations in copy numbers, likely due to sequencing errors, were
omitted by smoothing the depths. First, bases were grouped
together with neighboring bases with identical depths. To get a
conservative estimate of the number of copy number changes,
we merged groups <20 bp to their closest neighboring groups
on the 5’ side that were>20 bp.

To identify the numbers and size distribution of dele-
tions and duplications, the same analysis was performed but
by comparing the genome sequences from two consecutive
genome sequencing rounds. We assumed that duplications oc-
curred with the above-identified groups as units. The num-
ber of duplication events to achieve the observed copy num-
ber changes was assumed to be the copy number minus one.
These assumptions can potentially lead to overcounting of du-
plications if nested or adjacent regions were duplicated, but no
group seemed to be affected, checking by manual inspection.
To avoid the distribution of duplications being distorted by
tandem duplications with more than two copies, each dupli-
cated group is counted only once in Fig. 3C regardless of the
depth. In contrast, for counting the number of duplications
as in Table 1, we counted the numbers including multiple du-
plications of the same region. Composite transpositions were
identified by manual inspection of the duplicated regions.

Identification of essential genes

To compare the genome size changes of our study with those
of the LTEE [39], we adjusted the genome sizes by the essential
gene contents. For the essential genes of REL606, the ances-
tor strain of the LTEE, ideally, we would have used the list of
genes essential in DM25 medium used in the LTEE. However,
the criteria of essentiality in available datasets for REL606
[40] were not comparable with the criteria used for other
strains [17, 41]. Thus, we considered genes essential in the LB
medium we used for our MA experiment and assumed that es-
sential genes in the standard K12 strain MG163535 are essential
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in both MDS42 and REL606. All essential genes were found in
MDS42 by matching the bnumbers and names. For REL606,
all essential genes were found by matching the bnumber or the
gene names, or by manually finding the remaining orthologs
by blastn.

Essential genes of our evolved strains were identified by
mapping the genes of MDS42 to the evolved genomes using
blastn with the default setting. We assumed the match was
valid if the e-value was <1e-10 and the match spanned at least
95% of the gene or the match had at most 5 bp not matched. If
multiple copies of an essential gene were detected in a genome,
we assumed that the gene was not essential, as they are redun-
dant and deleting or disrupting the gene would not be lethal.
We assumed that these essential genes were the only essential
sequences in the genomes to calculate the total length of es-
sential sequences in each genome.

Estimation of the expected length of deletions
We estimated the expected median length of deletions based
on the positions of essential genes and ISs in the genomes. Our
analysis assumed that: (i) Deletions start at the ends of IS el-
ements. (ii) Deletions can extend up to, but not include, the
nearest essential gene. (iii) Non-IS ends of deletions are uni-
formly distributed across nonessential regions (adopted as a
null model). (iv) The growth rate and deletion rate is inde-
pendent of the distribution of ISs and essential genes in the
genome.

For a integer-valued random variable /, its median [” satis-
fies the following equation:

[*
0.5=% p(h).
=1

given the probability density function p(/).

Let us assume that we had only one genome j and calculate
the density function p(/; j), the probability that a deletion ex-
tends / bp from an IS end in genome j. The genome has IS ends
labelled with 7 (i =1, 2, ..., ;). The distance to the nearest es-
sential gene from the i-th end of the j-th genome is denoted as
djj. Due to assumptions (i)-(iii), p(/; j) is proportional to the
number of IS ends that are at least [ bp apart from the nearest
essential gene ) ;[d;; > ], where [d;; > [] indicates that if d;; >
[ then the value is 1, otherwise 0. This gives

Zi[dij > 1] Zi[d;‘/ > 1]

l; ) = = .
PN = D S dy =k~ S(dy— 20)

The sum is taken from 20 bp, as we ignored deletions <20 bp
in our analysis. From this probability density function, the me-
dian expected length of deletions in the genome /7 satisfies the
following equation:

I
0.5=73 pll: j).

1=20

To calculate the expected length through all genomes, we
weighted the IS ends by the number of passages N; between
the genome and the next sequencing round based on assump-
tion (iv) (p(l, j)oxN;p(/; j)). Now that we have the probability
density function p(/, ), the expected median length of deletions
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I" can be calculated by solving the following equation:

I I* Z . N] ZX:(,([;J'[,'ZZI(I))
. j (dij—
0.5= E E pl,j) = E 271\],
=20 j 1=20 it

When the exact integer I” was not found, we interpolated the
value of [" by linear interpolation between the two closest in-
tegers. Bootstrap confidence intervals were calculated by re-
sampling the set of IS ends.

Notes on IS loss

We identified 22 cases of potential IS loss events by compar-
ing the genomes of two consecutive rounds of sequencing. We
did a mapping, basically the reverse of the analysis of IS in-
sertion sites. A total of 3000 bp sequences flanking each side
of a copy of IS in the predecessor genome (e.g., post-eighth
passage) were searched in the descendant genome (e.g., post-
twentieth passage) by blastn. The hits with the lowest e-value
were considered for each side of the IS. An IS in the predeces-
sor genome was annotated as lost if the matched end positions
of the flanks had a gap <100 bp (much smaller than ISs) and
the two matches were on the same strand.

Among the ISs that were annotated as lost, we excluded
ISs with some reads supporting the nonexistence of the IS in
the predecessor genomes by manually checking the read align-
ments on IGV (Supplementary Fig. S3). This identified three
cases of heterogeneity in the existence of ISs (L01-3.2.10,L02-
4.2.7, and L08-4.2.1, notation as in Fig. 5). We considered
them as false positives in the detection of IS loss.

