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Abstract

Background Duplication and amplification of the chromosomal beta-lactamase gene ampC is a main mechanism
for amoxicillin resistance development in E. coli. When E. coli is exposed to step-wise increasing amoxicillin
concentrations, a fragment carrying the ampC gene can be amplified to high levels, resulting in up to 500 fold
increased transcription of ampC. The size of the amplicon varies between replicates and it is not clear what
determines the size and boundaries of the fragment. This study investigates the hypothesis that there are conserved
amplicon boundaries and hitchhiking genes in amplified fragment.

Results Seven mutants were constructed with a deletion of conserved flank-site located genes or hitchhiking
genes (Ayjel, Asugk, Ablc, AepmA, AyjeM, APecnB and AecnB). The amoxicillin adaptation rates of AsugE and AepmA
were significantly lower than wild type during a 22-day evolution. The duplication or amplification of ampC can be
observed in all evolved strains. More genomic point mutations were acquired in evolved AepmA and AyjeM than in
the wild type and other evolved mutants.

Conclusions The amplification of ampC does not exhibit a fixed hotspot for its boundaries. ISTA frequently serves

as an endpoint in ampC duplications in many evolved E. coli strains. The deletion of sugF and epmA genes, which are
located near ampC on the chromosome, affects amoxicillin resistance development in E. coli. Hence the hypothesis is
mostly falsified.
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Background

Beta-lactam antibiotics are commonly used for treating
infections in livestock and humans [1, 2]. The pervasive
use over the years has resulted in widespread resistance
against these compounds. There are no simple coun-
termeasures available [3]. Beta-lactam resistance in
gram-negative bacteria is mostly mediated by beta-lac-
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[7]. When exposed to step-wise increasing beta-lactam
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concentrations, E. coli is able to acquire high-level resis-
tance caused by AmpC overproduction [8-10]. The
transcription of ampC can increase over 200-fold in
amoxicillin resistant variants compared to wild type
(WT), through gene copy number increase and promoter
mutations [8].

The ampC genomic duplication or amplification (GDA)
is the copy number increase of the ampC gene result-
ing from tandem duplication or amplification of a chro-
mosomal fragment surrounding the ampC locus. The
sequence of the junction points between duplicons or
amplicons reveal the mechanisms of their formation [11,
12]. Two types of junctions have been observed: some
ampC amplicons show 0—7 bp of overlapping sequences
at the junction, others contain the insertion element IS1
(768 bp) [8]. ISI is known to preferentially insert into
A-T-rich regions [13], suggesting that when the GDA is
mediated by IS1, the boundaries of ampC amplicons may
occur at preferred genomic locations.

The ampC duplicons and amplicons always carry mul-
tiple genes near the ampC genomic location, indicated
as “hitchhiking genes” [14]. The copy number increase
of hitchhiking genes can result in their overexpression.
Based on RNA-seq analysis of an amoxicillin evolved E.
coli variant, the expression of ampC increased 97-fold,
while the expression of frdD, which is the gene next to
ampC, increased 25-fold [15]. The ampC amplicon usu-
ally has a relatively small size, 4 to 19 kb [16, 17], com-
pared to ampC duplicon, which can up to 300 kb [18,
19]. The duplicon was trimmed for higher copy number.
During the evolution of resistance, large duplicons are
often trimmed into smaller amplicons, which can achieve
higher copy numbers. This trimming process may prefer-
entially retain specific genomic boundaries or neighbor-
ing genes that provide a selective advantage, leading to
their repeated occurrence in independent amplification
events.

