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ABSTRACT Beta-lactamase-mediated degradation of beta-lactams is the most common
mechanism of beta-lactam resistance in Gram-negative bacteria. Beta-lactamase-encod-
ing genes can be transferred between closely related bacteria, but spontaneous
inter-phylum transfers (between distantly related bacteria) have never been repor-
ted. Here, we describe an extended-spectrum beta-lactamase (ESBL)-encoding gene
(blapun-1) shared between the Pseudomonadota and Bacteroidota phyla. An Escherichia
coli strain was isolated from a patient in Miinster (Germany). Its genome was sequenced.
The ESBL-encoding gene (named blayyn-1) was cloned, and the corresponding enzyme
was characterized. The distribution of the gene among bacteria was investigated using
the RefSeq Genomes database. The frequency and relative abundance of its closest
homolog in the global microbial gene catalog (GMGC) were analyzed. The E. coli strain
exhibited two distinct morphotypes. Each morphotype possessed two chromosomal
copies of the blapyn-1 gene, with one morphotype having two additional copies located
on a phage-plasmid p0111. Each copy was located within a 7.6-kb genomic island
associated with mobility. blayyn-1 encoded for an extended-spectrum Ambler subclass
A2 beta-lactamase with 43.0% amino acid identity to TLA-1. blapyn-1 was found in
species among the Bacteroidales order and in Sutterella wadsworthensis (Pseudomona-
dota). Its closest homolog in GMGC was detected frequently in human fecal samples.
This is, to our knowledge, the first reported instance of inter-phylum transfer of an
ESBL-encoding gene, between the Bacteroidota and Pseudomonadota phyla. Although
the gene was frequently detected in the human gut, inter-phylum transfer was rare,
indicating that inter-phylum barriers are effective in impeding the spread of ESBL-encod-
ing genes, but not entirely impenetrable.
KEYWORDS antimicrobial resistance, beta-lactamase, horizontal gene transfer
B eta-lactamases refer to enzymes catalyzing the hydrolysis of the beta-lactam ring,
thereby inactivating the antibiotic properties of the molecule (1). While some
Enterobacterales intrinsically harbor beta-lactamases, the biggest threat to health
is due to the acquisition and exchange by pathogens of beta-lactamases-encoding
genes, especially those encoding for extended-spectrum beta-lactamases (ESBLs) and
carbapenemases. How the first move from the original host of the antibiotic resistance
gene (ARG) and Enterobacterales species is barely known or based on in silico prediction
in most instances (2, 3). Recently, Ebmeyer et al. described the origin of 37 ARGs found
in Enterobacterales and provided evidence for the original gene-providing species for 27
groups of ARGs (2). Strikingly, 36/37 of transfer events occurred within the Pseudomona-
dota phylum (to which Enterobacterales belong). However, an exception was observed
with tet(X), which was proposed to originate from Sphingomonas, a genus from the
Bacteroidota phylum (4). This observation supports that ARG transfers from other phyla
to Pseudomonadota could spontaneously occur, albeit at a relatively rare frequency (3).
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This lack of knowledge regarding ARG-providing species to Enterobacterales pointed
at the intestinal microbiota as a potential reservoir (5). The dominant fraction of the
intestinal microbiota is made of strict anaerobic bacteria which possess a vast diversity
of ARGs including some encoding beta-lactamases (6), many of which have proven to
be functional when transferred to Escherichia coli (7). However, ARGs from commensal
anaerobic bacteria strongly differ from those found in Enterobacterales, stressing that
their transfer to Enterobacterales would be particularly rare or would not persist so it
would go unseen from the scientific community (8).

In a recent work, we searched for ARGs in 70,301 E. coli genomes from the EnteroBase
using ARG databases including ARGs from intestinal strict anaerobic bacteria (9, 10). We
could identify four ARGs presumably originating from non-Pseudomonadota, including a
beta-lactamase-encoding gene also found in bacteria from the Bacteroidota phylum and
that we propose to characterize in the present work.

RESULTS
Phenotypic characterization

An E. coli genome was identified as possessing a beta-lactamase-encoding gene which
was only found in the ResFinderFG and Mustard databases (6, 9-11). The strain of
interest belonged to the A phylogroup, sequence type 744/2 according to the Warwick
University/Pasteur Institute schemes, respectively, and serotype Onovel132:H10, fimH
allele 54. It was isolated in 2015 from a wound infection in a patient hospitalized at
the University Hospital of Milinster, Germany (12). The subcultures in LB media yielded
two distinct morphotypes: white and regular shaped colonies or grayish and less regular
colonies (Fig. 1). Both morphotypes were maintained in subsequent cultures.

From the antibiotic susceptibility testing, the E. coli strain isolate characterized by
white and regular colonies displayed an ESBL phenotype with synergies being observed
between clavulanic acid, cefotaxime, cefepime, and aztreonam (Fig. S1). Particularly, the
strain showed a high level of resistance to cefuroxime, ceftazidime, aztreonam, and
temocillin with MICs > 256 pg/mL (Table 1). It remained susceptible to carbapenems
and cefoxitin, and to beta-lactam-beta-lactamase inhibitor combinations (clavulanic

FIG 1 Morphological aspects of the two types of colonies (W: white colonies and G: gray colonies)
observed after streaking the strain on lysogeny broth (LB) media.
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TABLE 1 Minimal inhibitory concentrations of the white colonies, the E. coli TOP10 cloned or not cloned with the blapyn-1 gene, and the kinetic parameters of
purified MUN-1 beta-lactamase

