Supplementary Note 1

Aminoglycoside resistance genes

APH(3’)-IV from Acinetobacter guillouiae A large scale screening for aminoglycoside
resistance genes in Acinetobacter spp revealed the chromosome of A. guillouiae as the recent
origin of the mobile aphA6 gene, which was detected as part of composite transposon
TnaphA®6 in other Acinetobacter spp, such as A. baumanniil. PCR-based analysis and WGS
showed that the aphA6 gene was present in the great majority of A. guillouiae isolates,
whereas it was only sporadically detected in other Acinetobacter spp. High nucleotide identities
between both coding and non-coding regions of aphA6 positive MGEs and the A. guillouiae
chromosome suggest that aphA6 was mobilized from A. guillouiae, which was shown
susceptible to amikacin. ISAbal25, flanking aphA6 in TnaphA6, provides a hybrid promoter
driving the expression of aphA6 in A. baumannii, and it was shown that amikacin resistance
correlated with aphA6 expression. The results of our own analysis are in agreement with these
previously reported results. Though A. guillouiae is mostly associated with external

environments, it has been, though rarely, isolated from human infection sites.

ACC(6’°)-lh from Acinetobacter gyllenbergii The same screening for aminoglycoside
resistance genes as described above revealed Acinetobacter gyllenbergii as the recent origin
of acc(6)-1h, a plasmid-borne gene associated with high level amikacin resistance?. The gene
was found in all screened A. gyllenbergii isolates, where there genetic environment was
identical over several thousand bp. On plasmid, the gene was flanked by IS (ISAba23,
ISAscp5), but still retained >1kbp of its native genetic context, identical to the A. gyllenbergii
chromosome. It was shown that acc(6’)-1h provided low level resistance in A. gyllenbergii, but
high level resistance in A. baumannii. Expression of plasmid-borne acc(6’)-lh was driven by
the ISAba23 provided promoter. However, the native and ISAba23 provided promoter were
similarily potent, and the difference in resistance in A. gyllenbergii and A. baumannii was

attributed to gene dosage. The results of our own analysis are in agreement with these



previously reported results. Though rare, A. gyllenbergii has been identified from clinical

isolates.

Beta-lactam resistance genes

Class A beta-lactamases

SHV from Klebsiella pneumoniae SHV-type beta-lactamases are amongst the most common
beta-lactam resistance determinants detected in Enterobacteriaceae®. A vast number of
variants, many of them differing to others in just one amino acid, is known to date (SHV-1 to
SHV-191, CARD 2019), found in a wide range of bacterial pathogens*. Using a comparative
genomics approach including synteny analysis, it was shown that SHV-type enzymes were
mobilized from the Klebsiella pneumoniae chromosome, where the gene is native®, at least
two times®. The two analyzed mobile SHV-variants, both associated with 1S26 but found on
different MGEs, each retained several hundred base pairs of the chromosomal K. pneumoniae
SHV locus. Though the authors presented evidence for 1IS26 mediated mobilization, other
SHV-variants are not associated with 1S26, further suggesting several separate mobilization
events. That said, some SHV-variants are probably the result of post-mobilization mutation.
These results complied with the results of a previous study, which used molecular approaches
to identify K. pneumoniae as the origin of SHV-type beta-lactamases’. The results of our own
analysis are in agreement with these previously reported results. K. pneumoniae is an
important bacterial human pathogens, and frequently associated with multidrug resistance and
high mortality rate®. However, K. pneumoniae is also associated with external environments,

such as soil or surface water samples.

CTX-M from Kluyvera spp Due to their potency, their global spread and broad host range,
the >50 reported CTX-M enzymes are among the most investigated antibiotic resistance
enzymes. There is a detailed review discussing their spread and origin®, making a detailed

description in this article unnecessary. In short, it has been shown that different CTX-M variants



have been mobilized from different Kluyvera spp, mainly K. ascorbata and K. georgiana®-1?
(until now), based on sequence similarities and detailed comparison of the CTX-M genetic
environments on both MGEs and the Kluyvera chromosome. Most commonly, CTX-M
enzymes are associated with ISEcpl and ISCR1 on MGEs, both of which provide a promoter
that drives expression of the beta-lactamase. In their native Kluyvera context, CTX-M enzymes
are only weakly expressed® and usually do not confer high-level resistance. There is strong
evidence that the different CTX-M clusters, and even variants within the same cluster, have
been mobilized independently through involvement of different IS/ISCR elements!®*4, The
results of our own analysis are in agreement with these previously reported results. Kluyvera
spp. are relatively rarely isolated from human clinical samples, but little is known about where

members of that genus thrive otherwise.

PER from Pararheinheimera spp Large scale comparative genomic analysis of PER-type
beta-lactamase-containing genomes from public databases revealed the genus
Pararheinheimera as the origin of mobile PER-type genes, based on conserved synteny and
high nucleotide identities of up to 96% between PER positive MGEs and the chromosomal
Pararheinheimera PER locus?®, including not only the PER-gene, but also several other genes.
Mobile PER genes were associated with different IS/ISCR elements, such as ISCR1 (often in
chinease isolates?®) and ISPal12/ISPal3, the latter two forming a composite transposon in
some cases able to mobilize and drive expression of the PER gene via an ISPal2 provided
promoter’. There is much evidence suggesting that different PER genes have been mobilized
independently from one another, in different parts of the world. Not all analyzed
Pararheinheimera isolates carried PER-like genes, indicating that these genes were acquired
at some point of the genus’ evolutionary history. This origin was identified through our
comparative genomics workflow. Little is known about the genus Pararheinheimera. PER-
positive isolates have been isolated from soil-, saline- and freshwater environments, but have

not yet been reported in association with disease!®°



KPC - orthologues in Chromobacterium spp Enzymes with relatively high (from a long term
evolutionary perspective) amino acid identity to KPC-2 (up to 76%) were detected without
presence of MGEs in different Chromobacterium spp?. Due to this, compared to other origin
reports, low identity of the Chromobacterium KPC-like gene towards mobile KPC-variants, it is
unlikely that one of the examined Chromobacterium strains is the source of mobile KPC. Our
own analysis identified KPC orthologues in other Chromobacterium isolates as well, though
with a maximum amino acid identity of 78%. Though it is possible that to date
undescribed/undetected Chromobacterium spp or a closely related genus is/are the source of

mobile KPC, further research would be needed to investigate this hypothesis.