This study investigates the hypothesis that there are
conserved amplicon boundaries and hitchhiking genes
in amplified fragments. For this purpose, the hitchhiking
gene and flank-site located genes were analysed based on
the duplicons and amplicons from 60 independent amox-
icillin evolved E. coli. Seven mutants were constructed by
deleting common flanking genes and hitchhiking genes,
followed by a 22-day amoxicillin resistance evolution.
The sizes of the duplicons or amplicons of these evolved
strains were analyzed using whole genome sequenc-
ing. The outcome reveals that there is no fixed hotspot
for amplicon boundaries, while IS1A is a conserved end-
point for ampC duplicons. The deletion of the sugE and
epmA genes affects amoxicillin resistance development,
although further research, such as complementation
studies, would be needed to confirm their specific roles.
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Methods

Strains construction

The WT E.coli used in this work is BW25113. The
mutants Ayjel, AepmA and AyjeM are purchased from
Keio library (National BioResource Project), constructed
by A Red-mediated recombination. The mutants APecnB,
AecnB, AsugE and Ablc were constructed in lab by A Red-
mediated recombination [20]. The primers used in study
were listed in Supplemental Table 4. DNA was cloned
with pKD4 as template, PrimeSTAR Max (TaKaRa) as
DNA Polymerase. The PCR product was purified with
MSBSpinRapace kit (Stratec), then transferred into
BW25113-pKD46. The kanamycin resistance selection
cassette was deleted before laboratory resistance evolu-
tion through the transformation and expression of plas-
mid pCP20. Each gene-edited mutant was confirmed
through Sangar sequencing (Eurofins).

Growth conditions and antibiotics
Plasmids pKD46 and pCP20 are temperature sensitive.
To express BW25113-pKD46 or mutants-pCP20, the
culture was grown at 30 degrees. To remove the plasmid
pKD46 and pCP20, the culture was grown at 46 degrees.
Defined mineral medium, according to Evans (pH 6.9
supplemented with 55mM glucose) [21], was used for
laboratory resistance evolution experiments. During the
evolution, 5 mL of the strains were cultured in 15 mL
tube at 37 degrees at 200 rpm. Stock solutions of amoxi-
cillin were made in concentrations of 10 mg/mL every 3
days.

Laboratory resistance evolution

Resistance was developed through exposure to step-
increasing concentration of amoxicillin. Each strain was
plated on a LB plate before the resistance evolution. One
single colony was grown in Evans medium without drug.
After overnight culture, the culture was passage into
fresh Evans medium with an amoxicillin concentration of
1 pg/mL (1/4 MIC) with starting ODg, 0.1. This is the
Day 0 of the evolution experiment. After overnight incu-
bation, the evolved culture was passage into medium at
concentrations 1 pg/mL and 2 pg/mL. If the ODg in the
culture at 2 pg/mL drug concentration was higher than
70% of the ODg, at 1 ug/mL, the culture at 2 pg/mL was
used for the following passage, at concentration 2 pg/mL
and 4 pg/mL. In this case 2 pg/mL was recorded as the
concentration of Day 2 in the evolution. Otherwise, the
culture at 1 pg/mL was used, passaged again to concen-
trations 1 pg/mL and 2 pg/mL. The step-wise increase
when possible was repeated for 22 days. Three biological
replicates were performed for Ayjel, AsugE, Ablc AepmA
and AyjeM. Six replicates were performed for the WT.
Nine replicates were performed for APecnB and AecnB.
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One negative control, parallel passaged in drug-free
medium, was performed for each strain.

The rate of adaptation during evolution was compared
between WT and mutants through Wilcoxon signed-
rank test [22], a non-parametric statistical test. Firstly,
the average of the antibiotic concentration used on each
day was calculated separately for mutants and WT. Then
the significance of difference between mutants and WT
was assessed by pairing the average concentrations for
each day of the evolution experiment.

Whole-genome sequencing
Genomic DNA was extracted from 1 mL overnight cul-
ture after 22-day evolution with DNeasy Blood and
Tissue kit (QIAGEN GmbH, Germany). Then whole-
genome sequencing DNA library was prepared by NEB-
Next Ultra II FS DNA Library Prep Kit for Illumina (New
England BioLabs, USA) and NEBNext Multiplex Oligos
for Illumina (96 Unique Dual Index Primer Pairs; New
England BioLabs, USA), following by sequencing on
Ilumina NextSeq 550 system. After sequencing the raw
data was trimmed and deduplicated [23]. Then the bam
files were aligned to references CP009273 using bowtie2.
Samtools depth was used to calculate the depth from the
mapping. The depths were divided by the average for
normalization. Genome regions with a coverage depth
between 1.5 and 2.5 were labeled as duplicon. If the nor-
malized depths are higher than 2.5 at continuous posi-
tion, amplicon is identified. Point mutations (PM) and
structure variations (SV) were analyzed through Breseq
function [24]. The mutations with an allele frequency
lower than 0.1 and those also present in control samples
were discarded.

