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ABSTRACT

The World Health Organization ranks Klebsiella pneumoniae as a priority antimicrobial-
resistant (AMR) pathogen requiring urgent study. New strategies for diagnosis and treatment,
particularly for those Klebsiella that are classified as carbapenem-resistant
Enterobacteriaceae (CRE) need to recognize the increased prevalence of non-carbapenemase
producing CRE (non-CP CRE). By integrating diverse K/ebsiella genomes with known CRE
phenotypes, we successfully identified a synchronized presence of CRE phenotype-related
genes in plasmids and chromosomes in comparison to strains with carbapenem susceptible
phenotypes. The data revealed a major contribution to CRE comes from the combined effect
of chromosome and plasmid genes potentiated by modifications of outer membrane porins.
Our computational workflow identified key gene contributors to the non-CP CRE phenotype,
including those that lead to an increase of antibiotic expulsion by enhanced efflux pump
activity and mobile elements that reduce antibiotic intake, such as IS/ and Tn3-like elements.
These findings are consistent with a new model wherein a change to the balance in drug
influx and efflux potentiates the ability of some beta-lactamases to enable survival in the
presence of carbapenems. Analysis of the large numbers of documented CRE infections, as

well as forensic analysis of a case study, showed that this potentiation can occur in short

timeframesptodebivera aaa6 RGREniectionpsLesults stggsast thak thesmyltiple.ganestice.
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that function to build an AMR phenotype can be diagnosed, so that strains that will resist
treatment with carbapenem treatment will be evident if a comprehensive genome-based

diagnostic for CRE considers all of these sequence-accessible features.

SIGNIFICANCE

Carbapenem-resistant Enterobacteriaceae (CRE) has emerged as an important challenge in
health-care settings, with Klebsiella pneumoniae playing a major role in the global burden of
CRE infections. Through systematic characterisation of the chromosome and plasmid genes
of K. pneumoniae strains and their antimicrobial traits we identified new CRE mechanisms
that are important for accurate diagnosis of carbapenem-resistant AMR. The development of
comprehensive genomics-based diagnostics for CRE will need to consider the multiple gene
signatures that impact together to deliver non-carbapenemase, carbapenem-resistant

infections.
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Introduction

Klebsiella pneumoniae is a priority antimicrobial-resistant (AMR) pathogen requiring urgent
study and new strategies for diagnosis and treatment (1). While carbapenems had stood as a
last-line treatment for Klebsiella infections, the rise in carbapenem-resistant clones of
Klebsiella species, particularly prevalent across Asia, pose a rapidly growing threat. K.
prneumoniae gain carbapenem resistance by expression of carbapenemases that hydrolyse
carbapenems and other beta-lactam antibiotics. Acquisition of plasmid-encoded
carbapenemases converts carbapenem sensitive strains of K. pneumoniae to resistant strains
with what appears to be alarming ease (2, 3). Recently, a more complicated non-
carbapenemase (non-CP) carbapenem-resistant phenotype has been recognized globally,
where a prospective, multicentre, cohort study for carbapenem-resistant Enterobacteriaceae
(CRE) in USA revealed that 41% of the isolates did not encode carbapenemases (4). To
improve options to control AMR, a better understanding of the non-CP mechanisms and their

relative incidence is imperative.

Beta-lactam antibiotics such as carbapenems target the bacterial periplasm. These drugs enter
the periplasm via porins in the bacterial outer membrane, and can be secreted by efflux
pumps along the outer membrane (5). As a result, a key non-CP CRE mechanism in strains
that express an extended spectrum beta-lactamase (ESBL), is either loss-of-function
mutations in outer membrane porins to diminish beta-lactam entry (6, 7), and/or
overproduction of efflux pumps to increase drug export from the periplasm (8, 9). Together,
genotypes such as this result in a decreased concentration of carbapenem in the periplasm,
which if sufficiently low, can be cleared by the action of ESBLs to generate a non-CP CRE
phenotype (6). Consistent with this, we recently reported a case study where a CRE
phenotype was ultimately generated by loss of porin function in a strain that expressed no

recognizable carbapenemase, but which carried the blapua-1 gene encoding an ESBL (10).

Evidence from bacterial population biology suggests that a positive epistasis between the
chromosomal genes and plasmids enables long-term survival (11). In many cases variability
in resistance to antimicrobials is the result the action of a combination of genes with
different, independent functions (12); however, these associations between chromosomal and
plasmid genes to enable AMR phenotypes remains understudied. There is an emerging
acceptance for whole-genome sequencing (WGS)-based strategies to predict AMR

phenotypes down to the detail of minimal inhibitory concentrations (MICs) for specific drugs
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(13), as they reduce the time needed for diagnosis to inform therapy and improve patient
outcomes. Diagnosis from rapidly acquired genome sequence data is a promising new
approach, where WGS data can be used as a basis for machine learning methods to deliver
insight into genomic features that are involved in AMR (14) and this approach has been

applied in at least one study to predict MIC data for clinical isolates of Klebsiella (15).

Here we identified genes that act in association to generate CRE phenotypes, by
systematically analysing Klebsiella pneumoniae strains with clinical and phenotypic
characterisation and genomic data with accurate chromosome and plasmid gene mapping. In
our analysis we observed three plasmid-mediated mechanisms that contribute to carbapenem
resistance: (i) strains with plasmids that carry carbapenemase producing genes, (ii) strains
with plasmids that carry beta-lactamase genes and chromosomes with defective porins and
(ii1) modifications in the membrane functions that increase the efflux of antibiotics, either by
changes in the regulation of efflux pump expression or the duplication of efflux pumps genes.
During this analysis, we discovered drug-resistance in non-CP strains could be affected
through genes encoding efflux pumps. When analyzing gene associations between plasmids
and chromosomal genes, we found an enrichment of membrane component genes, suggesting
that a complementary balance between influx and efflux is necessary for resistance. The
presence of mobile elements was associated with the resistant phenotype, suggesting an

evolutionary trend and non-random mobility of plasmids.