GPC-1/BKC-1 from Shinella spp. Two novel class A carbapenemases have been recently
characterized, sharing 77% amino acid identity?*?2, Genome analysis in a recent study showed
the presence of GPC-1/BKC-1-like genes identified in Shinella species, displaying maximum
nucleotide identities from 87-89% to the mobile GPC-1/BKC-1 like genes?®. On plasmid, GPC-
1 was found associated with I1S91 and a tnpA gene, whereas BKC-1 was associated with
ISKpn23. No IS were identified at the Shinella GPC-1/BKC-1 locus, and no other genes at the
site indicated mobility. Different Shinella spp. furthermore display conserved synteny at the
locus. Therefore, both carbapenemases were likely mobilized from to date unsequenced
Shinella spp, though we cannot (due to the relatively low nucleotide identity) exclude that the
genes have been mobilized from a genus closely related to Shinella. Different Shinella species
have been isolated from mainly soil samples, and not been reported to be involved in infection

to date.

Class B beta-lactamases

LMB-1 from Rheinheimera pacifica A novel subgroup B3 Metallo-Beta-Lactamase (MBL),
LMB-1, isolated from an Enterobacter cloacae plasmid, was described recently. A search for
the MBL encoding gene in GenBank showed that the gene was 99% identical to a gene located

on a Rheinheimera pacifica contig. Further analysis of both the plasmid sequence and the R.



pacifica contig revealed the same gene upstream of LMB-1 in both cases (though truncated
on plasmid), though the MGEs located up- and downstream of plasmid-borne LMB-1, 1S6- and
IS91-family transposases, were missing on the R. pacifica contig. The detection of
housekeeping genes on the R. pacifica contig supports the assumption that the contig is part
of the chromosome of this species. Our own analysis identified LMB-1 in other Rheinheimera
isolates (R. nanhaiensis, Rheinheimera sp.). However, nucleotide identities of these isolates
were only about 80% compared to the R. pacifica contig, but the synteny at the locus appears
somewhat conserved. Though the lack of LMB-1 positive genomes makes it difficult to draw a
definitive conclusion and more LMB-1 containing genomes are needed, our data support the
notion that LMB-1 may have been mobilized from R. pacifica, a species associated with marine

environments?.

Class C beta-lactamases

FOX, CMY-1/MOX from Aeromonas spp It had been suspected for some time that the mobile
FOX and CMY-1/MOX cephalosporinases were mobilized from the Aeromonas chromosome,
as they displayed similarity to the chromosomal AmpC of several Aeromonas spp®. Large scale
genomic analysis revealed that these genes have been mobilized from at least four different
Aeromonas spp: FOX-type genes from A. allosaccharophila®, CMY-1/MOX-1 from A.
sanarelii, MOX-2 from A. caviae and MOX-9 from A. media®®. In most cases, fractions of the
Aeromonas AmpC-locus have been mobilized together with the ampC gene, with nucleotide
identities 298% between mobile loci and the respective Aeromonas ampC-locus. FOX-type
enzymes where associated with different types of IS, such as 1S26, ISAs2 (as composite
transposon) or a Tn3-like structure. It is possible that association of different FOX-variants with
different 1S/transposons represent separate mobilization events, as supported by different
spacer lengths between the respective IS and the cephalosprinase gene. The analyzed CMY-
1/MOX variants were associated with ISCR1 or ISKpn9. Though it has not been shown
experimentally, their expression may be driven by IS/ISCR1, which has been shown to contain

an outward oriented promoter driving the expression of adjacent genes?’. These origins were



identified through our comparative genomics workflow, correcting a previous report which
suggested A. caviae as the origin of FOX-type genes. Aeromonads thrive in aquatic
environments and are known to cause infections in humans and animals, and reports of

Aeromonas infection have increased during the last decade?®%°,

CMY-2 from Citrobacter spp CMY-2-type AmpC beta-lactamases are the most commonly
reported cephalosporin resistance determinants in Enterobacteriaceae®®. Shortly after the first
reports of mobile AmpC cephalosporinases emerged, it was noted that mobile CMY-2-type
enzymes were highly similar to the chromosomal Citrobacter freundii AmpC. Subsequent
comparison of the genetic environments of both mobile CMY-2-like genes and the
chromosomal C. freundii ampC genes showed that the order and orientation of genes
downstream of the AmpC were identical, and shared >97% nucleotide identity>!. Mobile CMY-
2-like genes were always associated with ISEcpl, and it is likely that this IS is responsible for
the genes mobilization, as ISEcpl-mediated mobilization of CMY-2 from the C. freundii
chromosome has recently been shown in vitro®. The results of our comparative genomics
analyses were in agreement with the previously reported results. Association of CMY-2 with
ISEcpl and a multi-copy plasmid was shown to significantly increase resistance to
cephalosporins. C. freundii can be found in environmental samples for e.g soil or water, but is

also frequently associated with disease, especially in immunocompromised patients.

