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18 Abstract

19  The emergence of colistin and carbapenem-resistant Klebsiella pneumoniae isolates presents
20 asdignificant global health threat. This study investigates the resistance mechanisms in six
21 K. pneumoniae and four Enterobacter sp. isolates lacking carbapenemases or mecr genes using
22 genomics and transcriptomics. The ten isolates were classified into three categories: non-
23 carbapenemase-producing, carbapenem-resistant strains (n = 4), non-mcr—producing colistin-

24  resistant strains (n = 5), and one isolate susceptible to both antibiotics.

25 The analysis included phenotypic characterization using MicroScan ID/AST, enzyme (MCR
26 and Metdlo B-lactamase) and efflux pump inhibition (EPI) assays. Whole-genome
27  sequencing, RNA sequencing, and bioinformatics tools were employed in subsequent
28 anaysis. Most of the K. pneumoniae were ST307 with KL102 and O1/O2V2 serotypes.
29  MicroScan revealed multidrug resistance, and AMR analysis identified numerous ARGs in K.
30 pneumoniae. Enterobacter species possessed fewer resistance genes; nevertheless, they
31 encoded virulence factors and gene mutations, potentially impacting the AST profile. K.
32 pneumoniae ARGs were mainly plasmid-borne, with IncFIB(K)/IncFII(K) in Kp_15
33  harbouring up to nineteen ARGs. Virulence factors included biofilm formation, capsule
34  production, and type IV secretion. Epigenomic investigations revealed prevalent type |
35 (M1.Ecl349771) and type Il (M.Kpn34618Dcm) restriction modification sites. Compared to
36 internationa isolates, the study isolates phylogenetically clustered more closely with Chinese
37  strains. Transcriptomics showed high efflux pump activity in carbapenem-resistant isolates,
38  confirmed by EPI. Further, mutations were identified in outer membrane proteins. Colistin-
39 resistant isolates exhibited high capsule production, efflux pump, and putative
40  glycotransferase activity, potentially influencing their phenotypes.

41 In conclusion, genomic and transcriptional analyses enhanced our understanding of adaptive
42 mechanisms in clinica multidrug-resistant pathogens, posing significant public health

43  challenges.

44 Keywords: K. pneumoniae; multi-drug resistance; epigenomics; transcriptomic profiling;

45  genomics; RNA-sequencing.
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46  Introduction

47  Klebsidla pneumoniae, a member of the Enterobacteriaceae family, is frequently identified
48  as the aetiological agent of infections caused by carbapenem-resistant bacteria worldwide *.
49  Infections caused by K. pneumoniae include urinary and respiratory tract infections as well as

50  bloodstream infectionsin neonates 2.

51  Management of K. pneumoniae infections has resulted in the overuse of antibiotics and the
52 emergence and rapid dissemination of super bugs resistant to both carbapenems and colistin °.
53  Carbapenem-resistant K. pneumoniae (CRKP) in the clinical setting is largely mediated by
54  the acquisition of carbapenemases, which are commonly associated with mobile genetic

4 which

55 elements (MGEs). These MGEs include plasmids, transposons and integrons,
56  facilitate wide resistance gene dissemination between animal- and human pathogens °. In
57  South Africa, there have been several reports of carbapenemase-producing K. pneumoniae
58  outbreaksin the clinical setting ®°. Carbapenemases that have been identified in South Africa
59 include Klebsiella pneumoniae carbapenemase (KPC), Verona Integron-Mediated Metallo-3-
60 lactamase (VIM), Imipenemase (IMP), New Delhi metalo B-lactamase (NDM), and
61  oxacillinase (OXA) *. Amongst these carbapenemases, blaoxa and blanom genes are the most

62 common and primarily reported in South Africa .

63  Blaoxa-1si-producing K. pneumoniae have caused several outbresks in several provinces in
64  South Africa, with the ST307 being the most predominant clone “®#°. Other carbapenem-
65 resistance mechanisms include decreased membrane permeability through increased efflux
66  activity and decreased porin expression; these are usually coupled with §3- lactamase activity
67 . An observational study performed in the United States found that carbapenemase-
68  producing Enterobacteriaceae (CPE) infections have an increased risk of fatality than non-
69  CPE infections®, thus highlighting the health risk imposed by these microorganisms *2.

70  Colistin is the last-resort antibiotic that is currently being used, interchangeably, with
71 tigecycline to manage CRKP isolates. Unfortunately, there is a high prevalence of colistin
72 resistance in CRKP clinical isolates *. Although not common in South African clinical
73 settings, mecr genes are responsible for majority of colistin resistance in Enterobacteriaceae,
74 particularly in Escherichia coli “***. The inactivation of mgrB, which inhibits the kinase
75  activity of PhoPQ, isthe most common colistin resistance mechanism in K. pneumoniae %
76  The two-component system (TCS), PhoPQ, are regulators of the pbgP operon that encodes

77  the endogenous lipopolysaccharide modification system. This operon is also regulated by the
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78  PmrAB TCS. Thus, mutations within phoP, phoQ, pmr A and pmr B results in the modification
79 of the LPS, *® which reduces the negative net charge of the LPS 9%,

