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FIG 5 Global phylogenomics of Klebsiella variicola strains obtained from PATRIC/GenBank. The relationship of K. variicola strain K001 (shown in blue-colored
text labels) to all K. variicola genomes deposited in GenBank and PATRIC were analyzed and drawn into two trees, as shown in panels A and B. Genomes
belonging to the same subclade with the closest evolutionary distance are indicated in red-colored text labels. The various phylogenetic clades and subclades
are highlighted together and uniquely to show their evolution and epidemiology. The trees were drawn using the maximume-likelihood method in RAXML, using
Streptomyces sp. MUSC164 as a reference. Bootstrap values are shown on the branches.

independently from each other. It can, however, be seen that some variants are from
a more recent common ancestor than others, owing to their sequence percent identity
(Fig. 1B; Fig. S1). The phenotypic effect of these variants, in terms of the level of colistin
resistance, is yet to be determined to know which of these variants confers the most
resistance in terms of MIC levels. Nevertheless, most of these mcr variants were plasmid
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FIG 5 (Continued)

borne, with a few being chromosomal, explaining their wide distribution in diverse
species (11, 27).

The global evolutionary trajectory of the mcr-9 gene and genomes shows six major
phylogenetic clades, herein labeled A to F. The strains and plasmids in clade A seem to
be the earliest ancestors of this gene, with clade F being the last and most recent.
Moreover, Enterobacter spp., particularly E. hormaechei, and Salmonella enterica plas-
mids are the most common hosts of the mcr-9 gene (Fig. 2). This is not surprising, as
mcr-9.1 was first identified in Salmonella enterica serovar Typhimurium (23). The diver-
sity of species and plasmids involved in the dissemination of this gene explains its
promiscuity and rapid spread around the globe, further corroborating the need to

restrict the use of colistin in both veterinary and human medicine (5, 28).
msystems.asm,org
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FIG 6 Global phylogenomics of Providencia alcalifaciens and Proteus mirabilis strains obtained from PATRIC/GenBank. The relationship of P. alcalifaciens strain
PMO0O05 (indicated in blue-colored text labels) to all Providencia (A and B) and Proteus (C) genomes deposited in GenBank and PATRIC were analyzed and drawn
into three trees, as shown in panels A, B, and C. Genomes belonging to the same subclade with the closest evolutionary distance are indicated in red-colored
text labels. The various phylogenetic clades and subclades are highlighted together and uniquely to show their evolution and epidemiology. The trees were
drawn using the maximum-likelihood method in RAXML, using Streptomyces sp. MUSC164 as a reference. Bootstrap values are shown on the branches.

The genetic support of the various resistance genes, particularly blacrym-15 01arem-1s
blaoy, and mcr-9.1, identified in these isolates is not new. In particular, the cooccur-
rence of bldcry .15 and blarey,., within Tn3 composite transposons, ISEc9, and I1S79 on
IncF type plasmids is widely reported in both South Africa and worldwide (4, 20, 21,
29-31). Further, the presence of the mcr-9.7 gene on IncHI2 plasmids as well as the
presence of a cupin fold metalloprotein, as observed here, is common around mcr-9.1
genes (23). The promiscuity of IncF plasmids and the abundance of integrons, trans-
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posons, and insertion sequences (ISs) in the genomes of these strains are worrying, as
they might mobilize and facilitate the more rapid dissemination of these multiple
resistance genes to other species and clones (4, 31, 32).
It is interesting to note that not all the closely related strains around the mcr-9.1
strains harbored the mcr gene. Some of the global strains with very close phyletic
clustering with the non-mcr-positive strains contained mcr and, in some cases, carbap-
enemase (blaypm: bldoxaas blayw, and bla,,e) genes. Such resistome differences
between strains belonging to the same clade suggest the gain and loss of resistance
plasmids during the evolutionary and epidemiological trajectory. This could be the case
for the other E. hormaechei strains that had no mcr gene. The 11 strains included in this
study were phylogenetically distant from any strain from South Africa or Africa but were
of very close evolutionary distance to international strains, some of which harbored
very rich resistomes, including the cooccurrence of carbapenemase and mcr genes.
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Thus, the possibility of these strains having been imported cannot be ruled out, a
situation that warrants constant surveillance and screening of medical tourists, partic-
ularly those from areas of carbapenemase and mcr gene endemicity (6, 33).
Although carbapenemases were not found in these strains, as has been reported
elsewhere in mcr-positive strains (34-38), the cooccurrence of mcr and ESBL genes is
worrying, as they restrict therapeutic options. To date, only mcr-1 genes have been
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reported in South Africa (6, 25, 39, 40), making the identification of mcr-9.1 in strains as
long ago as 2013 a concerning situation. This suggests that other mcr variants may be
present in South Africa and Africa, and intensive clinical surveillance is necessary to
unearth these and preempt further escalation.