Note that the detection of IS loss by this criterion may over-
estimate IS loss if the predecessor genome contained a duplica-
tion where only one copy included an IS. If the IS-containing
duplicated region was deleted while retaining the IS-free copy,
this would be incorrectly annotated as IS loss, when it should
be considered as a deletion. Manual inspection of the genomes
revealed no such cases.

We observed that among the 17 ISs that were considered
lost between the eighth and twentieth passages, 15 were newly
inserted during the first eight passages. The proportion is sig-
nificantly higher than expected from the fraction of ISs in the
genomes of the eighth passage that were newly inserted by
simple insertions (one-sided binomial test, P = 4.7 x 10712).
While this might be because ISs inserted during MA are more
likely to be lost than those inserted during the FACS-based
selection, we believe that these “losses” are indicative of ISs
being inserted after the MA when we prepared the samples
for sequencing.

While the proportion of these insertions is small compared
to the total number of insertions, and the majority of the
mutations were consistent between two rounds of sequenc-
ing, one should note that some mutations could apparently be
“reverted” for the same reason.

Detection of IS variants

The representative IS variants shown in Fig. 5 were identified
by classifying all detected ISs according to size using 100 bp
bins by hierarchical clustering connecting farthest neighbors
(complete linkage and scikit-learn). The first IS detected with
the most common length within each bin was chosen as rep-
resentative of IS variants of that size range. Genes within ISs
were annotated by blastn against the IS sequences with op-
tions -evalue le-5 -max_target segs 100000.
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Statistical analyses

Paired #-tests, Wilcoxon rank-sum test, and correlations
were calculated using R stats (v4.3.1). Analysis of Variance
(ANOVA) and x? tests was performed using the ANOVA func-
tion from the R car package (v3.1.2). Linear and generalized
linear models (GLMs) were performed using the 1m and glm
functions of R stats, respectively. We did not include the inter-
action terms in the models. Most models included intercepts,
except for two analyses: the correlation between the num-
ber of generations and the number of IS insertion sites; and
the correlation between IS insertion count and genome size
changes. These intercepts were excluded because there should
be no IS insertions at zero generations, and zero IS insertions
would imply no evolution.

To show the extent of IS insertions in our study, we com-
pared the number of IS insertions in the recA* lines and the
MA experiment performed by Foster’s group [42]. In their
study, it required 111 passages to reach 3080 generations
[42], and we assumed that one passage was performed every
weekday.

Binomial tests were performed using the binom.test
function of R stats. Sliding window analyses were performed
using a custom script using binom. test. Results were ad-
justed for multiple test comparisons using the Benjamini—
Hochberg method via the p.adjust function in the R stats
package. For assessing the significance of the correlation be-
tween the frequency of essential genes and insertions within
regions, we performed the same analysis but against nonover-
lapping windows of 100 kbp.

K-sample Anderson—Darling tests were used to compare the
observed distance distribution against distances from 10 000
randomly generated insertion events using KSampleADTest
of the HypothesisTests package (v0.11.0) in Julia. From the
obtained P-values, Fisher’s combined probability tests were
performed using the sumlog function from the R metap pack-
age (v1.1).

Bootstrap confidence intervals were calculated using the
boot function of boot (v1.3.28) in R and bootstrap func-
tion of scipy (v1.9.3) in Python with 1000 bootstrap samples
using the bias-corrected and accelerated (BCa) method.

To analyze how essential genes affect insertion frequency,
we compared genomes across consecutive sequencing rounds.
We divided predecessor genomes into 10 kbp windows and
analyzed whether the presence of essential genes (Ess) and IS
elements in the windows (IS), and recA in the genomes (recA)
affect the rate of IS insertions (INS) per nonessential non-IS
loci per passage (GLM, negative binomial, and log link). The
number of nonessential non-IS loci (/) and the number of pas-
sages between two genomes (N) were included as offsets, as-
suming that they have a proportional effects on the number of
IS insertions. In other words, the model we used is expressed
as follows:

I
log(ﬁ

N ) ~ Bo + B1Ess + BoIS + BsrecA,

where Bs indicate the predicted coefficients.

Novel programs, software, and algorithms

The custom scripts used for the analysis is available on
figshare (https://doi.org/10.6084/m9.figshare.27800133).

Results

The construction of ancestor strains

We designed a derivative of IS1, a major IS of E. coli (IS1-
YK2X8, Fig. 1A). The IS was tailored to induce rapid IS-
mediated structural rearrangements in E. coli as follows. A
high-activity mutant of the transposase gene (tpn) [21] was
placed under a strong inducible promoter (Pr). The promoter
is repressed by the TetR repressor expressed from fetR inserted
within the IS and is derepressed when aTc is supplemented to
the growth medium. To facilitate the rapid observation of IS-
mediated genome evolution, we introduced multiple copies of
IS1-YK2X8. This was achieved by introducing a copy of 7fp in
the IS and using red fluorescence as a proxy of IS copy num-
ber. After introducing a copy of IS1-YK2X8 to an IS-less E.
coli strain MDS42 [16], we repeatedly selected for brighter red
fluorescence via FACS and picking colonies under blue/green
LED (Fig. 1B).