Beta-lactam MIC (ng/mL) for Escherichia coli Kinetic measurement

Clinical strain TOP10 (pBLA-x) TOP10 Keat (s7) K (UM) Keat/Km (MM s™')  K; (uM)
Amoxicillin >256 >256 4 ND? ND ND ND
Amoxicillin + clavulanic acid 4 4 4 ND ND ND ND
Ampicillin ND ND ND 290 280 1 ND
Piperacillin >256 >256 2 <0.01 ND ND 0.0072
Piperacillin + tazobactam 4 4 2 ND ND ND ND
Penicillin G ND ND ND 210 95 2.2 ND
Temocillin 256 256 4 ND ND ND ND
Ticarcillin ND ND ND <0.01 ND ND 0.0036
Cephalothin ND ND ND 30 15 2 ND
Cefuroxime >256 >256 0.5 ND ND ND ND
Ceftriaxone 16 16 0.12 ND ND ND ND
Cefotaxime 4 2 0.12 <0.01 ND ND ND
Ceftazidime >256 >256 0.25 <0.01 ND ND 0.58
Ceftazidime + avibactam 0.06 0.03 0.25 ND ND ND ND
Cefepime 4 2 0.06 <0.01 ND ND ND
Ceftolozane + tazobactam 0.06 0.06 0.06 ND ND ND ND
Aztreonam >256 >256 0.03 2 45 0.04 ND
Imipenem 0.25 0.25 0.25 <0.01 ND ND 0.0013
Meropenem 0.03 0.03 0.03 <0.01 ND ND 0.019
Ertapenem 0.03 0.03 0.03 <0.01 ND ND 0.017

“ND: not done.

acid, tazobactam, and avibactam). Besides, the strain was resistant to cotrimoxazole
and fluoroquinolones but was susceptible to aminoglycosides. The same phenotype
was observed for gray colonies, except for some beta-lactam antibiotics (aztreonam,
cefuroxime, cefotaxime, ceftazidime, and piperacillin) against which gray colonies were
slightly less resistant (as observed from inhibition diameters).

Beta-lactamase characterization

The MUN-1 amino-acid sequence was studied and compared to that of other beta-lacta-
mases (Fig. 2) and was identified as an Ambler subclass A2 beta-lactamase (13). The
closest beta-lactamases were TLA-1 (43.0% amino acid identity) and CepA (42.1% amino
acid identity).

The cloned and expressed blaypyn-1 gene in E. coli TOP10 showed a similar resistance
phenotype to the original strain (Table 1). The most potent inhibitor was clavulanic acid
(50% inhibitory concentration; IC5q 0.32 nM), followed by tazobactam (IC5q 0.8 nM) and
avibactam (ICgq 3.8 nM).

Molecular characterization

White and gray E. coli strain isolates were sequenced using short-read and long-read
technologies to identify the blapyn-1 gene locations. The hybrid assembly produced two
contigs for the gray colonies and three contigs for the white colonies (Table S1).

Circular bacterial chromosomes of 4,764,212 bp and 4,762,657 bp were identified for
the gray and the white colonies, respectively. The ARG and virulence gene contents were
similar in both morphotypes (Tables S2 and S3). Of note, 11 ARGs were located on a
26,418-bp antibiotic resistance genomic island (Fig. S2). The difference in the bacterial
chromosome between the two morphotypes consisted in the presence of two additional
insert sequences (0.78 kb each containing transposase-encoding genes) in the chromo-
some from the gray strain. One was cutting a glycosyltransferase-encoding gene and the
other, an L,D-transpeptidase-encoding gene. blayyn-1 was detected in two copies on the
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FIG 2 Phylogenetic tree of amino acid sequences of representative beta-lactamases found in the bacterial realm including the MUN-1 beta-lactamase (in red).
Phylogenetic tree was rooted on PenA (found in the genus Burkholderia) which is distantly related from all the other beta-lactamases.

bacterial chromosome. Each blayyn-1 copy was borne by a 7.6-kb genomic island (Fig. 3)
annotated with five additional open reading frames encoding for a site-specific inte-
grase, a helix-turn-helix crp-type domain-containing protein, a helicase, a DNA primase,
and a plasmid recombination enzyme. The first 7.6-kb genomic island containing
blapuyn-1 gene was located at 59.85 min and the second at 93.42 min on the E. coli
genetic map (14). The GC content of the 7.6-kb genomic island was 45.4%, which was
lower than the GC content of the entire chromosome (50.6%). The only shared character-
istic found at the borders of each 7.6-kb genomic island was their low GC content, with
an average of 34.3% GC in the 200-bp flanking each 7.6-kb genomic island copy.

A 127,245-bp circular p0111 phage plasmid bearing two copies of the blayyn-1 gene
was exclusively detected in the white colonies (Table S1). One copy was located on a
7.6-kb genomic island that was 100% identical to the ones found on the chromosome.
A second 7.6-kb genomic island carrying the other gene copy was identified adjacent to
the first 7.6-kb genomic island. However, this island was distinguished by the insertion
of two insertion sequences (IS; 1S3 family transposase ISEc52) between the blayyn-1
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of the blayyn-1 gene in the E. coli strain. Next, illustrative representatives from the RefSeq Genomes database were chosen for the following reasons: Sutterella

wadsworthensis was the only other Pseudomonadota found to bear the blapyn-1 gene; Bacteroides uniformis was the only genome in which copies of blapuyn-1

gene were found on a chromosome and on a plasmid; Phocaeicola vulgatus, Bacteroides thetaiotaomicron, Odoribacter splanchnicus, Phocaeicola massiliensis,

Phocaeicola dorei, Bacteroides xylanisolvens, and Barnesiella propionica were chosen as they were the only g

enomes showing a genetic context that differed from

the 7.6-kb genomic island. The red box delineates the 7.6-kb genomic island described in this work. The colors in the arrows correspond to the function of each

gene. A nucleotide identity percentage between adjacent lines is displayed with a gray scale.

gene and the plasmid recombination enzyme-encoding gene. Similar to the bacterial
chromosome, the border of each 7.6-kb genomic island exhibited a lower GC content
(mean of 31.5%) compared to the overall phage-plasmid GC content (46.6%). Next to the
two 7.6-kb genomic islands, a 11-kb DNA fragment was shared between the p0111 and
the chromosome suggesting recombination between the p0111 and the chromosome.
Besides the bacterial chromosome, each morphotype had a circular IncFIl plasmid of
60 kb. Of note, it did not embed any ARG.