DHA from Morganella morganii As the plasmid-borne DHA-1 cephalosporinase was
discovered in a Salmonella enteriditis isolate, it was noted that the enzymes amino acid
sequence was highly similar to that of the chromosomal Morganella morganii AmpC. Sequence
analysis showed that not only the ampC gene, but also the upstream region, containing an
ampR gene as well as about 110bp of non-coding DNA, were 297% similar to the chromosomal
M. morganii ampC locus. Several other genes associated with the chromosomal M. morganii
DHA-locus were also present on DHA-positive MGEs. Expression of DHA-type AmpCs on
plasmids does not seem to be regulated by MGE-provided promotors, but by the ampR gene

located upstream of DHA, as in the genes native M. morganii context®*-3. The results of our



comparative genomics analyses were in agreement with the previously reported results M.
morganii is an enteric bacterium found in mammals, and as opportunistic pathogen mostly

causes wound any urinary tract infections®.

ACT from Enterobacter spp To date, 38 ACT-variants have been reported in CARD (August
2019), most of them in Enterobacter spp. Previously thought to have originated in Enterobacter
cloacae, it was later shown that the mobile ACT-1 AmpC most likely originated in Enterobacter
asburiae. Whereas the E. cloacae ampC and ampR genes were only 85-91% similar to the
chromosomal ampC locus in E. cloacae®, they were 295% identical in nucleotide identity to
the chromosomal ampC-locus of E. asburiae®. ACT-1 expression seems to be regulated by
ampR, on both the E. asburiae chromosome and MGEs. Other mobile ACT-variants display
greater similarity to the chromosomal AmpC-locus of other Enterobacter spp, such as E.
hormaechei and Enterobacter kobei, which however belong to Enterobacter cloacae
complex®, and are as such also referred to as E. cloacae. It is thus possible that different
variants are the result of separate mobilization events from different Enterobacter spp from this
complex. The results of our comparative genomics analyses were in agreement with the
previously reported results. E. asburiae is an opportunistic pathogen that has repeatedly been

isolated from human clinical specimen?, but is also found in soil and water.

MIR from Enterobacter cloacae When the mobile MIR-1 AmpC was first reported in 1990
from clinical Klebsiella pneumoniae isolates, it was noted that its’ gene was more similar (about
90% nucleotide identity) to the ampC gene of Enterobacter cloacae then to the ampC gene of
other Enterobacteriaceae. This led to the hypothesis that mobile MIR-1 have been mobilized
from the Enterobacter cloacae genome, though critical evidence was lacking due to the
relatively low sequence similarity**#2, Later, another study reported an ampC of an E. cloacae
isolate from a clinical sample which was 98% similar to MIR-1. I-Ceul restriction followed by
by hybridization of the obtained fragments with probes for ampC and 23S rRNA confirmed the

chromosomal location of the MIR-1-like ampC gene“®. To date, 18 variants of MIR have been



reported, most of them in Enterobacter spp. The high level expression of MIR-1 is likely driven

by a hybrid promoter formed during the genes mobilization*4.

ACC from Hafnia alvei Due to it's for AmMpC enzymes unusual resistance type, unaffected
susceptibility to cefoxitin, the chromosomal Hafnia alvei AmpC was identified as the origin of
plasmid-borne ACC-type AmpC cephalosporinases. Sequence analysis showed that the
chromosomal H. alvei AmpC and plasmid-borne ACC-1 were 299% identical*. Further
analysis revealed that the gdhA gene detected downstream of mobile ACC-1 is also present
at the H. alvei AmpC-locus. To date, five ACC-like enzymes have been reported, though only
two (ACC-1 and ACC-4) in other species than H. alvei. ACC-4 differs from ACC-1 only by a
point mutation*®, and extensive similarities in the genetic environment of ACC-1 and ACC-4
suggest that ACC-4 is a product of post-mobilization evolution. In non-H. alvei isolates, ACC-
like genes are preceded by ISEcpl. As the native ampR regulator gene is missing on these
MGEs, it is likely that AmpC expression is driven by ISEcpl for ACC-1, as shown for other
resistance genes associated with this 1S247. On the described ACC-4 MGE, ISECpl was
however truncated by 1S26. The results of our comparative genomics analyses were in
agreement with the previously reported results. Hafnia alvei is found on plants as well as in the
mammalian gastrointestinal tract, but also has been shown to be an opportunistic human

pathogen®,

Class D beta-lactamases

OXA-23 from Acinetobacter radioresistens OXA-23 provides carbapenem resistance, and
has been reported mainly in resistant Acinetobacter baumannii isolates. Due to the genes GC
content and it's prevalence in A. baumannii, the genes were suspected to originate in some
Acinetobacter species. This ultimately led to the identification of A. radioresistens as the source
of mobile OXA-23 genes. OXA-23 like genes with high identity towards mobile OXA-23 were

identified in all investigated A. radioresistens strains. Hybrididization of OXA-23- and 16S rRNA



probes on the same fragment following I-Ceul restriction as well as the absence of ISAbal and
ISAba4, with which mobile OXA-23 is usually associated, showed that the gene was located
on the A. radioresistens chromosome and suggested non-mobility. The gene encoded
downstream of OXA-23 in its mobile context, coding for an AAA Atpase, was also detected
with high identity to its mobile counterpart downstream of the OXA-23-like genes in A.
radioresistens. However, A. radioresistens was shown to be fully susceptible to carbapenems,
suggesting that the native OXA-23 gene is expressed at low levels or not at all*®. It had been
shown previously that mobile OXA-23 genes were expressed through promoters provided by
the respective associated IS, either ISAbal or ISAba4*®. The results of our comparative
genomics analyses were in agreement with the previously reported results. A. radioresistens
is part of the commensal skin flora and has been reported, though rarely, to be involved in

infection in immunocompromised patients®..