MATERIALS AND METHODS

Clinical bacterial specimens and antibiotic sensitivity testing. An old collection of clinical
specimens (n = 72) that was obtained in 2013 at a referral laboratory from patients having drug-resistant
infections at an academic teaching hospital were analyzed (20, 21, 29). These patients suffered from
several different diseases, and the specimens were obtained from different body sites. The specimens
were cultured on blood agar overnight, and pure colonies were transferred to freshly prepared Mueller-
Hinton plates for another 24 h of incubation. The fresh cultures were then used for antimicrobial
sensitivity testing and species identification on a MiscroScan Walkaway system. The isolates were further
tested for ESBL production using double-disk synergy testing (41). Enterobacteriaceae species having
reduced sensitivity to cephems and colistin were further selected for genomic analyses.

Whole-genome sequencing. Eleven isolates belonging to Enterobacteriaceae species that are rarely
isolated at the referral laboratory were cultured for 24 h to determine the reservoirs of resistance genes
in less-isolated pathogens or commensals. Their genomic DNA was subsequently isolated using the ZR
Fungal/Bacterial DNA MiniPrep kit (Zymo Research, USA). Briefly, 200-bp libraries were prepared from the
genomic DNA (gDNA) and size-selected using 2% agarose gel and Pippen prep (Sage Science, Beverly,
MA, USA). The libraries were barcoded and pooled for sequencing on an lon Proton system (Thermo
Fisher, Waltham, MA, USA).

Bioinformatic and phylogenomic analyses. Cutadapt 2.8 was used to remove sequence adapters,
artifacts, and poor sequences using default parameters. The SPAdes assembler was used to assemble the
trimmed raw reads de novo using default parameters. Reads below 200 nucleotides were removed,
deposited at GenBank, and annotated with PGAP (42). The resistomes of the isolates were determined
from the Isolates Browser database of NCBI (https://www.ncbi.nlm.nih.gov/pathogens/isolates#/search/),
while the mobilomes were manually curated from the gff files from GenBank. The isolates’ multilocus
sequence typing (MLST) sequence types were identified with the MLST database at CGE (http://cge.cbs
.dtu.dk/services/MLST/). INTEGRALL (http://integrall.bio.ua.pt/) was used to identify the integrons and
gene cassettes within the genomes, while PlasmidFinder (http://cge.cbs.dtu.dk/services/PlasmidFinder/)
was used to identify the plasmid replicons.

Contigs bearing the mcr-9.7 gene were subjected to a BLAST search (using nucleotide BLAST) to
identify genomes with the closest nucleotide identity; these genomes were used to draw distance trees
using the fast minimum evolution method at a maximum sequence difference of 0.75. The genomes of
Citrobacter freundii, Enterobacter hormaechei, Klebsiella variicola, Providencia spp., and Proteus mirabilis
were curated from PATRIC (https://www.patricbrc.org) and filtered to remove poor genomes; i.e.,
genomes with fewer than 1,000 consensus genes for alignment with the total genome collection were
discarded. The filtered genomes were then aligned using CLUSTAL and run through RAxML to draw
maximum-likelihood trees (using a bootstrap reassessment of 1,000X), which were annotated using
Figtree (http://tree.bio.ed.ac.uk/software/figtree/).

All mcr-9 genes and selected RefSeq mcr-1 to mcr-10 genes were downloaded from GenBank and
aligned with MUSCLE. The aligned file was then used to draw a maximum likelihood tree using PhyML.
The tree was thereafter annotated using Figtree.

Data availability. The genomes of the isolates used in this study have been deposited in DDBJ/
ENA/GenBank under BioProject number PRNA355910 and accession numbers NXKE00000000 (CF003),
NXKF00000000 (CF004), NXIKO0000000 (EC001), NXILOO0O00000 (EC009), NXIM00000000 (EC010),
NXJFO0000000 (EC015), NXJGO0000000 (KOO1), NXJHO0000000 (K006), NXKO00000000 (K130),
NXJN00000000 (K063), and NXKC00000000 (PMO005). The versions described in this paper are versions
NXKE01000000, NXKF01000000, NXIKO1000000, NXILO1000000, NXIM01000000, NXJF01000000,
NXJG01000000, NXJH01000000, NXKOO01000000, NXJNO1000000, and NXKC01000000.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, PDF file, 0.03 MB.
TABLE S1, XLSX file, 0.02 MB.
DATA SET S1, XLSX file, 0.04 MB.
DATA SET S2, TXT file, 0.02 MB.
DATA SET S3, TXT file, 0.2 MB.
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All protocols and consent forms were executed according to the agreed ethical

approval terms and conditions. All clinical samples were obtained from a reference
laboratory and not directly from patients, who agreed to our using their specimens for
this research. The guidelines stated by the Declaration of Helsinki for involving human
participants were followed in the study.
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