We prepared six strains with recA and five without recA
to observe the potential effect of genetic backgrounds on IS-
mediated genome evolution (Fig. 1C). recA is the major en-
zyme in the recombinational repair system in bacteria [43].
The loss of related genes is a characteristic of genome reduc-
tion in endosymbionts [5], and its loss affects the rate of re-
combination between ISs [44]. Even so, the effect of recA loss
on IS-mediated genome evolution was not investigated in Fos-
ter’s group’s MA of wild-type E. coli, despite running the ex-
periment with knockouts of other repair pathways [13].

Expansion of ISs under relaxed selection

We evolved the strains under conditions simulating the re-
laxed selection considered to cause IS expansion in nature
(Fig. 2A). When streaked on agar plates, E. coli forms colonies
derived from single cells. Propagating a single colony every
passage reduces the effective population size (N.), allowing
the accumulation of weakly deleterious mutations by genetic
drift. Laboratory evolution using this method is called MA
experiments [45]. We subjected the IS-accumulated strains
to MA (reducing N.), used the nutrient-rich Luria-Bertani
medium (allowing more genes to be lost), and achieved high
activity of IS by adding aTc to the medium. To systemati-
cally avoid selection based on growth rates, we randomly se-
lected colonies within a predefined size range, avoiding both
unusually large and small colonies (see “Mutation accumula-
tion experiment” section). Following this procedure, 97% of
selected colonies ranged between 1.5 and 3.0 mm in diame-
ter. We evolved four evolutionary lines from every eleven IS-
accumulated strains (44 lines). We denote the lines as LO1-
2: the second line derived from the first ancestor strain, LO1.
To capture the dynamics of genome evolution, we sequenced
genomes at two time-points: post-eight and post-twenty
passages.

After approximately a median of 541 generations (20 pas-
sages, 10 weeks, 95% CI assuming normality: 539-541), the
numbers of ISs reached 18-35 copies in recA* strains and
13-29 copies in recA~ strains. ISs increased by an average
of 11.7 copies per genome (Fig. 2B and Table 1). The recA*
strains showed an mean increase of 15.8 (9-23) copies, while
the recA~ strains showed an increase of 6.8 (0-17) copies.
To analyze the difference due to the presence of recA, we fit-
ted a GLM with IS copy number increase after 20 passages
as the response variable, and the presence of recA and ini-
tial IS count as predictors (Poisson, log-link). The best fit
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Figure 2. IS expansion after 10 weeks of neutral evolution. (A) Overview of the MA experiment. Single-cell bottlenecks were imposed on every passage
to achieve relaxed neutral evolution. Genomes were sequenced after eight and twenty passages. (B and C) IS counts and new insertion sites after MA.

**% P < 2% 107'8(x2 = 161, fold change = 2.4, 95% Cl[2.1, 2.8]), P
0.47,95% CI[0.40, 0.54]) for (B) x? tests on Poisson GLM (log-link) with the lines and before/after MA as predictors (recA*: n = 24, recA~

=7.6x1078(x? =29,FC = 1.5,95% Cl[1.3,1.8]), P < 2 x 107'8(x2? = 106, FC =

:n=20)and

(C) x? test on Poisson GLM (log-link) with recA+/- as predictors (n = 44), respectively. (D) Comparison of the number of new insertion sites with a
previous MA of wild-type E. coli [13]. Linear regression (black line) was used to estimate the number of generations required for wild-type MA to reach
insertion site counts observed in our study (filled colored circles). We used the median generations for each passage for the x-axis of the boxplots.
Interline differences were at most 16 generations and negligible at this scale. Boxplots show the medians (center line), quartiles (box limits), and 1.5x
interquartile ranges (whiskers). (E) Distribution of IS insertions after twenty passages of MA. Upper: Positions of IS insertion sites based on the
coordinates of MDS42 + IS 1. Each horizontal line corresponds to one of the 44 evolutionary lines. Closed circles indicate new insertions, where blue
and black circles indicate simple and complex insertions (those associated with recombinations), respectively. Open circles indicate pre-existing ISs
before MA. Lower: IS insertion frequency throughout the genome. The line graph represents the mean insertion frequencies within 100 kbp windows
sampled every 1 kbp (n = 3981). Color depths indicate the number of windows with significant IS insertion accumulation or depletion. The box around
3.5 Mbp indicates the essential gene-rich IS-empty zone identified in the LTEE [14].



10 Kanai et al.

was 10.6 (x2.2 for recA*) x 0.9¢(nitil IS count) oy increase
per genome (Supplementary Fig. $13). x? tests indicated that
the increase due to recA* was significant (x7 = 66.8, P = 3.0
x 1071¢), whereas the pre-MA IS count was not (x? = 3.1, P
= 0.078). Thus, RecA activity was the primary determinant
of IS proliferation, independent of the initial abundance of IS.

To compare our observed copy number increase with Fos-
ter’s group’s MA of wild-type E. coli without assembled
genomes [13], we analyzed the number of insertions based on
new IS insertion sites: unique inserted positions in the prede-
cessor genome coordinates (Supplementary Fig. S5). Compar-
ing the genomes before MA, eight, and twenty passages, we
detected 902 IS insertion sites (Table 1). To highlight the rapid
IS expansion observed, we also compared the genomes after
20 passages directly with the ancestor genomes. Remarkably,
a median of 26.8 sites per line was detected in recA* (Fig. 2C),
a number comparable to roughly 6.9 x 10* (95% CI [6.3 x
10%, 7.6 x 10*]) generations or 9.5 years of MA using wild-
type E. coli [13] (Fig. 2D; linear regression, 7 = 15, R* = 0.97,
3.6 x 10~* insertions per generation, 95% CI[3.2 x 1074,3.9
x 10~*]). However, IS copy-number increase per passage de-
creased with the number of pre-existing ISs (log-link GLM
with Poisson distribution, FC = 0.93,95% CI[0.91, 0.94],
xi =71,P <2 x 107'¢, Supplementary Fig. S13B). This de-
cline could be attributed to two factors: the increasing fitness
cost of ISs to the host and the higher copy number of zetR,
which could have reduced transposase expression.