Distribution of the blayyn-1 gene

We searched for blayyn-1 using RefSeq Genomes databases from NCBI and BLASTN
(70% nucleotide identity, 80% coverage) (15). A total of 125 hits were obtained, with the
blapun-1 gene being present in 28 species (100% nucleotide identity and coverage), 27
of which belonged to the Bacteroidota phylum, specifically within the Bacteroidales
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order (Table S4). A unique hit was detected in the Pseudomonadota phylum with
Sutterella wadsworthensis. Similar to our E. coli strain, the blayyn-1 gene was spor-
adically detected in multiple copies (maximum of six copies/genome in Bacteroides
uniformis). We could not determine whether the sequence holding the blapyn-1 gene
was chromosomal or plasmidic, one exception being a B. uniformis genome (AP019724.1
and AP019725.1) bearing two copies of the 7.6-kb genomic island (containing the
blapun-1 gene), one being on a plasmid surrounded by sequences annotated as 1S256
family transposase and site-specific integrase. Interestingly, two sequences on this
plasmid were annotated as phage protein, yet none had homologs located on the
p0111 phage plasmid found in the E. coli strain. Some variants of the blayyn-1 gene
were found in Bacteroides salyersiae, Bacteroides xylanisolvens, Parabacteroides distasonis,
Leyella stercorea, and Phocaeicola vulgatus (97.0%-99.9% nucleotide identity). Addition-
ally, Barnesiella propionica was shown to bear a gene with 71.9% nucleotide identity
and 88% coverage to blayyn-1 gene. Of note, blayyn-1 was not constantly found in
any species (Table S4). Using a phylogenetic tree based on the 16S rRNA-encoding
gene sequences of each species found to possess blayyn-1, We observed the closest
species to E. coli were S. wadsworthensis (cophenetic distance 0.22) and two species from
the Alistipes genus (cophenetic distance 0.40; Fig. 4). The most distant species bearing
blapun-1 was L. stercorea (cophenetic distance 0.61). Besides, MGnify and the global
microbial gene catalog (GMGC) databases were used to analyze the distribution of the
blapun-1 gene in various environments (16, 17). blayyn-1 was also detected mostly in
bacteria from the Bacteroidales order (86%-100% of the hits; Tables S5 and S6). We
identified a close homolog to blayyn-1 in the GMGC (GMGC10.047_051_980.UNKNOWN
—Prevotellamassilia timonensis—100% amino acid identity and 92.4% cover). It was
detected in several sub-catalogs but mainly in the human gut sub-catalog where it was
found in 26.8% of the samples, with a mean relative abundance of 104.5/10 M reads
(median: 12, min: 0, max: 5,371; Fig. 5).

blapyn-1 was in most instances borne by the same 7.6-kb genomic island, also found
in the E. coli strain except for 9 out of 125 hits with distinct genetic contexts (Fig. 3).
In a P. vulgatus strain (NZ_JAHOIR010000010.1), blapyn-1 was held by a 7.6-kb genomic
island with 82.0% nucleotide identity. Then, in a Bacteroides thetaiotaomicron strain
(NZ_JANUPG010000001.1), it was located on a shorter version of the 7.6-kb genomic
island (63% cover) which consisted of the blayyn-1 gene (100% cover, 100% identity),
the plasmid recombination enzyme (100% cover, 99.9% identity), and the site-specific
integrase-encoding genes (99% cover, 80.60% identity). In six cases, the blayyn-1 gene
was found at the edges of contigs, making it challenging to confirm the presence of the
complete 7.6-kb genomic island (Fig. 3). Finally, a distinct genetic context was identified
for the variant of blayyn-1 (71.9% nucleotide identity) detected in B. propionica.

DISCUSSION

The detection of the blayyn-1 gene, encoding an ESBL, in both Bacteroidota and
Pseudomonadota phyla, suggests the possibility of inter-phylum transfer of ESBL-
encoding genes.

The characterized MUN-1 beta-lactamase was an Ambler subclass A2 beta-lactamase
with an ESBL phenotype (13). Notably, it conferred resistance to several beta-lactam
antibiotics, including temocillin, which is unusual among class A beta-lactamases (18).
While it showed high MICs for piperacillin or ceftazidime, no hydrolysis of the com-
pounds was detected. This could be due to the strong binding of the enzyme to the
substrate (acylation step) but without the final step of deacylation that would lead to
hydrolysis of the beta-lactam. Therefore, the substrate is not able to act as an antibiotic
due to this strong binding but no hydrolysis rate can be detected from the method we
used (19).

The distribution analysis revealed that blayyn-1 was predominantly present in
bacteria belonging to the Bacteroidales order with a single exception in a S. wadswor-
thensis genome. This suggests that inter-phylum transfer of the blayyn-1 gene has
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FIG 4 Cophenetic distance between species holding the blapyn-1 gene based on the 16S rRNA-encoding gene. Heatmap represents the cophenetic distance
between species. If no strain holding the blayyn-1 gene from the species was found to hold a 16S rRNA-encoding gene, 16S rRNA-encoding gene was retrieved
from strains that do not hold the blayyn-1 gene (this was the case for Alistipes putredinis in gray). Gemmata sp. did not hold a blayyn-1 gene in its genome but its

16S rRNA-encoding gene was used to root the phylogenetic tree.

indeed occurred at least once. The blayyn-1 gene was most commonly found in
association with the conserved 7.6-kb genomic island. The GC content of this genomic
island was closer to that of Bacteroides than E. coli, suggesting a relatively recent inter-
phylum transfer event. The distribution analysis of the gene homologous to the blayyn-1
gene in the GMGC catalog revealed that it was predominantly detected in the human gut
sub-catalog, in more than a quarter of the human gut samples. This supports that the
transfer of blayyn-1 occurred between E. coli and intestinal bacteria, either in the gut or
in situations such as wounds.