OXA-181 from Shewanella xiamenensis OXA-181 is a OXA-48-like, mobile carbapenemase
first identified in K. pneumoniae. Though OXA-48 like carbapenemases hydrolize
carbapenems less efficiently than other carbapenemases, they have nevertheless spread
globally during the last years. Several closely related variants have been identified (OXA-161,
OXA-163, OXA-181, OXA-199, OXA-204, OXA-232, OXA-244, OXA-245, OXA-247, OXA-370,
OXA-405 and OXA-416). In 2011, Shewanella xiamenensis was shown to be the origin of
OXA-181, which was first detected in a Klebsiella isolate, using a PCR and sequencing based
approach for screening of environmental samples. Sequencing revealed that the genetic
environment of both mobile OXA-181 and the OXA-181 gene on the S. xiamenensis
chromosome were identical, except for the presence of ISEcpl, which is associated with
mobile OXA-181°2 and likely drives its expression®3. Recently, a large scale screening of
Shewanella spp for OXA-48-like genes, both in vivo and in silico, showed the presence of
those genes in a conserved context on the chromosomes of several Shewanella spp®*. This

also indicates that mobilization of different OXA-48-like genes may have happened



independently several times, from different Shewanella spp. The results of our comparative
genomics analyses were in agreement with the previously reported results. Some Shewanella
spp are known opportunistic pathogens, and reports of Shewanella caused infections have

increased during the last years.

OXA-51-like from Acinetobacter baumannii Carbapenem resistance in Acinetobacter
baumannii is often due to chromosomally encoded carbapenemases®®, such as OXA-51-like
enzymes, whose expression is upregulated through e.g promotors provided by IS. OXA-51-
like genes are instrinsic to A. baumannii, However, plasmid-borne OXA-51-like genes in
combination with ISAbal, an IS associated with OXA-51-like overexpression, have been
reported. Using a PCR-based approach, it was shown that the plasmid-associated OXA-51
region was most likely mobilized from the A. baumannii chromosome via a one ended
transposition mechanism. The genes encoded downstream of both plasmid- and chromosome
encoded OXA-51 were found to be identical. Whereas the authors did not exclude that plasmid
borne OXA-51-like-loci (such as the ones containing OXA-82 and OXA-172) may have
emerged from different mobilization events, other plasmid-borne OXA-51-like enzymes were
suggested to be the consequence of mutation of already plasmid-borne OXA-82 and OXA-
171. It was also noted that not all A. baumannii isolates in which ISAbal preceded OXA-51-
like genes displayed resistance to carbapenems, and increased gene dosage of high copy
number OXA-51-like positive plasmids was suggested as possible explanation for resistance.
The results of our comparative genomics analyses were in agreement with the previously
reported results. Acinetobacter baumannii is a common cause of hospital acquired infection in

humans, associated with high mortality rates®®.

Colistin resistance genes

MCR-2 from Moraxella pluranimalium Plasmid-borne MCR genes providing resistance to

polymyxin have been identified relatively recently. Several plasmid borne variants have been



discovered since then, with sequence divergences >50% between some variants. This degree
of sequence divergence alone strongly suggests that different MCR variants were mobilized
from different origins. Genes related to MCR-2 were discovered on the chromosomes of
Moraxella spp®/, and later, using a PCR-based approach, it was shown that Moraxella
pluranimalium contains a most likely chromosomal MCR gene that is 99% identical to MCR-2.
Attempts to extract plasmids or transfer polymyxin resistance from M. pluranimalium to E. coli
failed, indicating that the gene is indeed non-mobile in M. pluranimalium. Furthermore, the
gene found downstream of mcr-2 in M. pluranimalium is also found at the mobile MCR-2 locus,
with high nucleotide identity. Mobile MCR-2 is associated with 1S1595, which may have
mobilized the gene from the M. pluranimalum®® chromosome. The results of our comparative
genomics analyses were in agreement with the previously reported results. M. pluranimalium
has been isolated mainly from pigs, both healthy and diseased, but little is known about the

species otherwise.

MCR-3 from Aeromonas spp

Though not explicitly claimed, there is some evidence that MCR-3, a mobile MCR-gene that is
47% identical to MCR-2, may have originated in Aeromonas spp., as its sequence was found
74-95% to MCR-like genes found in several Aeromonas spp®°. Sequence analysis showed that
the gene encoded downstream of mobile MCR-3 is also found in MCR-3 positive Aeromonas,
though the gene arrangement at the MCR-3 like locus differs slightly from the mobile MCR-3-
like locus in all up to date analyzed Aeromonas genomes (though it is similar between many
Aeromonas spp.)®. Further research is needed to provide a definite answer to whether MCR-

3 genes originated in Aeromonas spp, as indicated by previous reports.

MCR-4 from Shewanella frigidimarina The finding of the mcr-4 gene, 100% identical to mcr-
4.3, on the chromosome of Shewanella frigidimarina incited the authors of the study to
hypothesize about the origin of MCR-4.3 in S. frigidimarina. However, genes associated with

mobility (Tn5044) and antibiotic resistance (TetR) are encoded directly downstream of the



MCR-4.3 gene®?!, and the aligning region with the mobile MCR-4 locus only encompasses the
MCR gene®. Analysis of the genetic environment of mcr-4 gene variants in Shewanella spp
showed the presence of multiple MGEs at the mcr-4 locus, suggesting that these genes have
been acquired. The evidence for S. frigidimarina as the origin of mobile MCR-4 is thus weak.
However, Proteins related to MCR-4 are found on the chromosomes of several Shewanella
spp. with up to 80% amino acid similarity, suggesting, though critical evidence is lacking, that

these genes may have been mobilized from some to date unsequenced Shewanella spp.