The distribution of IS insertions

The significant enrichment or depletion of IS insertions in spe-
cific genomic regions suggests either inherent bias in inser-
tion site preference or selective pressures acting on genomes
with ISs in these locations. Mapping the insertion sites to the
MDS42 genome revealed a predominantly random global dis-
tribution of IS insertions (Fig. 2E), consistent with Foster’s
group’s MA [13]. Taking 100 kbp sliding windows through-
out the genome, some windows exhibited significant IS inser-
tion frequencies (« < 0.05 in two-sided binomial test with
Benjamini-Hochberg (BH) correction for false discovery rate
(FDR), Fig. 2E, lower). IS1 can cause recombination upon
insertion [38]. We classified an insertion as simple if the in-
sertion sites due to the two ends of the IS in a descendant
were within 20 bp of each other in the predecessor genome
with no signs of complex rearrangements; we classified the
rest as complex insertions (typically those entailing deletions
or inversions, Supplementary Fig. S6). Focusing on the 366
simple insertions, no window showed significant bias (two-
sided binomial test with BH correction for FDR, P > 0.62,
Supplementary Fig. S14). However, this lack of significance
may reflect reduced statistical power due to the smaller num-
ber of simple insertions, particularly for detecting coldspots
(Supplementary Figs S15 and S16). An exception was the sig-
nificantly frequent simple insertions in the terminal 1 Mbp re-
gion (115/366, two-sided binomial test, P = 0.011).
Following a previous analysis of Foster’s MA [13], we
next analyzed the distance distribution of IS insertions rel-
ative to pre-existing copies of ISs. This confirmed that new
ISs were inserted significantly closer to pre-existing ISs than
expected by random chance, or “local hopping” of 1Ss [13]
(Supplementary Fig. S17, Fisher’s combined probability test,
X34 = 738, P = 1.5 x 1077°). However, we noticed that ex-
cluding the complex insertions, the distribution of new IS in-

sertion sites was not significantly different from the random
distribution (Fisher’s combined probability test, xi-, = 192, P
= 0.16). The trend was the same when we reanalyzed Foster’s
MA data [13] (Supplementary Fig. S18). While the local hop-
ping of ISs was evident for total insertions in ISTA and ISSA
(Anderson-Darling (AD) test, ISTA: P = 0.0035, ISSA: P =
2.1 x 1077), the distribution of simple insertions was indis-
tinguishable with the random distribution (AD test, ISTA: P
=0.65,1S5A: P = 0.056). This suggests that the local hopping
of ISs was due to complex insertions such as those involving
deletions (Supplementary Fig. S6).

Comparing our study with the LTEE of E. coli with larger
population sizes (N, = 3.3 x 107) [14] can clarify how se-
lection shapes IS insertion distributions. In a previous study,
an IS-empty zone rich in essential genes was identified in the
LTEE [14] (3.480 to 3.615 Mbp in Fig. 2E, lower). To evaluate
how selection affects IS frequency in this zone, we first ana-
lyzed insertion sites mapped to the original MDS42 genome
and found no significant depletion (one-sided binomial test,
P = 0.94). We then controlled for differences in the propor-
tion of essential gene because the strains we used are de-
rived from MDS42, which has fewer nonessential genes than
the REL606 ancestor used in the LTEE. Using essential gene
assignments from the Profiling of Escherichia coli Chromo-
some (PEC) database [41], we compared insertion frequency
per nonessential sequence. The previously identified IS-empty
zone showed significantly lower insertion frequency compared
to the rest of the genome in the LTEE but not in our study
(one-sided binomial test, LTEE: P = 0.011, This study: P =
0.98), supporting the role of purifying selection in the LTEE.

A GLM further supports that neighboring essential genes
have a minor effect on IS target site preference (see “Statis-
tical analyses” section); no significant depletion of IS inser-
tions near essential genes was observed beyond the expected
depletion due to lethal disruptions of essential genes. The
presence of recA had significant positive effects on the total
insertion rate per nonessential and non-IS locus, consistent
with our previous analysis (fold-change = 2.1; x7 = 99, P
< 2 x 107'%). The presence of pre-existing ISs strongly in-
creased the total insertion rate (fold-change = 5.2; 7 = 227,
P < 2 x 107'%), consistent with local hopping. The presence
of essential genes had a small but significant negative effect
on the total insertion rate (fold-change = 0.83, 95%CI[0.70,
0.97]; x7 = 5.7, P = 0.017). However, when focusing on sim-
ple insertions and performing the same analysis, the presence
of essential genes had negligible effects on the insertion rate
(fold-change = 0.95,95%CI[0.76,1.2]; x> = 0.18, P = 0.67).
This suggests that the slight negative effect on total insertion
rate reflects the depletion of complex insertions near essen-
tial genes. This depletion likely results from the loss of cells
where insertions triggered lethal deletions spanning essential
genes, rather than from IS target site preference in simple
insertions.