RESULTS

Within-host evolution of a CRE infection caused by K. pneumoniae

Three K. pneumoniae isolates (FK-2624, FK-2723 and FK-2820) collected from sputum
samples of a hospitalized patient across a period of 113 days (10) showed phenotypic
evidence of within-host evolution of carbapenem resistance (Fig. 1a). To test their suggested
relatedness, the genomes of these three isolates were sequenced. Phylogenies generated
comparing these strains with all publicly available completed K. pneumoniae genomes
showed that the three in-host isolates were most closely related to each other (Fig. 1b). A
sequence identity of >98% was observed for FK-2624, FK-2723 and FK-2820, but with only
307 single nucleotide variants (SNVs) (~ 0.01% core genome variability) using FK-2624 as
reference. The remainder of the 2% variation between genomes was attributed to the

increased lengths of the assembled genomes (from 5700 kb for FK-2624 on day 26, to 6053
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95 kb for FK-2723 on day 71, to 6057 kb for FK-2820 on day 113) (Supplementary Table 1).
96  The estimated SNVs between the genomes was significantly less than the expected ~2628
97  SNVs based on a mutation rate of 1 x 10”7 per nucleotide site per generation. Further, when
98  considering the third isolate FK-2820 as reference, 82 SNVs were shared between the first
99  two isolates, FK-2624 and FK-2723. Taken together, these results strongly support the
100  within-host emergence of FK-2820 from FK-2723 which likewise arose from the progenitor
101 FK-2624 upon antibiotic use (Fig. 1a).
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102 Figure 1. A case-study of within-host emergence of non-CP CRE. a, Timeline of K. pneumoniae isolate
103  collection and their antimicrobial properties. For detailed patient clinical and treatment history, see ref. 15.
104 b, Phylogenetic relationships linking FK-2624, FK-2723 and FK-2820 with 597 complete genomes of K.
105  pneumoniae and K. quasipneumoniae. Scale bars represents nucleotide substitutions per site. Red square

106  highlights the Wenzhou strains. Strains subjected to further study are shown in green.
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To understand the nature of the changes in FK-2820 that yield the CRE phenotype (Fig. 2a),
physical maps of the genomes were inferred from the WGS data. Genomic analysis using a
plasmid predictor (mlplasmids) (16) showed that the three isolates contained two putative
plasmids. A smaller plasmid of 211 kb was found in all three isolates. Due to SN'Vs and gene
content, the plasmids have unique names: pTC1-2624, pTC1-2723 and pTC1-2820. A larger
plasmid of 340 kb was found in the latter two strains FK-2723 and FK-2820, denoted as
pTC2-2723 and pTC2-2820, respectively (Fig. 2b).

The smaller plasmid shared by all three isolates showed ~98% sequence identity across the
three strains. Annotation of the plasmid-associated genes indicated that several resistance
genes found in pTC1-2723 and pTC1-2820 were absent from pTC1-2624. Notably gene
blarem-116 — encoding a broad-spectrum beta-lactamase — was acquired in the plasmid carried

in FK-2723 (Fig. 2, Supplementary Fig. 1a, Supplementary Table 2, 3).

The larger plasmids pTC2-2723 and pTC2-2820 showed ~99% sequence identity to each
other (Fig. 2b). The major difference between them is that pTC2-2820 was ~4,000 nts longer
due to duplication of four genes (silC, silE, silR and silS). These genes encode the subunits of
an efflux pump that spans the outer and inner membrane, being composed of the SilA and
SilB efflux RND transporter and the outer membrane protein SilC, with a functionally related
periplasmic substrate-binding protein SilE (17) (Fig. 2c). Expression of the genes for these
structural components of the pump are regulated by the sensory histidine kinase (SilS) and
the ligand-sensing response regulator (SilR) (17). Increased gene copy for this efflux pump in
pTC2-2820 could contribute to a change in the effective concentration of carbapenem in the

periplasm of FK-2820 if the pump has any capacity to expel antibiotics (8, 9).

The plasmid acquired by FK-2723 and retained in FK-2820 also carries blapna-1, a gene
encoding a beta-lactamase previously assessed as having no significant activity against
carbapenems (18). The stepwise acquisition of efflux pumps and blapna-1 expression could
have a combined effect to impact the drug concentration in the periplasm but is unlikely to
produce a CRE phenotype. Rather, these genes predispose the strain through providing a
“pre-AMR state” to the bacterial cells (Fig. 2c¢).

A compounding difference in FK-2820 relative to the two earlier strains comes from a 158 nt
deletion in the chromosomal gene ompK36, which changes the reading frame and introduces

a premature stop codon (Supplementary Fig. 1b). This explains the absence of detectable
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138 OmpK36 observed in immunoblots of FK-2820 (10). Mechanistically, the loss of porin

139  function would decrease the entry of drug into the periplasm. Taken together, the WGS data
140  depicts the coordination of an array of genes that potentiates a scenario for the evolution of a
141 CRE phenotype within a single patient. We therefore sought to address how widespread this

142 scenario might be in other patients and other strains of Klebsiella.

a Isolate: FK-2624 FK-2723 imipenem FK-2820
treatment started
1 1 1 ]
l 2 71 11
Hospitalization day 26 day day 99 day ) 3
W DHA-1, ampR acquired
I /\ 0pK36 acquired
b
FK-2624 Ul T
pTC1-2624
FK-2723 L\
pTC1-2723 pTC2-2723
FK-2820 C C 1
pTC1-2820 pTC2-2820
Small Plasmid Large Plasmid
Cc
FK-2624 FK-2723 FK-2820