Contamination of sequencing data by beta-lactamase-encoding genes associated
with Tag polymerase producers can occur (20, 21). Here, several copies of blapyn-1 were
detected at several locations of the chromosome and the p0111 phage plasmid, both
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sub-catalogs where it is found and the associated number of mapped reads. (A) Number of samples found in each sub-catalog containing (in red) or not (in blue)

the GMGC unigene GMGC10.047_051_980.UNKNOWN. (B) Boxplot representation of normalized number of reads (out of 10 million reads) mapping onto the
GMGC unigene GMGC10.047_051_980.UNKNOWN in each GMGC sub-catalog where it was found. The normalization takes into account the size of the gene and

the number of reads in each sample from the sub-catalogs. First, median, and third quartiles are represented in each box. Whiskers extend from the hinge to the

smallest/largest value at most/no further than 1.5x inter-quartile range from the hinge. Points represent outliers.

circular, suggesting that it does not come from contamination. Moreover, the beta-
lactamase-encoding gene usually found as a contaminant in sequencing data is usually
blatgm-1, which is found here in the circular chromosome in the resistance genomic
island with other ARGs. Yet, the beta-lactamase-encoding gene we extensively describe,
blapyn-1, encodes for MUN-1 whose closest homologs are not from the TEM family but
TLA-1 and CepA which are found in E. coli and Bacteroides genus, respectively (22-24).
This paper has limitations. First, we could not determine the precise progenitor
of blapyn-1 because of its association with mobility. Moreover, no species constantly
carrying blapyn-1 could be identified. The precise genetic events leading to the presence
of blapyn-1 also remain hypothetical. The E. coli strain exhibited two morphotypes, one
of which harbored an additional p0111 phage plasmid carrying two extra copies of the
blapun-1 gene. These repetitive regions and mixed strains complicate the sequencing
data analysis but the combination of short-read and long-read sequencing technologies
undoubtedly facilitated read assembly and allowed the identification of this transfer
between the chromosome and p0111. Yet, it cannot definitively establish the involve-
ment of p0111 in horizontal gene transfer (HGT). The P1 phage-plasmid subgroup, of
which p0111 is a member, is specifically found in E. coli. It has been associated with ARGs
but was not found in Bacteroidota phyla so far (25, 26). The blayyn-1 gene was also
detected on a plasmid in B. uniformis, raising the possibility that this plasmid contributed
to the inter-phylum transfer event. In vitro experiments demonstrated that the trans-
formation of E. coli with a plasmid from Bacteroides fragilis was possible but conjuga-
tion between these two species was unsuccessful (27). However, in vitro experiments
between two strains do not reflect a complex bacterial ecosystem. Inter-phylum transfer
of DNA, including conjugation between Bacteroidota and Pseudomonadota, was shown
to be possible within complex bacterial communities (8, 28, 29). A. putredinis and S.
wadsworthensis are the closest related Bacteroidota and Pseudomonadota species based
on their 16S rRNA-encoding genes but we cannot state which bacteria were involved
in this HGT. However, the 7.6-kb genomic island should be involved as it is found
in both phyla and is composed of genes associated with recombination events. The
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gene annotated as a plasmid recombination enzyme-encoding gene using Bakta was
annotated as a mobilization protein-encoding gene in NCBI. This gene is linked to the
relaxase domain of MobM and is responsible for recombination in a site-specific manner.
The E. coli strain from this study could have acquired DNA from a Bacteroidales species
or a S. wadsworthensis harboring blayyn-1, with subsequent transpositions of the 7.6-kb
element on p0111 and the chromosome.

Here was the first, to our knowledge, evidence of a shared ESBL-encoding gene
between Bacteroidota and Pseudomonadota phyla. This observation shows that
ESBL-encoding gene transfers between distantly related species can spontaneously
occur. How such transfer actually occurred and why it has not widely spread subse-
quently remain to be answered.

MATERIALS AND METHODS
Bioinformatic analyses

In our previous work (9), we identified a putative beta-lactamase-encoding gene
sharing 100% nucleotide identity with a beta-lactamase-encoding gene from ResFin-
derFG (beta_lactamase|KU546399.1|feces| AMX, 100% identity, 93.9% cover) and Mustard
(MC3.MG60.AS1.GP1.C4251.G1). We propose the name blayyn-1 with regard to the city
where the original strain was collected (Miinster, Germany).

Strain characterization

The E. coli strain with the beta-lactamase-encoding gene was re-tested for antibiotic
susceptibility by the disk diffusion method on Mueller-Hinton agar according to the
CASFM/EUCAST guidelines (2022 v1.0) and re-sequenced using lllumina (San Diego, CA,
USA) and Oxford Nanopore (Oxford Nanopore Technologies, UK) chemistries (Flongle
R9.4.1). The quality of lllumina and Nanopore reads was assessed using FastQC (v0.11.9).
Trim galore (v0.6.7) was used to remove lllumina adapters and trimmed reads with
a quality threshold of 30. The hybrid assembly of lllumina and Nanopore reads was
performed using Unicycler (v0.4.9b) (30). The phylogroup of the strain was performed
using the ClermonTyping (v23.06.05) tool and the sequence type with MLST (v2.19.0).
Serotype and virulence genes were characterized using the ABRicate (v1.0.0) software
and the ecoh and a home-made database, respectively. The fimH allele was determined
using FimTyper (v1.1). ARGs were identified using the Diamond software (v2.1.8) and
the ResFinder database (v4.0) (31). PlasmidFinder was used to characterize plasmid
incompatibility groups. Contigs were annotated using Bakta (v1.8.2) (32, 33).