IS-driven genome structure evolution

Given the IS expansion, we next studied the changes in the
genome structure (Fig. 3A and Table 1). We detected a to-
tal of 457 large-scale rearrangements, including 54 inversions,
363 deletions, and 40 duplications. Ninety-nine percent of
the rearrangements were associated with ISs, signifying that
we successfully observed IS-mediated genome evolution in the
laboratory.
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Figure 3. Rearrangements detected after 10 weeks of evolution. (A) Genome structure evolution of the IS 7-integrated MDS42 strain, before and after 8
and 20 passages of MA (line L02-4). Genomes are aligned with the origin of replication set at zero. Gray bars represent the positions and orientations of
ISs, with the top and bottom bars indicating the direction of the transposase gene. Homologous regions are connected by bands, with colors indicating
the type of SV identified by SyRI [36]. Results for other lines are shown in Supplementary Figs S9-S11. (B) Inversion sizes and absolute angular
distances of inversion centers from the replication origin (6). © = 0 indicates symmetry with respect to the ori-ter axis. (C) Length distribution of
deletions and duplications. For deletions, red bars indicate those with at least one corresponding IS; gray bars indicate those without. For duplications,
multiple copies of the same region are counted once. Note that for both deletions and duplications, the lengths do not include the ISs themselves. (D)
Hypothetical route of a complex rearrangement observed in L05-4 during the MA. The depicted events represent one of the most parsimonious
evolutionary routes inferred from the alignment of the three genomes. Note that the ISs are not drawn to scale.

The median size of inversions was 84 kbp (range: 2.2 kbp—
1.7 Mbp, Fig. 3B). All three inversions exceeding 1 Mbp were
nearly symmetric to the ori-ter axis, consistent with observa-
tions of large inversions in nature [46].

Deletions ranged from 102 bp to 163 kbp (Fig. 3C), with
the largest deletion being a deletion of a duplicated region
(L04-3, Supplementary Fig. S9). Despite the general random-
ness of IS insertions, the observed deletion sizes were much
shorter than expected, reflecting a log-normal like long-tailed
distribution (Supplementary Fig. $19). If instead, we assume a
uniform distribution of deletions from pre-existing ISs to ran-
dom loci that do not contain any essential genes in between
as a null model, the expected median deletion size would be
30 kbp (bootstrap 95% confidence interval: 28-31 kbp), but
the actual median deletion size was only 2516 bp. Neverthe-
less, the large number of deletions resulted in deletions span-
ning 1.3 Mbp in total, corresponding to 34% of the genome
(Supplementary Fig. S12). As expected, no essential genes in
the PEC and Keio datasets were deleted [17, 41]

Duplications had a median size of 40 kbp (range: 4830 bp—
372 kbp, Fig. 3C). Surprisingly, the majority of the duplica-
tions resulted from transpositions of composite transposons
with a copy of IS at each end (25/40), rather than tandem
duplications (Table 1).

The interplay of IS-related mutations drove extensive
genome rearrangements through insertions, inversions, dele-
tions, and duplications. Line L05-4 exemplifies this rapid ge-

nomic change, displaying a complex combination of these mu-
tations (Fig. 3D). Despite the complexity, our frequent se-
quencing ensured that unresolved complex rearrangements
were rare and unlikely to have significantly affected the overall
mutation statistics presented.

The rearrangements led to genome size changes ranging
from 174 kbp reduction to 369 kbp increase or —4.4% to
9.2% (Fig. 4A). However, overall, deletions were offset by
the genome size increase from duplications and IS insertions,
resulting in negligible changes in the median genome sizes
(recA*: 8903 bp, 0.22%, recA~: —4845bp, —0.12%). To ac-
count for the low nonessential gene content of MDS42 com-
pared to the ancestor of LTEE and the larger size of ISs used
in our study, we adjusted the sizes of deletions based on the
nonessential gene content of the parent strains used in the two
studies (MA ancestors vs. REL606), and the sizes of IS inser-
tions were reduced to that of the wild-type 1S1. In addition,
for the LTEE, we focused on the nonpoint-mutator strains, as
the point-mutator strains had decelerated the pace of IS inser-
tions [14]. We found that the two studies had a similar num-
ber of both median IS insertions (recA*: 24.5, LTEE: 23.8) and
median genome size reduction (recA*: —0.96 %, n = 24, boot-
strap 95% confidence interval: ( —1.7, 1.3); LTEE: —0.82%,
n = 6, bootstrap 95% confidence interval: (—1.3, —0.0335);
Fig. 4B). While the genome size changes strongly correlated
with the number of IS insertions in the LTEE (linear regres-
sion, R? = 0.85, P = 0.0033, # = 6), our study showed a large
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variation in genome size changes even among strains with sim-
ilar numbers of IS insertions, obscuring the correlation (linear
regression, R> = 0.01, P = 0.62, n = 24). The largest con-
tributor to the variance in genome size changes in our study
was the length of duplications, as indicated by ANOVA among
the factors considered: deletions (Fy, 29 = 8.4 x 10°), duplica-
tions (F1, 20 = 3.9 x 10°), and IS insertions (F1,20=2.7 x 103)
(n = 24).