The weighted mean of PMs frequency was calculated
by the following equation in Fig. 6. The # is the number
of evolved replicates. AF is allele frequency.

Y VAF;

n

w

Results

Conserved boundary and hitchhiking genes in ampC
duplicons and amplicons

To search for the conserved boundary and hitchhiking
genes, we analyzed the frequency of boundary and hitch-
hiked genes in 60 ampC duplicons and amplicons identi-
fied in amoxicillin resistance evolution (8, 16—19, 25, 26]
(Fig. 1). The boundaries and hitchhiking genes were char-
acterized based on their distance in kb and in the number
of genes from the ampC locus in the genome. Frequen-
cies were calculated as the number of occurrences of a
given distance (both start and end points) or gene count,
divided by 60.
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The highest frequencies of amplicon start and end
points were observed around 5 kb upstream (21%) and
6 kb downstream (35%) of the ampC locus (Fig. 1a). How-
ever, we did not identify a single common genomic site
that consistently served as the ampC amplicon bound-
ary, suggesting that there is no fixed hotspot for ampC
amplification.

Boundary occurrences were relatively more frequent
within the range of —-10 to + 12 kb from ampC. To assess
whether boundaries were associated with specific genes,
we recorded the frequency of genes located at boundary
sites (Supplementary Fig. 1). The highest frequency (38%)
was found within the yjeM gene (an endpoint), followed
by yjel (17%, a start point). One concern is that larger
genes may provide a bigger target for GDA end joining.
To examine this, we analysed the relationship between
gene size and frequency within the — 10 to + 12 kb region
around ampC (Fig. 1b). No clear linear relationship was
observed. Genes with a relatively high boundary fre-
quency but small size (yjeM, yjel, ecnB, epmA) were
selected for further study.

The frequency of hitchhiking genes exhibits a uni-
modal distribution around the ampC gene location (Fig.
1c). This indicates that ampC is the main driving factor
for GDA. Two genes (sugE and blc) next to ampC were
carried by almost all duplicons and amplicons. The sugE
gene (318 bp) codes for a multidrug resistance trans-
porter [27]. Blc (534 bp) is a lipoprotein that plays a role
in lipid transport and storage under stress conditions
[28].

Deletion of sugE and epmA genes significantly impacts the
amoxicillin adaptation rate.
To investigate whether the boundary-located genes and
hitchhiking genes influence the rate of amoxicillin resis-
tance adaptation, seven mutants were constructed, five
with deletions of common boundary-located genes or
their promoter (Ayjel, APecnB, AecnB, AepmA, AyjeM)
and two with deletions of conserved hitchhiking gene
(AsugE, Ablc). Their genomic map is shown in Fig. 2a.
These mutants, as well as a W'T, were subjected to step-
wise increasing amoxicillin levels to induce resistance
evolution. All strains have the same initial MIC for
amoxicillin (4 pg/mL). The evolution experiments lasted
22 days. Three biological replicates were performed for
Ayjel, AepmA, AyjeM, AsugE and Ablc, nine for APecnB
and AecnB, and six for the WT. The amoxicillin con-
centration shown for each day represents the average
concentration used across replicates during evolution
experiments (Fig. 2b, ¢, d, e, f, g). The resistance develop-
ment of each replicate during the evolution is shown in
Supplemental Fig. 2.