Cell death Cell survival Cell immunity
Carbapenem sensitive Carbapenem resistant

143  Figure 2. Mechanism of carbapenem resistance driven by a combination between membrane

144  modifications and beta-lactamases. a, During the timeline of infection, beta-lactamases gene blapha-i
145  and its regular ampR are acquired and the ompK36 porin gene mutated. b, Sequence-based comparisons of
146  the five plasmids identified in this study. Coloured blocks represent shared homologous regions that are
147  free of genomic arrangements; their heights correspond to the average level of conservation in the NGS
148  data. White coloured areas represent regions that are absent in comparison to other strains. Blocks above
149  the centre line indicate forward orientation corresponding to the first sequence, while blocks below the line

150  indicate reverse compliment orientation. We show detailed mapping of the small and large plasmids in
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151 Supplementary Fig. 1a. ¢, In susceptible strains (FK-2624, FK-2723), carbapenems enter the bacterial cell
152  via porins in the outer membrane and inhibit the process of cell wall biogenesis in the periplasm. The

153  acquisition of a plasmid-encoded beta-lactamase, and the acquisition of genes encoding a drug-efflux

154  pump is not sufficient to deliver a carbapenem-resistant phenotype (FK-2723). However, with these

155  genetic changes, a mutation in the porin gene to diminish the rate and extent of drug influx into the

156  periplasm results in a carbapenem-resistant phenotype (FK-2820). An alignment of the porin gene ompK36
157  is shown in Supplementary Fig. 1b.

158  Plasmid prevalence, diversity and carbapenem resistance mechanisms

159  To understand the prevalence and diversity of CRE mechanisms, we characterized 43

160  genomes representing 28 different multilocus sequence typing (MLST) types from K.

161  pneumoniae strains and one K. quasipneumoniae strain. Details on sequencing, collection,
162  and source of each of these strains is documented in Table S1. From these 43 strains, 42 of
163  the genomes contained plasmid sequences which varied from ~24,000 to ~800,000 nt, with
164  up to seven plasmids in one strain (Supplementary Table 3). Only K. pneumoniae strain

165 RDAOOI.1 appeared to be without a plasmid. While maximum likelihood phylogeny of their
166  core genomes showed clustering by MLST types (Fig. 3), there was also significant

167  evolutionary distance between the MLST types (Fig. 1b).

168  There is a current acceptance for a set of 289 genes that are known to contribute to AMR (6,
169 7,9, 19), and these include the various isoforms of beta-lactamases, carbapenemases, porins
170  and efflux pumps of interest in our study. We identified 45 of these AMR genes across the 43
171 genomes (Supplementary Table 4). Among the 14 carbapenem-susceptible strains, only

172 RCZZO01 was found to have a defective porin gene (a gap of 720 nt in ompK36) and a

173 plasmid-borne blaoxa-1 encoding a beta-lactamase, whereas the remainder had intact porin
174  genes and no identifiable beta-lactamases (Fig. 3). Only 16 of the 43 Klebsiella genomes

175  were found to encode a recognizable carbapenemase, either KPC-2, KPC-3, or NDM-1, and
176  all these 16 isolates were documented as being of CRE phenotype.

177  The remaining 13 Klebsiella genomes came from strains documented as CRE, thus

178  representing the non-CP CRE cohort of bacteria (Fig. 3). To understand the genes associated
179  with the 13 strains that were non-CP CRE, we mapped the chromosomal and plasmid-borne
180  resistance genes. Six of the non-CP CRE strains encoded plasmid-borne beta-lactamases and

181  contained deletions in chromosomal genes encoding the porins OmpK26, OmpK35,
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182 OmpK36, OmpK37, OmpK38 or PhoE (Fig. 3, Supplementary Table 4). Consistent with
183  patterns observed globally, the most detected defective porin was OmpK35 (7).

184  The other seven non-CP CRE strains did not express any recognizable beta-lactamase. While
185  six of the seven strains showed defects in porin-encoding genes due to deletions, loss of porin
186  function alone has not been associated with resistance to carbapenems. This comprehensive
187  mapping of known resistance markers shows that almost as prevalent as the carbapenemase-
188  producing CRE strains are non-CP CRE strains, where gene association between a defective
189  porin and a plasmid-borne beta-lactamase gene is evident. The mapping also suggests that

190  further gene associations contribute to the CRE phenotype.
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191 Figure 3. Resistance mechanisms of extensively characterised Klebsiella isolates. The maximum

192 likelihood phylogeny was generated using the core genome of 164242 nt. The mechanism of resistance
193  was deduced using presence or absence of genes. The labels in the bottom allow the identification of the
194  gene groups as follows: Bla (beta-lactamases), Carb (carbapenemase), ESBL (extended spectrum beta-
195  lactamases), Broad (broad spectrum beta-lactamases), Porins and Efflux genes. A distinguishing feature of
196  FK-2820 is the truncation of OmpK36, with sequence analysis confirming that this consists of a deletion in
197  the sequence that would cause synthesis of the polypeptide to be truncated by a premature stop codon.

198  Scale bar represents nucleotide substitutions per site.
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Gene association between plasmid-borne and chromosomal genes

To identify any new gene associations that may contribute CRE phenotypes we developed a

computational workflow to analyse 69,512 predicted proteins across the 43 genomes (Fig. 4a

and Supplementary Fig. 2). First, a t-distributed stochastic neighbour embedding (t-SNE)

analysis was performed with a matrix of presence/absence/duplication of the predicted

proteins (Fig. 4). The protein sequences common to all 43 genomes formed a “centroid” (Fig.