MCR-8 from Stenotrophomonas spp

A recent study suggested Stenotrophomonas spp as the origin of mobile mcr-8 genes, based
on the identification of MCR-8 homologues in Stenotrophomonas genomes®. However, the
respective homologues in the genomes of S. maltophilia and S. rhizophila are at maximum
63% identical at amino acid level to mobile MCR-8. Though it is possible that to date
unknown/unsequenced Stenotrophomonas sp. harbor MCR-8 enzymes more closely related
to mobile MCR-8, there is no evidence for an emergence of mobile MCR-8 from the
Stenotrophomonas genome. Due to the low sequence similarities, the MCR-8 homologues in
Stenotrophomonas were not detected in our analysis, making it at the same time unlikely that
these genes were mobilized from Stenotrophomonas recently, as appears to be the case for

all other IS-associated ARGs described in this study.

MCR-9 from Buttiauxella spp

A novel plasmid-borne mcr variant, named mcr-9, was isolated from colistin resistant E. coli.
In silico identified the gene in several other enterobacterial species, such as K. pneumonia and
Enterobacter spp. Associations with several different IS was described, as well as variations
in the genetic context downstream of the gene. In all cases IS903-like elements were observed
upstream of the gene, followed by mcr-9 and the gene wbuC®. This context is either followed

by an 1S26-like element, or the genes gseC and gseB, a two component regulatory system



that may play a role in inducing mcr-9. The authors furthermore identified mcr-9-like genes in
several Buttiauxella spp. isolates, with up to 84% amino acid identity between the plasmid-
borne gene and the mcr-9-like genes in Buttiauxella spp. The gene wbuC was encoded
downstream of the mcr-9 like genes in Buttiauxella spp., but the two-component regulatory
system was missing, and it was speculated that these genes were derived from another
source. Our comparative genomics analysis identified mcr-9-like genes in 13 Buttiauxella spp.
isolates. Comparison to the mobile mcr-9 from a Salmonella enterica plasmid (carrying the
mcr-9,wbuC,gseC,qseB genes) showed that five isolates carried the wbuC gene downsteam
of the mcr-9-like gene, but lacked 1S903. The mcr-9-like gene and wbuC were 77-83% similar
to the plasmid-borne mcr-9 and wbuC genes over 2178bp. While this suggest some taxonomic
relation to the origin, the low nucleotide identity suggests that these genes may have been
mobilized from another genus as well. And indeed, we identified several Leclercia
adecarboxylata genomes carrying mcr-9-like genes without any IS in their genetic
environment, displaying up to 93% amino acid identity to the mobile MCR-9 protein.
Furthermore, these L. adecarboxylata isolates encoded both wbuC and gseC/gseB
downstream of the mcr-9-like gene. The nucleotide identity to the mobile S. enterica locus was
85% over 4531bp. The identity of the L. carboxylate mcr-9-like locus to only the mobile mcr-9
and wbuC genes was 88% over 2411bp. That said, this mcr-9 like locus was not found in the
majority of L. adecarboxylata genomes, which may suggest that the locus was acquired by
certain species/lineages of Leclercia. Thus, the origin of MCR-9 is likely more closely related
to L. adecarboxylata than to Buttiauxella spp., but further research and genomic data are

needed to pinpoint the origin of MCR-9.

Fluoroquinolone resistance genes

QnrA from Shewanella algae QnrA genes where identified in several Shewanella algae

isolates through screening several genera of clinically significant bacteria using PCR.



Subsequent analysis revealed the location of gnrA on the S. algae chromosome, whereas
ISCR1 (called orf513 at that time), the MGE associated with plasmid-borne gnrA and likely
involved in the genes mobilization and high level expression, could not be detected®. Other
reports of S. algae containing chromosome-borne gnrA genes® as well as our genomic
synteny based analysis of gnrA containing replicons support S. algae as the origin of mobile
gnrA. Though displaying higher fluoroquinolone MICs than other, qgnrA-negative
Shewanellaceae, S. algae was susceptible to fluoroguniolones. S. algae thrives in aquatic
environments (both fresh- and saline water) and may cause disease upon ingestion of
contaminated sources such as water or shellfish. The results of our comparative genomics
analyses were in agreement with the previously reported results. Reports of S. algae infection
have increased during the last decades, especially in Asia during the summer months®’. In S.
algae, gnrA seems to be involved in thermoregulation®, and S. algae has been shown to be

susceptible to fluoroquinolones®.

QnrB from Citrobacter spp Based on the relatively high prevalence of gnrB alleles in
Citrobacter spp, it was hypothesized that the mobile gnrB alleles were mobilized from the
Citrobacter chromosome. A study of >70 clinical Citrobacter isolates, targeting gnrB alleles by
PCR, indicated that gnrB alleles were mostly present in isolates belonging to the C. freundii
complex, including C. freundii, C. braakii, C. youngae and C. werkmanii. Some gnrB alleles
were specific to certain subgroubs, e.g qnrB27 was only found in C. braakii isolates. I-Ceul
restriction followed by double hybridization with gnrB and 23S rRNA genes showed that gnrB
alleles were located on the chromosome of most isolates. Two isolates were shown to harbor
plasmid-borne gnrB genes. PCR for ISCR1 and several integrase genes, which are associated
with mobile gnrB genes, was negative except for the isolates harboring the gnrB-positive
plasmids and transfer experiments failed for all isolates except for the plasmid-carrying ones.
Sequence analysis showed that the synteny between the chromosomal Citrobacter spp. qnrB
locus and plasmid-borne gnrB loci was identical, and nucleotide identities between the two loci

were high. These results strongly suggest that mobile gnrB genes were mobilized from the