Distribution of the blayyn-1 gene

The distribution of blayyn-1 and potential variants was assessed using BLASTN (70%
identity, 80% coverage) online with RefSeq Genomes database from NCBI (as of 24
August 2023) (15). Its genetic environment was annotated using Bakta (v1.8.2) and
visualized using Clinker (34). Cophenetic distance between each species bearing the
blapun-1 gene was determined using their 16S rRNA-encoding gene. If no 16S rRNA-
encoding gene could be found in any representative species bearing the blayyn-1 gene,
a 16S rRNA-encoding gene sequence from a non-bearing species was used. The 16S
rRNA-encoding genes were used for alignment with MAFFT (v7.407), and a phylogenetic
tree was made using IQ-TREE (v1.6.9, with ultrafast bootstrap and general time reversible
model) (35-37). Additionally, blapyn-1 was also searched in the GMGC and in MGnify (16,
17). The distribution, relative abundance, and frequency of the best hit obtained with
GMGC were also analyzed in the catalog.

Characterization of MUN-1

The blayyn-1 gene was translated into protein and aligned with other beta-lactama-
ses retrieved from the ResFinder (v4.0) database using MAFFT (v7.407). To assess the
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phylogenetic distance between each beta-lactamases, a phylogenetic tree was made
using IQ-TREE (v1.6.9, with ultrafast bootstrap and LG model). The blapyn-1 gene was
cloned into a pTOPO-kanR vector using the pCR-Blunt TOPO cloning kit (Invitrogen)
using specific primers spanning the full gene in order to express the whole protein. The
resulting recombinant plasmid was transformed by heat shock into E. coli TOP10 (pTOPO/
blapun-1)-

Purification of the MUN-1 beta-lactamase was carried out by ion-exchange chro-
matography, and its molecular mass was determined by SDS-12% PAGE (GeneScript)
analysis. Purified beta-lactamase was used for kinetic measurements. 1C5q values were
determined for clavulanic acid, tazobactam, and avibactam (detailed protocol in the
Supplementary Materials).

ACKNOWLEDGMENTS

We thank Prof. Alain Philippon, Dr Bogdan lorga, Prof. Eduardo Rocha, and Dr Eugen
Pfeifer for helpful discussions.

This work was partially supported by the Direction Générale des Armées
(project FastGenell), the Joint Program Initiative for Antimicrobial Resistance (JPIAMR)
EMBARK (Establishing a Monitoring Baseline for Antimicrobial Resistance in Key
Environments), by the University of Fribourg, the Swiss National Science Foundation
(project FNS-407240_177381) and the Laboratoire Européen Associé INSERM "Emerging
Antibiotic Resistance in Gram-negative bacteria."

AUTHOR AFFILIATIONS

'Université Paris Cité, INSERM, Université Sorbonne Paris Nord, IAME, Paris, France

2AP-HP, Hopital Bichat, Laboratoire de Bactériologie, Paris, France

*Emerging Antibiotic Resistance, Medical and Molecular Microbiology, Faculty of Science
and Medicine, University of Fribourg, Fribourg, Switzerland

*Swiss National Reference Center for Emerging Antibiotic Resistance, Fribourg, Switzer-
land

*INSERM European Unit (IAME, France), University of Fribourg, Fribourg, Switzerland
®University of Lausanne, University Hospital Center, Lausanne, Switzerland

“Institute of Hygiene, University Hospital Miinster, Minster, Germany

8AP-HP, Hopital Bichat, Laboratoire de Génétique Moléculaire, Paris, France

AUTHOR ORCIDs

Rémi Gschwind @ http://orcid.org/0000-0001-7741-9764
Patrice Nordmann @ http://orcid.org/0000-0002-1343-1622
Erick Denamur @ http://orcid.org/0000-0002-7860-1717
Laurent Poirel 2 http://orcid.org/0000-0001-5160-5286
Etienne Ruppé (& http://orcid.org/0000-0001-5282-2178

FUNDING
Funder Grant(s) Author(s)
French Ministry of Defense | Direction FastGenel Rémi Gschwind

Générale de 'Armement (DGA) Marie Petitjean

Olivier Clermont
Erick Denamur
Etienne Ruppé

Joint Programming Initiative on Antimicrobial ANR-19-JAMR-0004 Rémi Gschwind

Resistance (JPIAMR) Etienne Ruppé

April 2024 Volume 68 Issue 4

Antimicrobial Agents and Chemotherapy

10.1128/aac.01459-2310


https://doi.org/10.1128/aac.01459-23

Full-Length Text

Funder Grant(s) Author(s)

Universitat Freiburg | National Center Claudine Fournier
of Competence in Research Bio-Inspired

Materials, University of Fribourg (NCCR
Bio-Inspired) Laurent Poirel

Patrice Nordmann

Swiss national science foundation FNS-407240_177381 Claudine Fournier
Patrice Nordmann
Laurent Poirel

Laboratoire Europeen Associe; INSERM Rémi Gschwind
"Emerging antibiotic resistance in Gram-nega-

. - Marie Petitjean
tive bacteria

Claudine Fournier
Olivier Clermont
Patrice Nordmann
Erick Denamur
Laurent Poirel
Etienne Ruppé