4b), whereas those protein sequences exclusive to specific MLST types clustered

independently. To avoid evolutionary biases and to focus on acquired genes and phenotype

related genotypes, we selected all putative proteins that deviated from both the centroid and

the MLST-specific clusters. The resulting 3527 putative proteins thus represent the accessory

genomes and uncommon variations.
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Figure 4. Identifying gene association in putative proteins. a, workflow to detect gene associations.
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presence, absence and multiple copies of these genes was generated to represent the genotype of genome.
Step 3, t-SNE was calculated per gene and the relative distance between genomes was represented in two
dimensions. Step 4, The relative distances between genomes per gene was correlated pairwise through all
gene combinations Step 5, the mode of the correlations per gene was calculated and genes with a mode
less than 0.5 were selected for the next step. Step 5, Mutual information (MI) of all pairwise comparisons
was calculated and genes with high MI (>0.9) were considered associated. A detailed illustration of the
computational workflow is provided in Supplementary Fig. 2. b, Clustering of the putative proteins of 43
K. pneumoniae strains using tSNE. The colours represent the different MLST types. ¢, Histogram of the
pairwise correlations of the distances between genomes in each putative protein. A high correlation can be
observed for essential genes present in most strains, while putative proteins that represent the accessory

genome and noncommon variations of genes will have lower correlations overall.

Pairwise Mutual Information (MI) was used to identify gene associations from the 3527
putative proteins selected. Any two proteins were considered highly associated when the
presence or absence of one could predict the presence or absence of the other with a high MI
score (>0.9). In six strains that produced beta-lactamases and contained defective porins, 65
genes were found to be associated with resistance (MI>0.9): 31 were exclusively in plasmids,
19 were carried in the chromosome, and 12 genes were not exclusively in either chromosome
or plasmids, occurring seemingly at random either in plasmids or chromosomes (Table 1).
Twenty-three of these 65 genes encode membrane proteins, showing enrichment of efflux
pumps including the SilABC efflux pump and other resistance nodulation division (RND)
transporters. In addition to the structural genes for efflux pumps, we identified the gene
encoding the membrane protein PcoS, a sensor histidine kinase responsive to the intracellular
concentration of copper, and regulating the expression of genes encoding metal ion pumps
(20). The second most frequently associated genes were mobile elements. Thirteen genes
identified were predicted to encode transposases and insertion genes. Two of these, ISKpn26

and IS/, are known to impact porin expression (6, 21).

Focussing on the 7 CRE Klebsiella strains that had no known mechanism to explain their
CRE phenotype was highly informative. We identified 224 genes that were not present in
susceptible strains (Supplementary Table 5). These genes included efflux pumps (major
facilitator superfamily (MFS) efflux pumps and RND efflux pumps), cell wall modifying
enzymes (e.g. serine-type D-Ala-D-Ala carboxypeptidase) and detergent resistance
mechanisms (e.g. benzoate/H(+) symporter BenE family transporter). High gene-association
was found among 18 of these genes (14 chromosomal genes and 4 plasmid-borne genes)

(Table 2). One example common to all 7 strains was association of the plasmid-borne gene
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acrB, and the porin-encoding chromosomal gene /lamB. AcrB is a component of the AcrAB-
TolC drug efflux pump, known to contribute to drug resistance (19). While the porin LamB is
not generally recognized as contributing to carbapenem resistance in Klebsiella (7), it has

been shown to contribute to CRE phenotypes in Escherichia coli (22).

In summary, we observed a synchronized presence of CRE phenotype-related genes in
plasmids and on chromosomes in comparison to strains with carbapenem susceptible
phenotypes. Our results suggest that for CRE strains the function of the gene carried by the
plasmid was facilitated by the gene in the chromosome, and when these gene pairs are not

present in concert, the strain will be susceptible to carbapenem treatment.

DISCUSSION

While the evolution of CRE phenotypes in Klebsiella and other species of Enterobacteriaceae
is on the rise, there remains many clinical cases where carbapenems can provide effective
treatment against life-threatening infections. Rapid diagnosis to discriminate between CRE
and carbapenem-sensitive phenotypes is in demand. WGS will be increasingly used as a basis
for rapid diagnosis, but the gene signatures that determine a CRE phenotype are not as simple
as once thought. Here, through systematic characterisation of complete Klebsiella genomes
we identified three different groups of strains with multiple plasmid-mediated mechanisms of
resistance to carbapenems: (i) the predictable strains with plasmid-borne genes encoding
recognizable carbapenemases, (ii) strains with plasmids that encode other non-
carbapenemase beta-lactamases in conjunction with chromosomal genes mutated to encode

functionally inactivated porins, and (iii) other strains.

This ability of Klebsiella to use different mechanisms to mount a CRE phenotype adds to the
complexity of its diagnosis. Only the first group of strains, those encoding recognizable
carbapenemases, would be predicted as CRE by current genome-based diagnostics. Sixteen
such strains were present in the 43 Klebsiella genomes analyzed. Three different
carbapenemases were present (KPC-2, KPC-3 or NDM-1) and these genes were all present
on plasmids. Carbapenems differ structurally from other beta-lactam drugs, accommodating
an additional pyrrolidine ring in the active site that is not present in most other beta-lactams
(23). Therefore, the carbapenemases KPC-2, KPC-3 or NDM-1 differ enough in structure
from other beta-lactamases (24) that sequence feature-based diagnosis is robust, and the

KPC-2 carbapenemase has become a dominant form diagnosed in many clinical
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investigations of CRE. Plasmids carrying blakprc.> have contributed significantly to the
success of K. pneumoniae ST258, which has been the dominant global clone of CRE K.

pneumoniae (25).

While the conventional wisdom is that the beta-lactamase encoded by blapy, | has no activity

against carbapenems, such statements are based only on growth phenotypes and MIC
evaluations. As an ESBL, the enzyme encoded by blapna-1 has broad substrate specificity for
beta-lactams and has measurable activity against carbapenems in vitro (26). A recent review
documents the diverse plasmids that have been shown to carry blapma-1 across bacterial
species (27), and while carriage of blapua-1 alone does not confer CRE phenotypes, it can

confer a reduced susceptibility to carbapenem treatment (26).