The adaptation rates of APecnB, AecnB and Ablc were
similar to that of the WT. The Ayjel and AyjeM showed
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a slightly lower rates than the WT, with the p-value of
0.0559 and 0.0782, respectively. In contrast, the adapta-
tion rates of AsugE and AepmA were significantly lower
than that of the WT, with the p-value of 0.0094 and
0.0265, respectively. Both AsugE and AepmA adapted to
lower amoxicillin concentrations than the WT after a
22-day evolution.

GDA:s in evolved resistant mutants

Short-read whole genome sequencing was performed
on all evolved strains at the end of the evolution experi-
ments. The “evolved strains” are resistant populations
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containing multiple variants evolved from a single colony
of the fully susceptible WT or mutants. The sequenced
reads were mapped to the E. coli BW25113 reference
genome (GenBank: CP009273.1). The plots of locus and
normalized reads coverage were shown in Figs. 3 and 4
and Supplemental Fig. 3. When GDA occurs, the reads’
coverage of those fragments is higher than the base line.
The copy number variation of genomic fragments was
record in Table 1. The exact locations of the fragments’
flank sites were shown in Supplemental Table 1. The
ampC gene is located at 4.367 to 4.368 Mb in the genome.
The ampC GDA occurred in 27 of 33 evolved mutants.

Fig. 3 Normalized depth of coverage of evolved AsugE. AsugE—1, AsugE—2 and AsugE—3 are colored in red, blue and yellow, respectively. Plots are zoom-
in for the amplicons containing the ampC gene, and the start and end of ampC duplicons and triplicons. /STs are indicated with red arrows
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Table 1 Duplicons and amplicons acquired during amoxicillin resistance evolution
Strains ampC amplicon (CN" > 2.5) ampC duplicon (CN>1.5 & <2.5) Other duplicon (CN>1.5 & <2.5)
Start End Size Start End Size Start End Size
blc-1 sugk frdA 3800 - - - - - -
blc-2 yje)/epmB  yjeM 9487 - - - - - -
blc-3 ecnB/sugt frdB 3574 - - - - - -
SugE-1 yjbS/aphA  ISTA 392656 - - - - - -
sugk-2 aspA/fxsA frdB 11,830 frdB ISTA/rpsT 281,805 - - -
sugk-3 - - - yjcC ISTA 385,606 - - -
epmA-1 epmB rsgA 15,379 - - - - - -
epmA-2 - - - - - - insF1(IS3,0.31 Mb)  insF1(/S3,0.56 Mb) 251,471
epmA-3  gltP/yjcO  nrdG/nrdD 164,209  rrsE/rrlE gltP/yjcO 86,157 - - -
nrdG/nrdD  rrIiH 403,533
yjel-1 ecnA/ecnB  yjeM 7632 yjeM insB1 1,303,407 - - -
(1.05 Mb)
yjel-2 - - - insB1 insB1 2,100,058 - - -
(1.05 Mb) (3.58 Mb)
yjel-3 blc yjeM 6625 - - - - - -
yjeM-1 - - - - - - IS3B yedT 700,848
yjeM-2 yjeH orn/yjeV 23,051 - - - insHT (1S5B) insHT (1S5D) 112,435
yjeM-3 yjeH orn/yjeV 23,046 - - - insHT (IS5B) insHT (I1S5D) 112,571
ecnB-2 cadB yjeM 25157 yjeM ISTC, (CP4-6) 543,458 - - -
ecnB-3 - - - - - - insET (1S3) insF1(1S3D) 779,165
ecnB-4 yjel/epmB  frdA 7203 - - - - - -
ecnB-5 yje)/eomB  frdA 7195 - - - - - -
ecnB-6 - - - - - - insET (1S3) insF1(1S3D) 701,722
ecnB-7  yjel/yje) nrdG/nrdD 87,110 - - - - - -
ecnB-8 yjel/epmB  frdA 7804 - - - - - -
ecnB-9 alskR/rplB rsgA 77457 - - - - - -
Pecng—1 sugk epmA 6604 - - - - - -
Pows—2 - - - yjbB IS1A 432162 - - -
Pong—3  VjeH frdA 10615 - - - - - -
Pensg—4  ecnB/sugk  orn/yjeV 15914 - - - - - -
Pocng=5 yjel/epmB yjeM 10,286 - - - insI1 (1S30C0O4-6) insE (1S3D) 823,942
Pocng=6  yjcC ISTA 385,084 - - - - - -
Pocrs—7 - - alsB ISTA 350,684 - - -
Pows=9  lysU YjfZ/ytiA 74188 - - - - - -
CN Copy number