chromosome of members of the C. freundii cluster®®. A more recent study managed to establish
associations between eight varying chromosomal Citrobacter spp gnrB loci and plasmid borne
gnrB genes, further suggesting multiple mobilization events®. QnrB positive Citrobacter
isolates were mostly susceptible to fluoroquinolones, which was also shown recently in another
study’™. As shown for the origins of several other MARGSs, not all members of the respective
genus carried gnrB-alleles, indicating that these genes must have been acquired, or lost, in
some strains during their evolutionary history. The results of our comparative genomics
analyses were in agreement with the previously reported results. Interestingly, though qnrB-
like genes are associated with ISEcpl and ISCR1, both of which are known to be able to
increase expression of adjacent genes, it was shown for two gnrB variants, gnrB2 (associated
with ISCR1) and gnrB19 (associated with ISEcpl) that gnr expression is not driven by these
IS, but regulated (at least for gnrB2) in a lexA dependent manner, and thus inducible by the
bacterial SOS response™ 2, C. freundii is an opportunistic pathogen increasingly reported in
nosocomial infections, but is also a common commensal of the human gut. It is also found in

environmental samples, such as soil and water”.

QnrE from Enterobacter spp Low-level fluoroquinolone resistance in a clinical K.
pneumoniae isolate ultimately revealed the presence of a novel, plasmid-borne gnr gene,
named gnrE1 in that isolate. Sequencing of the plasmid harboring the gene revealed that
gnrEl, 73-76% similar to previously described gnr genes, was preceded by ISEcpl encoded
closely upstream of the gene. Comparative genomic analysis showed that the gnrEl
containing region, including several downstream genes (although partly truncated), were highly
identical to the chromosomes of five Enterobacter spp. genomes (2 E. cloacae and 2 E.
asburiae), with nucleotide identities ranging from 83-95%. ISEcpl was not detected upstream
of gnrE1 in these isolates. As ISEcpl-mediated mobilization of resistance genes has been
repeatedly shown®33247 it was suspected that ISEcpl mobilized gnrE1 from the Enterobacter
chromosome and is involved in expression of plasmid mediated gnrE1. Differential spacer

lengths between the IS and gnrE on different plasmids suggest separate mobilization events™.



That gnrE1 was not found on all Enterobacter spp. chromosomes mirrors what was previously
observed for other MARGS, such as PER-type genes and gnrB genes, and suggests that gnrE1
was acquired by some Enterobacter spp strains during their evolutionary history. Our own
comparative analysis showed the mobile gnrE1l locus was, from all Enterobacter spp,
consistently most similar to the Enterobacter mori gnrE1 locus, sharing identities 98-299% over
2-3 kbp (including co-mobilized genes), making this species the most likely origin of mobile
gnrE genes. E. cloacae, E. asburiae, and E. mori, on whichs chromosomes gnrE homologs

were identified, are opportunistic pathogens of humans and other animals.

QnrS from Vibrio splendidus Though an article titled ‘Vibrio splendidus as the source of
plasmid-mediated QnrS-like quinolone resistance determinants ’, describes the presence of
QnrS-like genes in Vibrio splendidus (up to 87.6% identical in amino acid sequence to QnrS1
and QnrS2) and other Vibrio spp. (maximum 64% identical to QnrS1 and QnrS2). Large scale
genome analysis confirms the presence of gnrS like genes in V. splendidus and other species
of Vibrio, though at <90% amino acid identity. Though our examination of the genetic
environment of gnrS in V. splendidus suggests that the gene is non-mobile there and presence
of chromosomal gnrS genes in other Vibrionaceae indicates that these genes may have been
mobilized from some Vibrio or closely related Photobacterium spp, there is no strong evidence

for V. splendidus as the origin of mobile QnrS genes.

OgxAB from Klebsiella pneumoniae The plasmid-encoded multidrug efflux pump OgxAB
was first detected in swine-derived isolates from northern Europe, and can, among resistance
to olaguindox, which is used in industrial swine-growth-promotion, confer resistance to
fluoroguinolone antibiotics. It is encoded by two separate genes, ogxA and ogxB, which are
chromosomal in Klebsiella pneumoniae, based on studies using PCR and hybridization
approaches. Using PCR, a large collection of clinical isolates was screened for the presence
of OgxAB. The great majority of OgxAB-positive positive isolates were K. pneumoniae, with
only a few OgxAB-positive E. cloacae and one E. coli. Sequence comparison showed that the

OQgxAB sequence from E. coli displayed 298% sequence similarity with the chromosomally



located K. pneumoniae ogxAB genes. DNA hybridization showed that the ogxAB genes from
E. coli were located on a large plasmid, whereas ogxAB probes hybridized with chromosomal
DNA in K. pneumoniae, reaffirming the genes’ chromosomal location. MICs for ciprofloxacin
and olaquindox varied in 0ogxAB positive K. pneumoniae, suggesting the presence of additional
resistance mutations in some strains. Sequencing showed that the plasmid-borne ogxAB
genes in E. coli were flanked by 1S26-like sequences, confirming their location in a transposon
termed Tn60107°. The results of our comparative genomics analyses were in agreement with
the previously reported results. As previously mentioned, K. pneumoniae is a human pathogen

but also associated with external environments.