AUTHOR CONTRIBUTIONS

Rémi Gschwind, Data curation, Formal analysis, Investigation, Methodology, Writing —
original draft, Writing — review and editing | Marie Petitjean, Data curation, Investiga-
tion, Writing — review and editing | Claudine Fournier, Formal analysis, Investigation,
Methodology, Writing — review and editing | Julie Lao, Data curation, Methodology,
Software | Olivier Clermont, Investigation | Patrice Nordmann, Conceptualization,
Funding acquisition, Project administration, Supervision, Writing — review and editing |
Alexander Mellmann, Resources, Writing — review and editing | Erick Denamur, Concep-
tualization, Supervision, Writing — review and editing | Laurent Poirel, Conceptualiza-
tion, Project administration, Supervision, Writing — review and editing | Etienne Ruppé,
Conceptualization, Funding acquisition, Supervision, Writing - original draft, Writing —
review and editing

DATA AVAILABILITY

Illumina and Nanopore reads were deposed under the BioProject PRINA694822.
Assemblies and gene sequences described here can be found at: https://doi.org/10.5281/
zen0do.10560075. blapyyn-1 gene was deposited on NCBI under the accession number
PP229523PP229523.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Fig. S1 (AAC01459-23-s0001.TIF). Antibiotic susceptibility testing.

Fig. S2 (AAC01459-23-s0002.TIF). Antibiotic resistance genomic island found on the
chromosome of the E. coli morphotypes.

Additional experimental details (AAC01459-23-s0003.pdf). Additional details about
beta-lactamase characterization.

Table S1 (AAC01459-23-s0004.pdf). Summary of assemblies obtained using Unicycler
for white and gray E. coli morphotypes.

Table S2 (AAC01459-23-s0005.pdf). Antibiotic resistance genes (ARGs) found in the
chromosome of both E. coli morphotypes using ResFinder (v4.0).

Table S3 (AAC01459-23-s0006.pdf). ABRicate analysis of the virulence gene found in the
genome of the E. coli morphotypes.

April 2024 Volume 68 Issue 4

Antimicrobial Agents and Chemotherapy

10.1128/aac.01459-2311


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA694822
https://doi.org/10.5281/zenodo.10560075
https://www.ncbi.nlm.nih.gov/nuccore/PP229523
https://www.ncbi.nlm.nih.gov/nuccore/PP229523
https://doi.org/10.1128/aac.01459-23
https://doi.org/10.1128/aac.01459-23

Full-Length Text

Antimicrobial Agents and Chemotherapy

Table S4 (AAC01459-23-s0007.pdf). Hits obtained analyzing the blaMUN-1 gene
distribution using BLASTN against RefSeq genomes database.
Table S5 (AAC01459-23-s0008.pdf). Hits obtained analyzing the blaMUN-1 gene
distribution using MGnify.

Table S6 (AAC01459-23-s0009.pdf). Hits obtained analyzing the MUN-1

distribution using the GMGC catalog.

REFERENCES

1.

April 2024 Volume 68

Ambler RP, Coulson AF, Frere JM, Ghuysen JM, Joris B, Forsman M,
Levesque RC, Tiraby G, Waley SG. 1991. A standard numbering scheme
for the class A beta-lactamases. Biochem J 276:269-270. https://doi.org/
10.1042/bj2760269

Ebmeyer S, Kristiansson E, Larsson DGJ. 2021. A framework for
identifying the recent origins of mobile antibiotic resistance genes.
Commun Biol 4:8. https://doi.org/10.1038/542003-020-01545-5

Jiang X, Ellabaan MMH, Charusanti P, Munck C, Blin K, Tong Y, Weber T,
Sommer MOA, Lee SY. 2017. Dissemination of antibiotic resistance
genes from antibiotic producers to pathogens. Nat Commun 8:1-7.
https://doi.org/10.1038/ncomms15784

Ghosh S, Sadowsky MJ, Roberts MC, Gralnick JA, LaPara TM. 2009.
Sphingobacterium sp. strain PM2-P1-29 harbours a functional tet(X) gene
encoding for the degradation of tetracycline. J Appl Microbiol 106:1336—
1342. https://doi.org/10.1111/j.1365-2672.2008.04101.x

Penders J, Stobberingh EE, Savelkoul PH, Wolffs PF. 2013. The human
microbiome as a reservoir of antimicrobial resistance. Front Microbiol
4:87. https://doi.org/10.3389/fmicb.2013.00087

Ruppé E, Ghozlane A, Tap J, Pons N, Alvarez A-S, Maziers N, Cuesta T,
Hernando-Amado S, Clares |, Martinez JL, et al. 2019. Prediction of the
intestinal resistome by a three-dimensional structure-based method.
Nat Microbiol 4:112-123. https://doi.org/10.1038/s41564-018-0292-6
Sommer MOA, Dantas G, Church GM. 2009. Functional characterization
of the antibiotic resistance reservoir in the human microflora. Science
325:1128-1131. https://doi.org/10.1126/science.1176950

Kent AG, Vill AC, Shi Q, Satlin MJ, Brito IL. 2020. Widespread transfer of
mobile antibiotic resistance genes within individual gut microbiomes
revealed through bacterial Hi-C. Nat Commun 11:4379. https://doi.org/
10.1038/541467-020-18164-7

Petitjean M, Condamine B, Burdet C, Denamur E, Ruppé E. 2021. Phylum
barrier and Escherichia coli intra-species phylogeny drive the acquisition
of antibiotic-resistance genes. Microb Genom 7:000489. https://doi.org/
10.1099/mgen.0.000489

Zhou Z, Alikhan N-F, Mohamed K, Fan Y, Achtman M, Agama Study
Group. 2020. The enterobase user’s guide, with case studies on
salmonella transmissions, Yersinia pestis phylogeny, and Escherichia core
genomic diversity. Genome Res 30:138-152. https://doi.org/10.1101/gr.
251678.119