There were 4 evolved mutants (AsugE-2, AepmA-3,
Ayjel-1, AecnB-2) with an ampC amplicon, in addi-
tion to a duplication of a larger fragment in addition to
the amplified fragments (Table 1). 7 evolved mutants
(AepmA-2, AyjeM-1, AyjeM-2, AyjeM-3, AecnB-3,
AecnB-6, APecnB-5) duplicated a fragment between 0.31
and 1.09 Mb in size flanked by transposon elements 1S3
or IS5. The ampC duplication of AepmA-3 is flanked by
16 S/23S ribosomal RNA genes instead of transposon
elements, indicating another mechanism of ampC copy
number variation.

The insertion element ISI can contribute to ampC
amplification through inserting into the junction of tan-
dem connection [8]. In this work, ampC amplicon or
duplicon started or ended at ISI element in 9 of the 27
identified ampC duplicons and amplicons. 6 of the 9

involved IS1 are IS1A, which is located at 19 Kbp of E.
coli BW25113 genomic location. Besides, Ayjel-1 ended
its ampC duplicon at the insBl(a gene of ISI) on 1.05
Mb, while the duplicon of Ayjel-2 started from one ins-
Bland ended at another insBI. The ampC duplicons or
amplicons of all evolved AsugE (same with APecnB-2, 6,
7) ended at ISIA, started at different positions (Fig. 3). In
these three evolved AsugE, one had an ampC fragment
amplification with copy number more than 200, the other
two exhibited ampC fragment duplication and triplica-
tion. The reads of ISIs at different locations increased.
As the size of amplicons is relatively small, it only pres-
ents a peak in a genome-wide map. The start and end of
ampC amplicons or duplicons were visualized through
the zoom-in plots.
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as shown in the side bar

To analyze the ampC amplification in each evolved
mutant, the amplified genomic fragments in genome
are compared in Fig. 4. Because of the gene deletions in
mutants, the sequencing coverage of the deleted gene
(or promoter) dropped to zero, as indicated by arrows.
Except Ayjel (Fig. 4a), most ampC duplicons or ampli-
cons covered the position of deleted gene (Fig. 4bcdefg).
In addition to the targeted deletion, a second dele-
tion was observed at the same position in some evolved
AecnB and APecnB replicates (Fig. 4bc). These deletions
were shown in Fig. 5.

The observed deletions were in the upstream of ampC
gene, with the size range between 6 and 211 bp. The
expression of ampC is controlled by its weak promoter,
which can increase its strength by the deletion of its
attenuator [29]. The deletions observed in APecnB-7 and
APecnB-8 were in and containing the promoter attenu-
ator, respectively. The deletions observed in AecnB-3
and AecnB-6 included all code of ampC promoter and
most code of frdD gene. The deletions of AecnB-4 and
AecnB-5 were respectively 42 and 44 bp in the frdD gene
code, and the upstream of ampC promoter.

Point mutations and genomic structure variations in the
evolved strains

The accumulation of point mutations (PMs) can result in
antibiotic resistance. Genomic structure variations (SVs)
include long deletions, insertions, transposons transposi-
tion and GDA. SVs can inactivate genes or enhance gene
expression. PMs and SVs impact each other and in com-
bination determine evolutionary trajectory and direction.
The analysis of the number of PMs and SVs in evolved
strains is shown in Fig. 6. The details are shown in Sup-
plemental Tables 2 and 3.