Fosfomycin resistance genes

FosAl from Enterobacter cloacae In a study on the distribution of fosA genes in gram
negatives, Enterobacter cloacae was proposed as the origin of plasmid-mediated fosAl
genes’®. fosAl (previously called fosA, designated fosAl here based on Ito et al 2017) was
originally reported on transposon Tn2921 found in Serratia marcescens. Though close
relatedness between the Th2921 encoded fosAl and a fosAl gene encoded on the E. cloacae
chromosome was stated, and the gene is present in nearly all available Enterobacter cloacae
genomes, no detailed genomic analysis of the locus was performed. Our comparative genomic
analysis showed that the fosAl/fosA2 (the chromosomal Enterobacter fosA gene was termed
fosA2) locus is present in several Enterobacter spp. While the genes in the immediate vincinity
of the fosAl/fosA2 gene are conserved, the genes sourrounding the locus display significant
plasticity. At a 70% cutoff, fosAl/fosA2-like genes are present in roughly half of the
Enterobacter spp. genomes in Genbanks Assembly database. Comparison to Th2921 shows
high identity (max 98%) over 4631 basepairs to the Enterobacter spp. fosA2-locus. The
alignment includes four (partially truncated) genes from the Enterobacter spp. locus and is
flanked by 1S4 (1S4 is absent from the Enterobacter spp. FosA locus). This suggests that the
fosAl gene of Tn2921 has been mobilized from an Enterobacter spp chromosome. However,

there is no clear nucleotide identity ‘gradient’ across Enterobacter species that would allow an



assignment of the Tn2921-borne fosAl to a single species. Thus, while E. cloacae and E.
hormaechei consistently harbor fosA2 genes with high similarity to Tn2921-borne fosAl, it is

difficult to pinpoint a single Enterobacter spp. As the origin of fosAl at the time of writing.

FosA3/4 from Kluyvera georgiana Two separate studies identified K. georgiana as the origin
of the mobile fosfomycin resistance genes fosA3 and fosA4, using PCR- and WGS-based
(Whole genome sequencing) approaches. fosA3 and parts of its genetic environment were
found to be 94- 99% identical in nucleotide sequence to the chromosomal FosA3-like locus of
two different K. georgiana genomes. The alignment started and stopped at the 1S26-locus of
the plasmid-borne fosA3-loci, which flank the locus on either side. The synteny at the fosA3-
locus in both K. georgiana isolates was conserved, and the nucleotide identities differed around
5%. The authors also noted differences in the positioning of 1S26 relative to the fosA3 gene on
different E. coli plasmids, suggesting separate mobilization events of the different plasmid
associated fosA3-loci. While plasmid-borne fosA3 significantly increased fosfomycin
resistance, both K. georgiana strains were susceptible to fosfomycin’’. However, the fosA3
gene of the K. georgiana strain whichs fosA3-like-locus was shown to be the origin of mobile
fosA3, was shown to be only 93% similar to mobile fosA4 from a Salmonella spp plasmid. The
genetic environment of mobile fosA4, including the gene itself and some neighboring genes,
were shown to be >99% similar to the chromosomal fosA4-like locus of a K. georgiana isolate
obtained from a bloodstream infection. The plasmid-borne FosA4 was shown to be flanked by
IS6 family transposases on both sides’®. Both studies reported highly similar genetic
environments of the fosA genes on the respective K. georgiana genomes. The divergence in
nucleotide sequence of fosA3 and fosA4 genes, as well as their association with different IS
and plasmids strongly suggests that they have been mobilized independently from different K.
georgiana genomes. The results of our comparative genomics analyses were in agreement

with the previously reported results



FosA5/6 from Klebsiella pneumoniae In two separate studies, fosfonamide resistant E. coli
were isolated from patients. Both fosfomycin resistance determinants were carried on
plasmids, sharing 96% amino acid identity, but only around 79% amino acid identity with
previously described fosA3. The two novel resistance genes, shown to encode fosfomycin
modifying enzymes, were termed fosA5 and fosA6. The genes and their genetic environment
were sequenced and subjected to comparative genomic analysis, revealing nucleotide
similarities of 97->99% between fosA5/6 and a glutathione transferase encoded on the
chromosome of different Klebsiella pneumoniae isolates. Analysis of the genetic environment
of both genes revealed two similar, but not identical plasmid-borne fosA5/6-loci. While 1S10
was located upstream of all mobile fosA5/6-loci, the length of spacer sequences between 1S10
and fosAb/6 differed. On two plasmids (pKP96, pHKU1), fosA5 was flanked by 1S10 on both
sides, whereas other IS (IS1, 1S26) were encoded downstream of the fosAb-containing
fragment on other plasmids (pHS33, pYD786). The presence of IS10 upstream of the fosA5/6
containing fragment suggests a role of this IS in the genes’ mobilization. However, the
fragments of genes mobilized together with fosA5/6 also differed between plasmids encoding
fosA5 and fosA6. While all fosA5/6-positive plasmids encode a truncated lysR transcriptional
regulator between 1S10 and the respective fosA gene (though the lengths of the truncated lysR
differ), different truncated genes are encoded downstream of fosA on fosA5 and fosA6
plasmids. The genetic environments on the different plasmids were however 298% identical to
the chromosomal fosA-like loci of different K. pneumoniae strains, strongly suggesting that the
K. pneumoniae chromosome is the origin of these mobilized fragments. The results of our
comparative genomics analyses were in agreement with the previously reported results. Since
lysR is truncated in all plasmid-borne fragments, it is possible that fosA expression is driven

by 1S10, though further research is needed to investigate this hypothesis.

FosA8 from Leclercia adecarboxylata



A fosfomycin resistant E. coli isolate was obtained from human urine. Whole genome
sequencing of the strain led to the identification of a novel fosA gene, named fosA8, with 66-
79% amino acid identity towards previously described fosA genes. The gene was located on
a plasmid and inserted into the sprT gene. Though no IS or other transposases were described
in direct vincinity of the gene, identical direct repeats on both sides of the gene strongly suggest
the involvement of such an element in the acquisition of FOSA8. A search against GenBank
led to the identification of a highly similar (98% amino acid identity) FOSA protein in Leclercia
adecarboxylata. The sequences directly adjacent to the fosA8 gene were 99% similar to those
in Leclercia adecarboxylata in several isolates’®. Our comparative genomic analysis supports
the conclusions of the original report. We find that the fosA8 locus in Leclercia adecarboxylata
and other Leclercia spp (n=86) isolates lacks mobile genetic elements and has a conserved
synteny, while nucleotide identities of the encoded genes differ up to >10% between different
strains of L. adecarboxylata. The truncated, co-mobilized genes adjacent to fosA8 on the
originally reported E. coli plasmid are present in full length in the L. adecarboxylata genomes,
displaying up to 100% nucleotide identity to their mobile counterparts. L. adecarboxylata is a

rare human pathogen.