The evolution of gene order within the IS

Unexpectedly, various structural variants of ISs were detected
(Fig. 5A). While some of the IS variants were present in the
ancestor genomes (LO1, L02, L03, L09, and L10), new IS
variants emerged in 10/20 lines with pre-existing IS vari-
ants and 12/24 lines without pre-existing IS variants. Vari-
ous mechanisms formed the variants. For instance, L10-3.3.0
(underlined in Fig. SA, IS named as in the figure caption)
likely formed through a deletion of the sequence between
two ISs: L10-3.2.0 and L10-3.2.1. Six IS variants formed
through the insertion of one IS within another (Fig. 5B and
Supplementary Fig. S20). While two variants (L02-1.1.12 and
L10-3.1.8) were present in the ancestor genomes and thus
may have resulted from selection to increase IS copy num-
ber, at least four IS variants formed during the MA. We tested
whether this number coincided with the expected number
based on the fraction of ISs within nonessential sequences.
While this fraction increased during the MA (mean: from
1.1% to 2.1%), the observed number of IS-within-IS inser-
tions matched the expected numbers using fractions in both
the ancestral (2.7) and post-MA (5.4) genomes. This lack of
self-avoidance aligns with previous findings: While some com-
posite transposons exhibit “target immunity,” where trans-
posase avoids self-insertion, ISs typically lack this property
[47]. The nested arrangement due to self-insertion brings ho-
mologous sequences into proximity, potentially leading to fre-
quent homologous recombination within an IS, resulting in
the further formation of variants (e.g., L10-2.2.20, dashed un-
derlined in Fig. SA). Furthermore, the transposition of subse-
quences from within the nested ISs led to the formation of
additional variants (Fig. 5B).

ISs can function in pairs to transpose intervening genes
as composite transposons. A classical example is Tn9, where
a pair of IS1 elements mobilizes the chloramphenicol re-
sistance gene cat [48]. We repeatedly observed similar phe-

nomenon with IST-YK2X8 elements transposing intervening
genes (“Transposition” in Fig. 3C). A notable example oc-
curred in line L05-4 (Fig. 5C and Supplementary Fig. S10).
Here, a pair of IST-YK2X8 were inserted into sequences flank-
ing pqqL and yddB by the eighth passage. The pair of IS con-
taining a 7.5 kbp sequence within the pggL operon was then
transposed as an 13.7 kbp composite transposon into four dif-
ferent loci by the twentieth passage (Supplementary Fig. S21).
Another example was found in line L04-4 (Supplementary
Fig. S9). By the eighth passage, two copies of a 41kbp se-
quence between yohK and yehB were found with a pair of ISs
at their ends. By the twentieth passage, two additional copies
of the sequence were found, resulting in a total of four copies
in the genome (Supplementary Fig. S22). One copy was in-
serted by simple insertion, while the insertion of the other copy
entailed an inversion between the newly inserted locus and the
original locus.

Discussion

Bacterial genomes are dynamic and can undergo drastic
changes. However, two key aspects of genome evolution re-
main elusive despite accumulating sequence data. First, inter-
mediate evolutionary steps are often obscured, as we previ-
ously suggested for the IS-mediated evolution of operons [9].
Second, the specific conditions driving evolutionary phenom-
ena are difficult to identify in complex and varying natural
environments. Laboratory evolution allows researchers to dis-
entangle such intricacies through controlled experiments [10]
but has been limited by the typically slow pace of genome
structure evolution [4, 13, 15].

To address these challenges, we developed an E. coli strain
with high IS activity (Fig. 1) and demonstrated rapid IS-
mediated genome evolution under relaxed selection in the lab-
oratory, simulating the natural evolution of symbionts and
pathogens. In just ten weeks, we observed numerous IS inser-
tions, IS-mediated duplications, and deletions (Fig. 2, Fig. 3),
contributing to at most —4.4% to 9.2% genome size changes
(Fig. 4). This suggests that, given the right conditions, bacterial
genomes can rapidly evolve their structure in a relatively short
time, similar to pathogens that rapidly adapt to new hosts and
antibiotics [49, 50].

Long-read sequencing enabled us to reveal numerous IS
insertions and IS-mediated structural mutations (Table 1).
IS variants and composite transposons were also observed
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(Fig. 5), showcasing our method’s potential to study both the
evolution of bacterial genomes and the underexplored evolu-
tion of ISs themselves [51].

By tracking evolution under controlled conditions with ac-
celerated timescales, our approach allows the investigation
of fundamental questions surrounding bacterial genome evo-
lution. Our experiment fills the gap of the lack of experi-
mental studies demonstrating extensive genome evolution un-
der relaxed selection, and comparing our study with previ-
ous studies clarifies notions that previously were only vaguely
suggested.

For instance, our experiment supports the notion that bac-
terial genomes are biased toward deletions [52-54]. In the lab-
oratory, the LTEE showed a decrease in genome sizes [39], but
it has remained unclear whether the decrease may reflect selec-
tive forces or mutation biases. Despite the effective population
size of our study (N, ~ 10) being much smaller than that of
the LTEE (N, = 3.3 x 107) [55], the decrease in genome sizes
in our study and the LTEE were remarkably similar (Fig. 4B).
While some deletions in the LTEE, such as the parallel deletion
found in the ribose operon (median 5881 bp) [4] were bene-
ficial [56], this comparison suggests that genome reduction in
the LTEE largely reflects genetic hitchhiking of deletions with
beneficial mutations [4, 39].

In contrast to Foster’s MA study [13] where duplications
went undetected, our work reveals that duplications are ma-
jor contributors to genome size variation (Fig. 4). This means
that, like other mobile elements, IS can drive both genome re-
duction and expansion [52, 57]. Majority of duplications we
observed occurred through composite transposition (Fig. 3C),

suggesting that the limited IS copy number in wild-type E. coli
may have constrained duplication events in previous studies.
While wild-type strains contain only six copies of IS1 sepa-
rated by hundreds of kilobases [13], our ancestral strains car-
ried over ten copies of IS1-YK2X8 (Fig. 1B), facilitating the
composite transposition that requires proximal IS pairs [58].
While previous studies focused on easily detectable small dele-
tions, which can lead to an impression that genomes without
gene influx simply shrink due to the deletion bias [5], our re-
sults with duplications suggest a more nuanced picture. The
observed interplay between frequent small deletions and rare
large duplications suggests that genome size evolution can fol-
low complex trajectories, potentially including transient ex-
pansions (Fig. 4B).