Porins are beta-barrel proteins in the outer membrane of Gram-negative bacteria and defects

in genes encoding porins have been associated with carbapenem resistance (7, 18, 26).
Several studies have assessed Klebsiella isolates phylogenetically and reported that ompK35
is the most prevalent target of inactivating mutations in CRE Klebsiella (7). While few
controlled studies have been done using isogenic strains expressing only one of the porins
OmpK26, OmpK35, OmpK36, OmpK37, OmpK38 or PhoE, there is reason to expect that in
a given strain of Klebsiella, there may be factors that dictate which of these proteins is most
highly expressed and might therefore be most permissive to the influx of carbapenems into
the periplasm. One such study concluded that all six porins can contribute somewhat to
carbapenem transport into Klebsiella, but that OmpK35 appears to be the biggest contributor
(7). Here we mapped potential inactivating mutations in OmpK26, OmpK35, OmpK36,
OmpK37, OmpK38 and PhoE, and found that 29 strains from the 43 analysed had defective
porins. Of these, 20 were defective in OmpK35, 13 defective in OmpK36, 5 defective in
OmpK37 and 6 in OmpK38, with several strains having more than one porin truncated (Fig.
3). The mechanism by which porins are made defective range from SNV that incorporate
premature stop-codons and those that inhibit antibiotic import whilst maintaining nutrient
acquisition, to major changes mediated by insertion sequences such as IS/ (21). IS/ was
found as an associated gene in the present study. Furthermore, 29 of the strains carried
mutations in chromosomal genes encoding the porins OmpK26, OmpK35, OmpK36,
OmpK37, OmpK38 or PhoE, with defects in ompK35 being most prevalent and, of these, 22

also showed evidence of IS].
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In addition to the combined effect of defective porins and plasmid-encoded beta-lactamases,
we found gene association data to suggest that expression of efflux pumps correlates to CRE
phenotypes. Influx-efflux links such as those highlighted in Figure 2C would be one
explanation for why efflux pump carriage is associated with CRE phenotypes (6). However,
the control circuits governing efflux pump expression might also provide clues to understand
the strains with no known resistance mechanism (28). The steady-state level of efflux pumps
is controlled through drug-responsive transcription factors such as RamR and MarR. In their
resting state, these repressors bind to the promoter regions of the transcriptional activators,
ramA and marA, respectively. This prevents expression of the activators. In response to
increased drug concentration, a conformational change is induced in RamR/MarR releasing
them from their operator sites, and thereby derepressing ramA4 and marA to activate
overexpression of acrAB-tolC. In a detailed case monitoring CRE evolution in K.
pneumoniae, it was found that an SNV in RamR attenuated expression of acr4B genes and
also ompK35 (29). This study shows that second-site mutations can affect porin loss and
provides a potential explanation to the third category of CRE phenotypes investigated here:

those that did not encode a recognizable carbapenemase or a defective porin encoding gene.

t-SNE analysis has been used widely in single cell analysis; however, recently its potential to
analyse diversity of populations and clustering of accessory genes has been explored, opening
a diverse number of utilities for this method (30). Genome-wide analysis to identify gene
associations and epistasis to elucidate interdependent genes that cause antibiotic resistance
has proven to be challenging due to weak statistical power, the phylogenetic biases, and the
need for large datasets (>1000 genomes) (31). Here we showed that clustering of
pangenomes using t-SNE allowed the identification of gene associations that confer
phenotypes of interest. We identified two categories of CRE Klebsiella that do not encode
recognizable carbapenemases. In one of these categories, a combination of loss-of-function
mutations in the strain’s major porin and plasmid carriage of an ESBL was detected. For this
and the other non-carbapenemase CRE strains, an association of efflux pumps was detected.
A comprehensive genome-based diagnostic for CRE will need to take into account all of

these gene features.

A great leap forward in cancer diagnostics came with the concept that a given cancer evolves
in a patient as a result of a series of stepwise mutations that result, phenotypically, in a set of

precancerous states. This was based on early realizations (32, 33) and was thereafter shown
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340  to be a dominant and general mechanism for cancer progression (34). With advances in

341  technology, single-cell studies have consolidated this view of pre-cancerous states evolving
342  into recognizable cancers through multiple, step-wise, genetic changes that can be diagnosed
343  early in the progression to cancer (35). Conceptually, the in-host evolution of carbapenem-
344  resistance follows this same paradigm: a series of mutations results, phenotypically, with the
345  bacterium manifesting a series of pre-AMR states. Neither acquisition of genes for beta-

346  lactamase expression nor drug efflux pump expression alone makes the bacterium

347  carbapenem-resistant. However, the ultimate mutation that makes a porin non-functional is
348 the final stage in the progression to advanced drug-resistant infection. Diagnostics aimed at
349  detailing these pre-AMR states could be advantageous in securing optimal treatment options,

350 as is the case in cancer diagnostics (36).
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METHODS

Genomic datasets

Three Klebsiella samples collected from a patient in the ICU of the First Affiliated Hospital
in Wenzhou, China, during late 2015—early 2016 were sequenced using [llumina NovaSeq
PE150 and deposited in GenBank with accession no. VIGL00000000, VIGM00000000 and
VIGK00000000. In addition, we analysed the whole genomes of 40 Klebsiella genomes
generated using nanopore sequencer (Oxford Nanopore Technologies) by John's Hopkins
Hospital Medical Microbiology Laboratory from clinical isolates collected during 2016 and
2017 (Project NCBI ID: PRINA496461)(13).

Genome Assembly

Sequence quality was analysed using FastQC (37). Primers were trimmed using FastX
ToolKit (http://hannonlab.cshl.edu/fastx_toolkit/) and assembled using Unicycler v0.4 (38).
K. pneumoniae strain ATCC 35657 (CP015134.1) was determined as the reference genome
using MagicBlast v1.5 (39) and used for scaffolding in MeDuSa (40). The ordering of
scaffolds was determined using MAUVE v02.2 (41). Kleborate v0.3.0 (42) was used to
identify MLST types.