Tetracycline resistance genes

A tetX gene was identified in Sphingobacterium spp. strain PM2-P1-298. Though the authors
showed the gene to be located on a mobilizable transposon and noted its’ similarity to
conjugative transposon CTnDOT from Bacteroides, they conclude that Sphingobacterium spp.
strain PM2-P1-29 may be the ancestral source of the tetX gene. Our analysis identified tetX in
only 4 of 26 Sphingobacterium spp. In all of these, the tetX-locus contained several genes
associated with mobility, such as mob genes, integrases and transposases. Other antibiotic
resistance genes are identified at these loci as well, further indicating mobility. Due to the lack
of non-mobile tetX-loci in any Sphingobacterium spp, there are no indications that

Sphingobacterium spp. may be a recent origin of those genes.



Supplementary Table 1

Randomly selected non-origin proteobacterial species and origin species, information on

association with infection in humans and animals

desulfovibrio litoralis - - - -

kingella potus y vy y - 16000497
caballeronia humi - - - - -
campylobacter geochelonis -y - - 27266587

mitsuaria chitosanitabida - - - - -
sphingobium ummariense - - - - -
pseudomonas straminea - - - - -
corallincola platygyrae - - - - -

dyella nitratireducens - - - - -
azoarcus olearius - - - - -
jannaschia helgolandensis - - - - -
enterobacter chengduensis y - y n 30302649
altererythrobacter sediminis - - - - -
corallococcus llansteffanensis - - - - -
ancylobacter plantiphilus - - - - -
thalassospira frigidphilosprofundus - - - - -
psychromonas aquimarina - - - - -
thermopetrobacter submarinus - - - - -
methylorubrum zatmanii y - y - 9854105
aquisediminimonas sediminicola - - - - -
oceanisphaera ostreae - - - - -
parahaliea aestuarii - - - - -
massilia yuzhufengensis - - - - -
moraxella lacunata Y VY Yy 3901656;30369588
shimia biformata - - - - -
thiomonas arsenitoxydans R
bradyrhizobium oligotrophicum - - - - -
porphyrobacter meromictius - - - - -
holospora caryophila - - - - -
acinetobacter johnsonii Yy y y - 24600597
novosphingobium nitrogenifigens - - - - -
glaciecola nitratireducens - - - - -
tropicimonas arenosa - - - - -
hirschia maritima - - - - -

vibrio rhizosphaerae - - - - -
photorhabdus noenieputensis - - - - -
octadecabacter temperatus - - - - -
providencia heimbachae y - - - 10449504
bradyrhizobium cytisi - - - - -
roseivivax halotolerans - - - - -
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kaistia granuli

nitrosomonas marina
desulfovibrio oliviopondense
blastochloris viridis
rhodovulum salis
altererythrobacter deserti
acinetobacter gandensis
helicobacter brantae
alteromonas abrolhosensis
pseudopontivivens aestuariicola
chthonobacter albigriseus
photorhabdus luminescens
roseovarius aestuarii
desulfosarcina ovata
elioraea rosea

pasteurella mairii
cycloclasticus zancles
pseudooceanicola marinus
bowmanella denitrificans
erwinia aphidicola

yersinia aldovae
burkholderia australis
psychrobacter muriicola
neisseria oralis
steroidobacter denitrificans
bordetella bronchiseptica
pseudomonas rhodesiae
wenxinia marina

legionella bozemanii
xanthobacter viscosus
halomonas sabkhae
duganella ginsengisoli
sorangium cellulosum
bdellovibrio exovorus
ochrobactrum grignonense
rhodobium orientis
acidiphilium organovorum
caballeronia concitans
sphingomonas cynarae
acidiphilium acidophilum
bradyrhizobium ripae
novosphingobium colocasiae
chondromyces crocatus
neptuniibacter marinus
pseudorhodobacter aquimaris
celeribacter baekdonensis
desulfomicrobium baculatum
wenzhouxiangella sediminis

< < < <

< <

25225259
16820454

15653877
29622614

22798652
10.4167/jbv.2014.44.3.244
32209128;1889042
25278578

24023988

27375597
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|luteimonas vadosa
thalassobaculum litoreum
helicobacter fennelliae
thauera mechernichensis
rhodopseudomonas pseudopalustris
salinisphaera shabanensis
xenorhabdus bovienii
citrobacter freundii
shewanella algae
enterobacter mori
aeromonas caviae
aeromonas allosaccharophila
aeromonas media
aeromonas sanarellii
morganella morganii

enterobacter asburiae
enterobacter cloacae
hafnia alvei

klebsiella pneumoniae
kluyvera ascorbata
kluyvera georgiana
acinetobacter baumannii
acinetobacter guillouiae
moraxella pluranimalium
rheinheimera pacifica
leclercia adecarboxylata
acinetobacter gyllenbergii
acinetobacter radioresistens
shewanella xiamenensisi
salinivibrio socompensis

Supplementary table 1: columns from left to right: isolated from human, isolated from domestic

animal, isolated from human infection site, isolated from animal infection site, reference

(pubmed id or DOI), origin.
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