80  Other colistin resistance mechanisms include the use of efflux pumps, the formation of
81 capsules and decreasing the outer membrane proteins ™. The prevalence of colistin- and
82  carbapenem-resistant K. pneumoniae is increasing in South Africa and globally, necessitating

83  surveillance studies that will monitor their epidemiology and resistance mechanisms. %

84  This study aims to characterize novel colistin and carbapenem resistance mechanisms in six
85 clinical K. pneumoniae isolates and four Enterobacter sp isolates using both genomics and
86 RNA-seq. These clinical isolates were part of a molecular screening that evaluated the

87  epidemiology of carbapenemases and mer genesin Pretoria, South Africa”.
88 Methods
89 2.1 Study Settings and Samples Collection

90 Theten clinica isolates identified by MicroScan to be K. pneumoniae were obtained from a
91 collection of multi-drug resistant (MDR) Gram-negative bacteria during a molecular
92  screening study ‘. These isolates were collected from the National Health Laboratory Service,
93  Tshwane Academic Division (NHLS/TAD), a referral laboratory. At the time of collection,
94  theclinical isolates were classified as carbapenem and/or colistin resistant at collection. They
95 were specifically selected because they tested negative for known carbapenemases and mer
96 genes, including blajvp, blakpc, blanpm, blaoxa-a4s, blanom, blayiv and mer 1-5 genes, as
97  determined by multi-plex PCR screening’. Ethics approval for this study was obtained from
98 the Faculty of Health Sciences Research Ethics Committee of the University of Pretoria (Ref
99  no. 581/2020).

100 2.2 Phenotypic testing
101 2.2.1 Minimum inhibitory concentration evaluation

102  Theten clinical isolates presumed to be K. pneumoniae were cultured on blood agar plates
103 and incubated at 3771 for 24 hours. After incubation, the isolates underwent antimicrobial
104  susceptibility testing and species identification using MicroScan automated system with
105 Combo 66 panels (Beckman Coulter). The results were interpreted according to the Clinical
106  and Laboratory Standard Institute (CLSI) guidelines %.
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107  For the carbapenem- and colistin-resistant isolates, a manual broth microdilution assay was
108  performed following 1SO standard 20776-1 %, Ertapenem sulphate salt and colistin sulphate
109  sat (Glentham Life Sciences, United Kingdom), were used for the assay **. E. coli ATCC
110 25922 was included as a quality control strain. Both antibiotics were dissolved in sterile
111  deionized water according to the manufacturers' instructions. The antibiotic concentrations
112 tested were: 128 pg/mL, 64 pg/mL, 32 pg/mL, 16 pg/mL, 8 pg/mL, 4 pg/mL, 2 pg/mL,
113 1pg/mL, 0.5 pg/mL, and 0.25 pg/mL.

114  The assay was performed in untreated 96-well polystyrene microtiter plates, with each well
115  containing 100 pL of antibiotic dilution and Mueller-Hinton broth (MHB) or cation-adjusted
116  MHB for ertapenem and colistin respectively. Subsequently, a 0.5 MacFarland suspension of
117  bacteria strains was prepared, diluted it 1:20 with sterile saline, and added 0.01 mL of

118  bacterial inoculum to each well. The plates also included sensitive and negative control wells.

119  Following inoculation, the plates were incubated at 37 °C for 16-18 hours, and the minimum
120  inhibitory concentration (MI1C) was determined as the lowest antibiotic concentration without
121 visible bacterial growth %, Itsimportant to note that since the completion of this study, CLSI
122 revised their colistin resistance breakpoint to > 4 mg/mL, rendering the previous breakpoint
123 of > 2 mg/mL used in this study outdated and incorrect.

124  2.2.2 Conditional treatment with carbapenems and colistin

125  Conditional treatment was performed on the ten K. pneumoniae isolates before RNA
126 extraction. The carbapenem-resistant isolates were exposed to 0.5 mg/mL of ertapenem,
127  while the colistin-resistant isolates were exposed to 2 mg/mL of colistin. Briefly, 1 mL of a
128 0.5 M K. pneumoniae suspension was transferred to 2 mL Eppendorf tubes, and the
129  appropriate volumes of antibiotics were added to achieve final concentrations of 0.5 mg/mL
130  for ertapenem and 2 mg/mL for colistin. The sensitive isolate served as a control and was left
131  untreated. Subsequently, all ten isolates were incubated at 37°C for 16-18 hours.

132 2.2.3 Treatment with efflux pump inhibitors and EDTA

133 To evaluate the change in susceptibility of ertapenem and colistin in the presence of an efflux
134  pump inhibitor (EPIS) and EDTA, the same procedure described above in the “MIC
135  Evaluation” section was followed. The EPIs used were carbonyl cyanide m-

136  chlorophenylhydrazone (CCCP), reserpine (RES), verapamil (VER), and phenylalanine-
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137  arginine B-naphthylamide (PaBN). The EPIs CCCP, PaN, and RES were diluted in dimethyl
138  sulfoxide (DM SO), while VER was diluted in sterile distilled water.