Characterization of membrane components and resistance genes

The presence, absence, or truncation of porins, efflux and resistance genes in each genome
were systematically characterized using the reference gene sequences as follows. First
contigs belonging to plasmids and chromosomal genome were delineated using mlplasmids
v1.0 (16). Genes prediction was performed using Prodigal v2.6.3 (43). The predicted genes
were blasted to a database of genes of interest, including porin gene families, efflux, and
resistance genes. Two hundred eighty-nine resistant, porin and efflux genes were tested.
Forty-five genes were identified in the 43 genomes analysed (Supplementary Table 4). Gene
alignments were generated in R, using packages "msa", "reshape2", "Biostrings" and
"seqinr", and parallelised using a perl script FromAssembly2gene.pl available in

https://github.com/LPerlaza/Assembly2Gene. Additionally, plots illustrating gene

organization and plasmid maps were generated using an in-house perl script GenePlot.pl.

Phylogenetic analysis
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Roary v3.11.2 (44) was used to align 597 complete Klebsiella genomes from the NCBI
database (downloaded May 2020) and extract the core genomes. The core genome was used
to generate a phylogenetical tree using RAXML v8.2.12 (45) with a general time reversible
nucleotide substitution model with rate heterogeneity modelled with a gamma distribution

(GTR+GAMMA). Branch supports were estimated using 1,000 bootstrap replicates.
SNV analysis

Single nucleotide variants (SNVs) between each pairwise combination were detected using
Parsnp (Harvest tool Suite, 1.1.2) (46). Gingr (Harvest tool Suite, 1.1.2) (46) was used to
generate VCF files, and vcftools was used to summarize the SN'Vs counts. The expected
number of SNVs between any two genomes was estimated assuming a mutation rate of 1 x
107 nucleotides per site per generation (47), thirty-six generations per day and the number of
days between collections. SN'Vs in different isolates that were in the same positions, with the

same nucleotide change were considered “shared mutations™ (48).
Comparative Genomics and gene association

To discover statistical association between predicted genes we developed a workflow as
follows (Fig. 4a and Supplementary Fig. 2). First, we detected accessory genes and
noncommon variations of genes (i.e. genes with deletions or insertions, duplicated genes)
related with the resistant phenotype. We used a t-distributed stochastic neighbour embedding
(t-SNE) analysis to identify clustering of genomes by putative proteins. All predicted
pangenomic proteins with >90% coverage and >90% similarity were clustered using CD-HIT
v4.8.1 (49), identifying 69,512 putative proteins in the 43 genomes analysed. Then a matrix
of putative proteins presence/absence/multicopy was generated. T-SNE per protein was
performed in R using package “Rtsne” v0.15 (https://github.com/jkrijthe/Rtsne) with the
perplexity parameter of 10 determining the number of close neighbours in a group for 10

iterations and theta of 0.5.

Using the X} Y coordinates in the cartesian plane generated by the t-SNE analysis the distance
between genomes per putative protein was calculated. Per each putative protein there is a set
of distances between genomes. We considered the distances between genomes that have
different resistant phenotypes (Resistant and Susceptible). The distance between genomes

with the same phenotype were excluded. This avoided a biased correlation from being
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overpowered by distances between genomes with the same phenotypes, or capturing the
signal of accessory genes related with other phenotypes. The correlation of different putative
proteins pairwise distances reflected how similar those putative proteins group the genomes.
Assuming that most putative proteins are not associating the gene by phenotypes but by
phylogenetic closeness, the lowest correlated putative proteins were considered. The rationale
behind this is that putative proteins that have similar pairwise distances (high correlation)
group the genomes in clusters. Putative proteins that have lower correlations will deviate
from the clustering that most putative proteins generate. This method was especially
successful to identify different mechanisms of resistance because it does not seek perfect
aggregations of genomes with different phenotypes but allows to detect putative proteins that
deviate from the general clustering behaviour of the rest of putative proteins. The putative
proteins with a mode lower than 0.5 were considered to deviate from the phylogenetically

segregated clustering.

3527 putative proteins were found to be correlated with the centroid with less than 0.5. To
determine gene association between plasmids and chromosome, these selected putative
proteins were then correlated between each other using mutual information (MI), calculated
using the R package “infotheo” v1.2.0. Four categories were used: susceptible strains (n=14),
carbapenemases-producing strains (n=16), beta-lactamases producing strains with defective
porins (n=6), and resistant strains with no known mechanism (n=7). Genes with high mutual
correlation (>0.9) within these groups were considered associated genes that contribute to the
phenotype. Additionally, these genes were investigated for functional annotation, gene
ontology, and interaction. The functional annotations were determined by homology using

Blast+ (50).
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Figure legends

Figure 1. A case-study of within-host emergence of non-CP CRE. a, Timeline of K.
pneumoniae isolate collection and their antimicrobial properties. For detailed patient clinical
and treatment history, see ref. 15. b, Phylogenetic relationships linking FK-2624, FK-2723
and FK-2820 with 597 complete genomes of K. pneumoniae and K. quasipneumoniae. Scale
bars represents nucleotide substitutions per site. Red square highlights the Wenzhou strains.

Strains subjected to further study are shown in green.