The four-fold higher deletion count compared to Foster’s
study [13] provides a clearer picture of deletion size distribu-
tion. Consistent with previous findings, we observed ISs in-
serted significantly closer to pre-existing ISs than expected
(Supplementary Fig. S17), and deletion sizes significantly
skewed toward shorter lengths than predicted by our null
model of random insertions followed by nonlethal deletions
between pre-existing ISs (Supplementary Fig. $19). However,
our larger sample size revealed the longer tail of the deletion
size distribution, not evident in the previous study [13] but
consistent with findings in human cancer cell lines [59]. This
skewed distribution contrasts with inversion sizes (Fig. 3B),
which had a median of 84 kbp, similar to the median deletion
sizes expected from the null model (30 kbp) and the median
distance between random IS insertions and pre-existing ISs
(104 kbp, median at empirical cumulative distribution func-
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tion (ECDF) = 0.5 across 12 lines, Supplementary Fig. S17).
We identified that local IS hopping was significant only when
including complex insertions, mostly involving deletions (Ta-
ble 1), in both our study (Supplementary Fig. S17) and in IS1
and ISS in Foster’s MA study [13] (Supplementary Fig. S18).
Overall, we speculate from these observations a bimodal dele-
tion size distribution, with peaks ~1kbp (adjacent IS dele-
tions) and 10kbp (deletions between ISs). Further studies
are required to understand the mechanisms determining this
distribution.

Some loci seem to have had a higher frequency of IS-related
mutations than others, as we observed a locus with multiple
structural mutations in a short period (Fig. 3D). We speculate
that, in addition to the frequency of composite transpositions,
the high ratio of deletions versus insertions in our study com-
pared to wild-type (40% versus 19%, Table 1) may reflect the
different IS positions in the ancestors. Strains with high IS ac-
tivity or strains with recent IS expansions might better repre-
sent IS-mediated genome evolution in nature than wild-type
E. coli often used.

In contrast, we found no preference of simple insertion sites
at either 100 or 10 kbp windows, but two caveats should be
considered. First, the lack of significant insertion frequencies
in 100 kbp windows might be attributed to limited statistical
power due to the small number of simple insertions. In par-
ticular, increasing the number of passages or lines for at least
three-fold is required to reliably detect significant coldspots
of simple insertions (Supplementary Fig. S16A). Second, we
found that insertions near existing ISs tend to be complex.
One interpretation could be that simple insertions near exist-
ing ISs are rapidly followed by deletions, converting simple
insertions into complex events. Even if the initial positions of
ISs were hotspots (which is likely given that we let ISs accu-
mulate autonomously), subsequent simple insertions in these
hotspots might have been converted into complex events, lead-
ing to an apparent lack of significant hotspots for simple inser-
tions. Although our strategy of allowing ISs to insert through-
out the genome autonomously effectively mimics natural IS
expansion, future studies should also consider inserting ISs at
random positions with a mechanism independent of IS to elim-
inate this bias.

Through comparing recA* strains, we unexpectedly ob-
served reduced IS activity in recA-deficient strains (Fig. 2B).
This effect could partially be due to synthetic lethality, which
makes a deletion caused by IS insertion lethal only in the recA-
deficient strains [60]. However, synthetic lethality alone is un-
likely to explain the observed 2.2-fold reduction, as it would
require approximately half of all genes to exhibit synthetic
lethality with recA loss. Instead, we speculate that a more
major factor is the recA-deficient strains’ inability to repair
double-strand breaks triggered by IS transposase [44] making
cells with higher IS copy numbers less viable. Genome-reduced
endosymbiotic bacteria often lack recombination genes [5].
While this is commonly thought to promote genome degrada-
tion [61], our findings suggest it might also lower IS activities,
potentially preventing deleterious genome rearrangements.

Surprisingly, we observed multiple IS variants and compos-
ite transposons (Fig. 5). Most ISs, consistent with our find-
ings, lack strong target site preferences [3]. However, some ISs
exhibit nonrandom insertion patterns, preferring specific se-
quences or avoiding self-insertion [3]. The observation of the
formation of IS variants through nested insertions (Fig. 5B)
suggests that target preference for specific sites within an IS, if

present, might facilitate the formation of IS variants, enhanc-
ing its evolvability, and should be further investigated in future
studies.

The high IS activity allowed us to observe the emergence
of composite transposons, key elements in spreading antibi-
otic resistance and pathogenicity [62]. In particular, sequences
containing the pgqL operon and the locus between yohK and
yehB were each found at four different loci by the twen-
tieth passage. These sequences had pairs of inverted 1S1-
YK2X8 elements at their ends, indicating active transposition
as composite transposons (Fig. 3C; Supplementary Figs. 521
and S22). Well-known composite transposons are typically
<10kbp, and in our study, simple IS insertions were observed
on average 8.3 times per line (Table 1), and 5.5% of simple
insertions are expected to be found within 10 kbp (according
to the null-model simulations as in Supplementary Fig. S17).
We believe that similar experiments, for instance, under selec-
tive conditions relevant to pathogenicity, may rapidly generate
composite transposons with clinically relevant functions. Fur-
thermore, investigating the conditions and mechanisms that
enhance the formation of composite transposons would also
be an intriguing direction for further studies.