Gschwind R, Ugarcina Perovic S, Weiss M, Petitjean M, Lao J, Coelho LP,
Ruppé E. 2023. ResFinderFG v2.0: a database of antibiotic resistance
genes obtained by functional metagenomics. Nucleic Acids Res
51:W493-W500. https://doi.org/10.1093/nar/gkad384

Mellmann A, Bletz S, Boking T, Kipp F, Becker K, Schultes A, Prior K,
Harmsen D. 2016. Real-time genome sequencing of resistant bacteria
provides precision infection control in an institutional setting. J Clin
Microbiol 54:2874-2881. https://doi.org/10.1128/JCM.00790-16
Philippon A, Jacquier H, Ruppé E, Labia R. 2019. Structure-based
classification of class A beta-lactamases, an update. Curr Res Transl Med
67:115-122. https://doi.org/10.1016/j.retram.2019.05.003

Berlyn MK. 1998. Linkage map of Escherichia coli K-12, edition 10: the
traditional map. Microbiol Mol Biol Rev 62:814-984. https://doi.org/10.
1128/MMBR.62.3.814-984.1998

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local
alignment search tool. J Mol Biol 215:403-410. https://doi.org/10.1016/
S0022-2836(05)80360-2

Richardson L, Allen B, Baldi G, Beracochea M, Bileschi ML, Burdett T,
Burgin J, Caballero-Pérez J, Cochrane G, Colwell LJ, Curtis T, Escobar-
Zepeda A, Gurbich TA, Kale V, Korobeynikov A, Raj S, Rogers AB,
Sakharova E, Sanchez S, Wilkinson DJ, Finn RD. 2023. MGnify: the

Issue 4

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

protein

microbiome sequence data analysis resource in 2023. Nucleic Acids Res
51:D753-D759. https://doi.org/10.1093/nar/gkac1080

Coelho LP, Alves R, Del Rio AR, Myers PN, Cantalapiedra CP, Giner-Lamia
J, Schmidt TS, Mende DR, Orakov A, Letunic |, Hildebrand F, Van Rossum
T, Forslund SK, Khedkar S, Maistrenko OM, Pan S, Jia L, Ferretti P,
Sunagawa S, Zhao X-M, Nielsen HB, Huerta-Cepas J, Bork P. 2022.
Towards the biogeography of prokaryotic genes. Nature 601:252-256.
https://doi.org/10.1038/s41586-021-04233-4

Kuch A, Zieniuk B, Zabicka D, Van de Velde S, Literacka E, Skoczynska A,
Hryniewicz W. 2020. Activity of temocillin against ESBL-, AmpC-, and/or
KPC-producing Enterobacterales isolated in Poland. Eur J Clin Microbiol
Infect Dis 39:1185-1191. https://doi.org/10.1007/5s10096-020-03844-5
Palzkill T. 2018. Structural and mechanistic basis for extended-spectrum
drug-resistance mutations in altering the specificity of TEM, CTX-M, and
KPC B-lactamases. Front Mol Biosci 5:16. https://doi.org/10.3389/fmolb.
2018.00016

Chiang C-S, Liu C-P, Weng L-C, Wang N-Y, Liaw G-J. 2005. Presence of {3-
lactamase gene TEM-1 DNA sequence in commercial tag DNA
polymerase. J Clin Microbiol 43:530-531. https://doi.org/10.1128/JCM.
43.1.530-531.2005

Koncan R, Valverde A, Morosini M-I, Garcia-Castillo M, Cantén R,
Cornaglia G, Baquero F, del Campo R. 2007. Learning from mistakes: taq
polymerase contaminated with -lactamase sequences results in false
emergence of Streptococcus pneumoniae containing TEM. J Antimicrob
Chemother 60:702-703. https://doi.org/10.1093/jac/dkm239

Rogers MB, Bennett TK, Payne CM, Smith CJ. 1994. Insertional activation
of cepA leads to high-level beta-Lactamase expression in Bacteroides
fragilis clinical isolates. J Bacteriol 176:4376-4384. https://doi.org/10.
1128/jb.176.14.4376-4384.1994

Dupin C, Tamanai-Shacoori Z, Ehrmann E, Dupont A, Barloy-Hubler F,
Bousarghin L, Bonnaure-Mallet M, Jolivet-Gougeon A. 2015. Oral Gram-
negative anaerobic Bacilli as a reservoir of -lactam resistance genes
facilitating infections with multiresistant bacteria. Int J Antimicrob
Agents 45:99-105. https://doi.org/10.1016/j.ijjantimicag.2014.10.003
Silva J, Aguilar C, Ayala G, Estrada MA, Garza-Ramos U, Lara-Lemus R,
Ledezma L. 2000. TLA-1: a new plasmid-mediated extended-spectrum (3-
lactamase from Escherichia coli. Antimicrob Agents Chemother 44:997-
1003. https://doi.org/10.1128/AAC.44.4.997-1003.2000

Wang M, Jiang L, Wei J, Zhu H, Zhang J, Liu Z, Zhang W, He X, Liu Y, Li R,
Xiao X, Sun Y, Zeng Z, Wang Z. 2022. Similarities of P1-like phage
plasmids and their role in the dissemination of blacty-m-55. Microbiol
Spectr:10. https://doi.org/10.1128/spectrum.01410-22

Pfeifer E, Moura de Sousa JA, Touchon M, Rocha EPC. 2021. Bacteria have
numerous distinctive groups of phage-plasmids with conserved phage
and variable plasmid gene repertoires. Nucleic Acids Res 49:2655-2673.
https://doi.org/10.1093/nar/gkab064