Figure 2. Mechanism of carbapenem resistance driven by a combination between
membrane modifications and beta-lactamases. a, During the timeline of infection, beta-
lactamases gene blapna-1 and its regular ampR are acquired and the ompK36 porin gene
mutated. b, Sequence-based comparisons of the five plasmids identified in this study.
Coloured blocks represent shared homologous regions that are free of genomic arrangements;
their heights correspond to the average level of conservation in the NGS data. White coloured
areas represent regions that are absent in comparison to other strains. Blocks above the centre
line indicate forward orientation corresponding to the first sequence, while blocks below the
line indicate reverse compliment orientation. We show detailed mapping of the small and
large plasmids in Supplementary Fig. la. ¢, In susceptible strains (FK-2624, FK-2723),
carbapenems enter the bacterial cell via porins in the outer membrane and inhibit the process
of cell wall biogenesis in the periplasm. The acquisition of a plasmid-encoded beta-
lactamase, and the acquisition of genes encoding a drug-efflux pump is not sufficient to
deliver a carbapenem-resistant phenotype (FK-2723). However, with these genetic changes, a
mutation in the porin gene to diminish the rate and extent of drug influx into the periplasm
results in a carbapenem-resistant phenotype (FK-2820). An alignment of the porin gene

ompK36 is shown in Supplementary Fig. 1b.

Figure 3. Resistance mechanisms of extensively characterised Klebsiella isolates. The
maximum likelihood phylogeny was generated using the core genome of 164242 nt. The
mechanism of resistance was deduced using presence or absence of genes. The labels in the
bottom allow the identification of the gene groups as follows: Bla (beta-lactamases), Carb
(carbapenemase), ESBL (extended spectrum beta-lactamases), Broad (broad spectrum beta-
lactamases), Porins and Efflux genes. A distinguishing feature of FK-2820 is the truncation

of OmpK36, with sequence analysis confirming that this consists of a deletion in the
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sequence that would cause synthesis of the polypeptide to be truncated by a premature stop

codon. Scale bar represents nucleotide substitutions per site.

Figure 4. Identifying gene association in putative proteins. a, workflow to detect gene
associations. Step 1, Putative proteins were annotated in the genomes, denotated as genes.
Step 2, A matrix with the presence, absence and multiple copies of these genes was generated
to represent the genotype of genome. Step 3, t-SNE was calculated per gene and the relative
distance between genomes was represented in two dimensions. Step 4, The relative distances
between genomes per gene was correlated pairwise through all gene combinations Step 5, the
mode of the correlations per gene was calculated and genes with a mode less than 0.5 were
selected for the next step. Step 5, Mutual information (MI) of all pairwise comparisons was
calculated and genes with high MI (>0.9) were considered associated. A detailed illustration
of the computational workflow is provided in Supplementary Fig. 2. b, Clustering of the
putative proteins of 43 K. pneumoniae strains using tSNE. The colours represent the different
MLST types. ¢, Histogram of the pairwise correlations of the distances between genomes in
each putative protein. A high correlation can be observed for essential genes present in most
strains, while putative proteins that represent the accessory genome and noncommon

variations of genes will have lower correlations overall.
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Table 1. Genes found to be associated with non-CP CRE strains.

Sequence Id' Gene Function/Cellular Component Location?
reflWP_131409205.1 DEAD/DEAH box helicase ATP binding chr, plasm
reflIWP_046623750.1  Terminase ATPase subunit family protein ATPase chr, plasm
reflWP_058229221.1  Glycoside hydrolase family 43 protein Carbohydrate metabolic process  chr
reflIWP_156650869.1  DUF3330 domain-containing protein Catalytic Activity plasm
reflWP_112162458.1  Lysozyme Cytolysis chr
emblVGF76750.1 Phage lysis protein S Cytolysis chr
gblAMJ34501.1 DeoR C terminal sensor domain protein DNA binding chr, plasm
reflWP_101998364.1  Dinl-like family protein DNA repair chr
reflWP_064155801.1 HNH endonuclease Endonuclease activity chr, plasm
reflIWP_000347934.1 OqxB Membrane component chr
reflIWP_071009894. RND transporter Membrane component chr
reflIWP_117091204.1  Copper resistance membrane spanning protein PcoS ~ Membrane component plasm
reflIWP_004098958.1  SilA Membrane component plasm
{:’flI)_OOO 475512.1 SilC Membrane component plasm
reflWP_004178091.1  SilE Membrane component plasm
reflWP_001572351.1  SilR Membrane component plasm
reflIWP_003032875.1  SilS Membrane component plasm
reflIWP_000843499.1  DUF2933 domain-containing protein Membrane component plasm
reflWP_048288659.1 ES(S)Srcl)ItI;rrllu;lllti]-PI)(hlg spholipase Al-binding Membrane component chr
reflWP_143829643.1  Type IV conjugative transfer system pilin TraA Membrane component plasm
reflIWP_097408123.1  Type IV conjugative transfer system protein TraE Membrane component plasm
reflIWP_000012108.1  Type IV conjugative transfer system protein TralL Membrane component plasm
reflIWP_046664392.1  Type IV secretion system protein TraC Membrane component plasm
reflWP_131367818.1 ;lejiel-ilz:aiiosg l:)%?(l)ttievii tﬁﬁl;ls\lfer system mating-pair Membrane component plasm
reflWP_075874362.1 gﬁgig;: %:SJCU gative transfer system pilin assembly Membrane component plasm
reflWP_117116642.1 %;?S_F conjugative transfer system pilin chaperone Membrane component plasm
reflWP_117087462.1  Type-F conjugative transfer system protein TraW Membrane component plasm
reflIWP_048268870.1  Type-F conjugative transfer system protein Trbl Membrane component plasm
reflWP_125322087.1  Type-F conjugative transfer system secretin TraK Membrane component plasm
reflIWP_096926760.1  Conjugal transfer pilus assembly protein TraU Membrane component plasm
reflIWP_032441631.1  Conjugal transfer protein TraB Membrane component plasm
reflIWP_094309463.1  Conjugal transfer protein TraH Membrane component plasm
reflIWP_135183489.1  Class I fumarate hydratase Metal Ion binding chr
gblOUZ63419.1 IS1 family transposase Mobile Element chr, plasm
reflWP_161206217.1  IS110-like element IS4321 family transposase Mobile Element chr, plasm
embISSM19315.11 IS150 putative transposase Mobile Element chr
gblAPV13252.11 IS3 family element, transposase orfB Mobile Element chr, plasm
emblVCV93547 1l IS5 transposase Mobile Element chr, plasm
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gbIPCR31645.11
gbIMQJ15702.1
refWP_001063461.1
reflWP_048242348.1
reflWP_142918022.1
gbIKFJ96401.1

gblAIA39520.1
reflWP_139061160.1
reflWP_032492456.1

reflIWP_048993062.1
reflWP_032421965.1
reflWP_114268738.1
reflWP_117031434.1
gblAMJ34501.1
gblAIA42067.1
gblAIL81899.1
reflWP_100127484.1
reflWP_038421817.1
reflWP_116773485.1
reflWP_134900470.1
reflWP_038421817.1

It is made available under a CC-BY-NC-ND 4.0 International license .