To filter out the random mutations in passage, muta-
tions that occurred in negative controls or with lower
allele frequency than 0.1 were removed from the analy-
sis. Compared to the WT, the numbers of identified PMs
and SVs in evolved none of the mutants changed signifi-
cantly when tested with ANOVA(Fig. 6a). When a t-test
through Prism 10 was performed the only significant
changes (at the 0.05 level) were that the number of PMs
increased in evolved AyjeM, and the SVs decreased in
evolved AepmA.
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The frequency of PMs in resistance associated genes
is shown in Fig. 6b. The transcriptional level of ampC
can be enhanced via mutations in its promoter [30, 31].
Amoxicillin resistance can also be acquired through
mutations in the outer membrane porin OmpC and its
two-component-system regulator OmpR/EnvZ [32]. The
other two-component system that can increase beta-
lactam resistance is CpxA/CpxR. It regulates the expres-
sion of membrane porin OmpF and efflux pump AcrD
[33]. Mutations in the genes of the multidrug efflux pump
AcrA/AcrB [34], the beta-lactam binding target FtsI [35],
the sigma factor and its subunits [18, 36] also enhance
resistance. Overall, the PMs occur most frequently in
the ampC promotor (PampC, PampC|frdD). The PMs in
ompC, envZ and cpxA are less frequent than those in the
ampC promoter but still relatively common.

Discussion

The ampC GDA constitutes an essential mechanism
of beta-lactam resistance [8, 9, 11, 15]. Duplicons and
amplicons typically carry more than one gene, raising
the question of how their boundaries are determined and
which neighboring genes become amplified as a conse-
quence of their location next to the ampC gene. While
analyzing 60 ampC amplified fragments from this and
previous studies, we found no evidence of a fixed hotspot
for ampC amplification. However, 2 genes, sugE and blc,
were consistently co-amplified. These were further stud-
ied through amoxicillin resistance evolution with dele-
tion mutants of candidate genes.

The amoxicillin adaptation rate of AsugE and AepmA
was lower than that of the WT. SugE is a multidrug
resistance family transporter [27]. EpmA (YjeA) is lysyl-
transferase of protein chain elongation factor EF-P [37].
It is critical for the activity of EF-P, which is related to
stress resistance [38]. The genes on the upstream of sugE
(ecnB) and downstream of epmA (yjeM) displayed high
frequency of amplicon boundary occurrence. When the
boundary is located within the ecnB and yjeM genes,
the sugE and epmA genes are hitchhiking as part of the
amplicon. This suggests that overexpression of sugE and
epmA may facilitate resistance adaptation. Complemen-
tation of the deletions with plasmids would be necessary
to confirm their functional contribution.

Mobile genetic elements play a central role in anti-
microbial resistance, facilitating horizontal genetic
exchange and thereby acquisition of resistance genes
[39]. Most identified duplicons in this work, whether
related to ampC or not, display at least one flanking site
located at a transposon element. In particular, the trans-
poson element ISIA is always at the endpoint of ampC
duplicons. Previous work showed that ISI can insert into
the junction of tandem amplified fragment [8], at the
same time, the copy number of ISI increased. However,
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it is unknown how the ISI joins the junction. Here, we
observed a genomic structural variant (AsugE-2) in
which an ampC amplicon was directly followed by a
larger duplicon ending at IS1A. This supports a model in
which large ISI-mediated duplications occur initially, fol-
lowed by trimming to produce smaller, high-copy-num-
ber ampC amplicons. Similar models in which amplicons
and duplicons are generated by a multistep process were
reported for Salmonella enterica [40, 41]. The initial
duplication can be remodeled, resulting in the smaller
size of repeated region. The remodeling deletion creates
a new joint point and a loss of the initial duplicated junc-
tion sequence.

Conclusions

This study demonstrates that ampC gene amplification in
E. coli is not constrained to a fixed genomic hotspot but
often includes hitchhiking genes. Experimental evolution
with single-gene-deletion mutants confirmed that loss of
sugE or epmA significantly reduces the rate of amoxicil-
lin resistance adaptation. We further show that mobile
genetic elements, especially /S1, play a central role in
structuring ampC duplicons. ISIA frequently serves as an
endpoint of ampC duplicon.
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