Surprisingly, lines without recA showed 2- to 4-fold fewer
deletions, duplications, and inversions than lines with recA
(Table 1). This contradicts previous findings that recA defi-
ciency typically decreases recombination rates by 10-fold [44,
63]. One possibility is that the modified IS sequence with the
inducible promoter and larger size may have favored recA-
independent transposase-mediated recombinations [64] over
the recA-dependent pathways used by wild-type 1S1. This
could have maintained high recombination rates regardless
of recA, reducing differences between the two genetic back-
grounds. Alternatively, the excessive IS activity in recA* strains
might have selected for cells with reduced recombination.
With 26.8 new IS insertions per line, occurring more than once
per passage (Table 1), many cells containing multiple muta-
tions could have been lost in subsequent passages due to fit-
ness costs.

A general caveat of our study is that engineering IS1 could
have led to relative rates of different structural mutation types
that differ from those in wild-type E. coli. For instance, re-
combination rates typically increase with size [63]. Our mod-
ified IS, three times larger than wild-type IS1, may have caused
higher recombination rates relative to simple insertions than
in wild-type strains. The frequent composite transpositions,
absent from the other laboratory evolution studies [4, 13],
may have resulted from the modifications we made to the IS.
Future studies should examine how mutations in ISs, including
their sizes, influence recombination rates across different ge-
netic backgrounds. Additionally, the modifications may have
altered self-insertion rates, affecting both the frequency and
diversity of observed IS variants. The larger size of our ISs
should have increased the likelihood of self-insertions. In con-
trast, fusing the two open reading frames of IS1 transposase to
increase its activity [21] may have disrupted the transposase’s
cis-preference [65], whereby it preferentially acts on its source
IS, potentially reducing self-insertion rates. Furthermore, since
we modified IS regulation to accelerate genome evolution,
identifying natural conditions that trigger IS expansion is nec-
essary to determine the relevance of our results to the early
stages of host restriction we aimed to simulate.

There are four additional limitations worth noting. First,
our proposed method to accelerate genome structure evolu-
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tion requires improvement, as the observed genome evolu-
tion remained minor compared to natural evolution, which
can involve megabase-pair changes in genome sizes and hun-
dreds of IS copies [5]. Second, the bioinformatics pipeline re-
quires further development. Although we automated much of
the analysis, numerous steps demanded manual intervention,
including resolving complex genome rearrangements, identi-
fying the parsimonious events that led to nested duplications,
verifying IS insertion site assignments in duplicated regions,
and classifying duplication types. Third, the MA protocol and
genome sequencing could have been improved to obtain more
accurate genome structures. Observed IS insertion rates ex-
ceeded expectations, with more than one insertion per pas-
sage in recA* strains (Table 1), suggesting colonies contained
cells with diverse mutations. Also, due to the high IS activ-
ity, cells during post-MA incubation may have led to some
cells in the population having additional mutations. Hetero-
geneity due to these factors necessitated manual resolution of
misassemblies in some genomes. Future studies might miti-
gate this by streaking colonies onto plates without inducers
at the passage that is to be sequenced and directly extract-
ing DNA from these colonies. Furthermore, more frequent
sequencing and improving the accuracy and length of long-
read sequencing would help resolve these issues by facilitat-
ing inference of parsimonious evolutionary paths as well as
more accurate detection of complex rearrangements and IS
variants. The improved sequencing would also allow for the
detection of point mutations within the ISs, further elucidat-
ing the mechanisms by which ISs evolve. Fourth, MA studies
cannot completely eliminate the effects of selection [66]. We
minimized selection on growth rate by imposing stabilizing se-
lection on colony sizes, maintaining ~26.5-27.7 generations
per passage, in addition to bottlenecks during transfers. Nev-
ertheless, we cannot exclude the possibility that certain com-
binations of deleterious or beneficial mutations were fixed by
selection.

An important direction for future research is to apply our
method to clarify mechanisms underlying the coexistence of
ISs in bacterial genomes, maintained through horizontal trans-
fer, transposition, loss, and fitness effects. Comparative ge-
nomic analyses suggest ISs copy numbers are balanced pri-
marily by gain through horizontal transfer and loss through
deletion, with episodes of extreme expansion [67-69]. While
our study provides direct evidence that ISs can expand with-
out selection for beneficial insertions (Fig. 2B), it is limited to
mimicking the transient proliferation phase within the long-
term evolutionary dynamics of ISs. Future studies extending
our method to rapidly simulate genome evolution under vary-
ing IS activities, copy numbers, horizontal transfer rates, and
selection pressures could verify conclusions from comparative
studies and elucidate mechanisms of long-term IS maintenance
in bacterial genomes.

The slow pace of IS-mediated evolution has been a bottle-
neck in studying genome evolution, leading to the reliance on
comparative studies. Organisms with high IS activity are of-
ten slow growers [70] or pathogenic [12]. Artificial genome
rearrangement methods, such as protoplast fusion [71, 72]
or site-specific recombination on synthesized genomes [73] do
not reflect typical natural processes. Applying our method to
rapidly growing, safe, and experimentally tractable organisms
like E. coli could serve as a proxy for studying the evolution-
ary dynamics of unculturable or pathogenic species. We be-
lieve our accessible method to observe genome evolution un-
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der controlled laboratory conditions stimulates further stud-
ies toward an experimentally grounded understanding of the
principles behind bacterial genome evolution.
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