[S6-like element IS26 family transposase
IS5-like element ISKpn26 family transposase
Plasmid F resolvase-like protein

Tn3-like element ISPa38 family transposase
Transposase InsC for insertion sequence IS903

Transposase InsD1 for insertion sequence IS4321R

Transposase, absolutely required for transposition of
IS1

Transposase, [S66 family

Trimethoprim-resistant dihydrofolate reductase
DfrA12

DUF5375 domain-containing protein
Phage capsid

AlpA family transcriptional regulator
DUF1778 domain-containing protein
Beta-lactamase SHV-1
Beta-lactamase TEM-1

Streptomycin 3-adenylyltransferase

Baseplate assembly protein/ GPW/gp25 family
protein

p2 phage tail completion protein R
phage major tail tube protein
phage tail assembly protein

phage tail protein

Mobile Element
Mobile Element
Mobile Element
Mobile Element
Mobile Element

Mobile Element
Mobile Element
Mobile Element
Oxidoreductase

Peptidase activity

Phage Protein

Regulation of transcription

Regulation of transcription

Response to antibiotics
Response to antibiotics
Response to antibiotics
Virus tail
Virus tail
Virus tail
Virus tail

Virus tail

chr

plasm
plasm
plasm
plasm

chr, plasm
plasm
plasm
plasm

chr

chr

chr

chr, plasm
chr, plasm
plasm

plasm
chr

chr
chr
chr
chr

! ref represents NCBI Reference Sequence Database ID, gb indicates GenBank ID, and emb
indicates Ensembl genome database ID; ?plasm, plasmid encoded; chr, chromosomally
encoded; chr,plasm, either chromosomally or plasmid encoded.
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Table 2. Genes found to be associated with strains that have unknown mechanisms of

resistance to carbapenems.
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Sequence Id' Function/Cellular Locatio

Gene component n?
refWP_046181560.1 Type II toxin-antitoxin system antitoxin CcdA Antitoxin plasm
refWP_117146395.1 Toprim domain-containing protein DNA binding chr
refWP_134587682.1 DUF86 domain-containing protein DNA replication plasm
refWP_122100321.1 Cupin domain-containing protein Isomerase activity plasm
gblQKK65745.1 acrB Membrane component chr
refWP_169538538.1 carbohydrate porin (LamB) Membrane component chr
reffWP_048288659.1  T6SS immunity phospholipase Al-binding

lipoprotein Tli1-KP Membrane component chr
refWP_142106023.1 Nucleotidyltransferase domain-containing protein Mobile Element plasm
emb[VCY05333.1 IS150 putative transposase Mobile Element chr
refWP_141403127.1 ogr/Delta-like zinc finger family protein, partial Phage chr
refWP_110246427.1 oxalacetate decarboxylase subunit beta Sodium ion transport chr
reffWP_114690834.1  sodium-extruding oxaloacetate decarboxylase

subunit alpha Sodium ion transport chr
refWP_100127484.1 b w/ep25 family protein Virus tail chr
refWP_023305005.1 phage baseplate assembly protein V Virus tail chr
refWP_116773485.1 phage major tail tube protein Virus tail chr
refWP_134900470.1 phage tail assembly protein Virus tail chr
refWP_038421817.1 phage tail protein Virus tail chr
refWP_117116435.1 tail protein X Virus tail chr

Iref indicates NCBI Reference Sequence Database ID, gb indicates GenBank ID, and emb
indicates Ensembl Genome Database ID; *plasm, plasmid encoded; chr, chromosomally
encoded; chr,plasm, either chromosomally or plasmid encoded.
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Supplementary materials

Supplementary Fig. 1. a, Comprehensive mapping of the small and large plasmids found in
K. pneumoniae within-host isolates. b, Alignment of ompK36 genes from the Wenzhou

within-host isolates showing a premature stop codon in FK-2820.

Supplementary Fig. 2. Illustration of the workflow to detect associations. Flowchart of all
the in-silico processes to detect gene associations. First, the genome contigs were classified
as chromosomal or plasmid sequences and the putative proteins were predicted. The putative
proteins were clustered by >90% coverage and >90% similarity. These clusters then were
used to generate a matrix with presence, absence, and multiple copies of the putative proteins.
Putative proteins were visualized using tSNE and the distance between genomes were
calculated. Those distances were then correlated between putative proteins. If the mode of
correlations per each putative protein was less than 0.5 the putative protein was selected. The
selected putative proteins were grouped by phenotype and were then correlated using Mutual

Information (MI). Putative proteins with more than 0.9 of MI were considered correlated.

Supplementary Table 1. Summary of genomes analysed

Supplementary Table 2. /n silico detection of resistance

Supplementary Table 3. Annotated genes for all plasmids.

Supplementary Table 4. Genotype of all resistance genes, porins, and efflux pump genes
analysed, including descriptive information of the genes studied for each genome, including
classification of presence, truncated, absence, as well as SNPs, insertions, deletions and

duplications.

Supplementary Table 5. Genes present only in strains with unknown mechanisms of

resistance.
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