Rashtchian A, Booth SJ. 1981. Stability in Escherichia coli of an antibiotic
resistance plasmid from Bacteroides fragilis. J Bacteriol 146:121-127.
https://doi.org/10.1128/jb.146.1.121-127.1981

Klimper U, Riber L, Dechesne A, Sannazzarro A, Hansen LH, Serensen SJ,
Smets BF. 2015. Broad host range plasmids can invade an unexpectedly
diverse fraction of a soil bacterial community. ISME J 9:934-945. https://
doi.org/10.1038/ismej.2014.191

Yang QE, Ma X, Zeng L, Wang Q, Li M, Teng L, He M, Liu C, Zhao M, Wang
M, Hui D, Madsen JS, Liao H, Walsh TR, Zhou S. 2024. Interphylum
dissemination of NDM-5-positive plasmids in hospital wastewater from
Fuzhou, China: a single-centre, culture-independent, plasmid transmis-
sion study. Lancet Microbe 5:e13-e23. https://doi.org/10.1016/52666-
5247(23)00227-6

10.1128/aac.01459-2312


https://doi.org/10.1042/bj2760269
https://doi.org/10.1038/s42003-020-01545-5
https://doi.org/10.1038/ncomms15784
https://doi.org/10.1111/j.1365-2672.2008.04101.x
https://doi.org/10.3389/fmicb.2013.00087
https://doi.org/10.1038/s41564-018-0292-6
https://doi.org/10.1126/science.1176950
https://doi.org/10.1038/s41467-020-18164-7
https://doi.org/10.1099/mgen.0.000489
https://doi.org/10.1101/gr.251678.119
https://doi.org/10.1093/nar/gkad384
https://doi.org/10.1128/JCM.00790-16
https://doi.org/10.1016/j.retram.2019.05.003
https://doi.org/10.1128/MMBR.62.3.814-984.1998
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/nar/gkac1080
https://doi.org/10.1038/s41586-021-04233-4
https://doi.org/10.1007/s10096-020-03844-5
https://doi.org/10.3389/fmolb.2018.00016
https://doi.org/10.1128/JCM.43.1.530-531.2005
https://doi.org/10.1093/jac/dkm239
https://doi.org/10.1128/jb.176.14.4376-4384.1994
https://doi.org/10.1016/j.ijantimicag.2014.10.003
https://doi.org/10.1128/AAC.44.4.997-1003.2000
https://doi.org/10.1128/spectrum.01410-22
https://doi.org/10.1093/nar/gkab064
https://doi.org/10.1128/jb.146.1.121-127.1981
https://doi.org/10.1038/ismej.2014.191
https://doi.org/10.1016/S2666-5247(23)00227-6
https://doi.org/10.1128/aac.01459-23

Full-Length Text

30.

31.

32.

33.

April 2024 Volume 68

Wick RR, Judd LM, Gorrie CL, Holt KE. 2017. Unicycler: resolving bacterial
genome assemblies from short and long sequencing reads. PLOS
Comput Biol 13:e1005595. https://doi.org/10.1371/journal.pcbi.1005595
Bortolaia V, Kaas RS, Ruppe E, Roberts MC, Schwarz S, Cattoir V,
Philippon A, Allesoe RL, Rebelo AR, Florensa AF, et al. 2020. ResFinder 4.0
for predictions of phenotypes from genotypes. J Antimicrob Chemother
75:3491-3500. https://doi.org/10.1093/jac/dkaa345

Carattoli A, Zankari E, Garcia-Fernandez A, Voldby Larsen M, Lund O, Villa
L, Moaller Aarestrup F, Hasman H. 2014. In silico detection and typing of
plasmids using PlasmidFinder and plasmid multilocus sequence typing.
Antimicrob Agents Chemother 58:3895-3903. https://doi.org/10.1128/
AAC.02412-14

Schwengers O, Jelonek L, Dieckmann MA, Beyvers S, Blom J, Goesmann
A. 2021. Bakta: rapid and standardized annotation of bacterial genomes
via alignment-free sequence identification. Microb Genom 7:000685.
https://doi.org/10.1099/mgen.0.000685

Issue 4

34,

35.

36.

37.

Antimicrobial Agents and Chemotherapy

Gilchrist CLM, Chooi Y-H. 2021. clinker & clustermap.js: automatic
generation of gene cluster comparison figures. Bioinformatics 37:2473-
2475. https://doi.org/10.1093/bioinformatics/btab007

Kuraku S, Zmasek CM, Nishimura O, Katoh K. 2013. aLeaves facilitates on-
demand exploration of metazoan gene family trees on MAFFT sequence
alignment server with enhanced interactivity. Nucleic Acids Res 41:W22-
W28. https://doi.org/10.1093/nar/gkt389

Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ. 2015. IQ-TREE: a fast
and effective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol Biol Evol 32:268-274. https://doi.org/10.1093/molbev/
msu300

Hoang DT, Chernomor O, von Haeseler A, Minh BQ, Vinh LS. 2018.
UFBoot2: improving the ultrafast bootstrap approximation. Mol Biol Evol
35:518-522. https://doi.org/10.1093/molbev/msx281

10.1128/aac.01459-2313


https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1093/jac/dkaa345
https://doi.org/10.1128/AAC.02412-14
https://doi.org/10.1099/mgen.0.000685
https://doi.org/10.1093/bioinformatics/btab007
https://doi.org/10.1093/nar/gkt389
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1128/aac.01459-23

	Inter-phylum circulation of a beta-lactamase-encoding gene: a rare but observable event
	RESULTS
	Phenotypic characterization
	Beta-lactamase characterization
	Molecular characterization
	Distribution of the blaMUN-1 gene

	DISCUSSION
	MATERIALS AND METHODS
	Bioinformatic analyses
	Strain characterization
	Distribution of the blaMUN-1 gene
	Characterization of MUN-1