139  The final concentrations of the substrates in the broth were 1.5 pg/mL for CCCP, 4 pg/mL
140 for VER, 25 pg/mL for PABN, 20 pg/mL for RES, and 20 mM (pH 8.0) for EDTA. Efflux
141 pump, Metallo p-lactamase, and MCR activity were determined by observing a 2-fold or

142 greater reduction in MICs of ertapenem and colistin.

143 2.3 Molecular Investigations of Res stance Mechanisms
144  2.3.1 Nucleic acid extraction

145  For nucleic acid extractions, fresh pure colonies grown on Mueller-Hinton Agar (Diagnostic
146  Media Products) were used. DNA and RNA were extracted using commercial kits: Quick-
147  DNA-fungal/bacterial MiniPrep™ kit (ZymoResearch) was used for DNA and Quick-RNA-
148  fungal/bacterial MiniPrep™ kit (Zymo Research) was used for RNA. The extraction
149  protocols followed the manufacturers' instructions, and the concentration and purity of the
150 DNA extracts were checked using the NanoDrop™ 2000/2000c Spectrophotometer (Thermo
151  Fisher Scientific Inc.) before sequencing. RNA samples were stored at -80°C, while the DNA
152  sampleswere stored at -20°C until sequencing.

153  2.3.2 Whole-genome sequencing and RNA-sequencing

154  The extracted DNA samples were sent to the National Institute of Communicable Diseases
155 (NICD) Sequencing Core Facility for whole genome sequencing using PacBio SMRT
156  sequencing at 100x coverage. The RNA samples were sent to Ingaba Biotechnology for
157  PacBio Isoform segquencing, which provides long and accurate HiF reads for a diverse

158  transcriptome.

159  2.3.3 Genomic analysis

160  The sequenced genomes were submitted to Genbank and assigned accession numbers under
161 the Bioproject PRINA861833. The Centre for Genomic Epidemiology pipeline
162 (http://www.genomicepidemiology.org/services) was used to analyse the sequenced DNA
163  and retrieve information about the species identity, multi locus sequence type (MLST),
164  antibiotic resistance genes (ARGs), and plasmids harboured by each sequenced isolate. The
165  Kaptive-web database (https://kaptive-web.erc.monash.edu/) was used to predict the K.
166  pneumoniae isolates’ serotypes (K types and O types). VRprofile2 platform (https://tool2-

167  mml.gtu.edu.cn/VRprofile/lhome.php) was used to associate ARGs and virulence genes to
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168  their mobilome. PacBio’s hierarchical genome-assembly process (HGAP) software was used
169  to assemble the PacBio reads Spades was used to assemble the Illuminareads.

170  2.3.4 Epigenomic analyses

171 The restriction modification system (RMS), which includes DNA methylation, restriction
172 endonucleases, and their motifs, was identified for each isolate using the Restriction Enzyme
173  Database (REBASE), hosted by the Centre for Epidemiology. The PacBio MotifMaker
174  software was used for determining methylation modifications and motifs. Owing to financial
175  constraints, this analysis was only conducted on three K. pneumoniae isolates (Kp 14,
176  Kp_24, and H3) and two Enterobacter sp. isolates (A5 and G5), which were selected for
177  PacBio SMRT sequencing.

178  2.3.5 Phylogenetics

179 The genetic relationships among Enterobacter sp. isolates, specifically focusing on E.
180 cloacae, E. bugandensis, and E. asburiae was investigated. For each species, three
181  phylogenetic trees were generated using global whole genome sequences of Enterobacter sp.
182  Each tree included genomes of the respective species, including E. cloacae (n = 33), E.
183  bugandensis (n = 26), and E. asburiae (n = 53).

184  Inthe case of K. pneumoniae isolates, a phylogenetic reconstruction was performed using 82
185  whole genome sequences obtained from various settings, including South Africa (n = 28),
186  other African regions (n = 11), and globaly (n = 43). This analysis aimed to assess the
187  epidemiological and evolutionary links between the clinical K. pneumoniae isolates examined
188 in this study and other K. pneumoniae species within these three distinct geographical
189  settings.

190 The 194 whole genome sequences used in the phylogenetic analysis were retrieved from the
191 PATRIC website (https://www.bv-brc.org/), and comprehensive data on these strains are
192  provided in Table S1. Escherichia coli ATCC 25922 (Genbank accession number:
193  CP009073) served as the reference genome. The phylogenetic analysis was conducted using
194 PATRIC's phylogenetic tree building service, which employs the randomized axelerated
195  maximum likelihood (RAXML) program.

196 2.4 RNA-sequencing data analysis

197 The RNA-sequencing data analysis was conducted using the HTSeg-DeSeg2 tool for

198  digning, assembling, and evaluating the differential expression data from the different
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199  sample groups. Each K. pneumoniae isolate was compared with the carbapenem- and colistin-
200  susceptible strain, Kpl3; K. pneumoniae MGH64 was used as the reference genome. The
201  differentially expressed genes (DEGs) were identified using the K. pneumoniae strain
202  MGH®64 genome. The function of each gene was evaluated using the genome annotations of
203  thereference strain on the PATRIC platform.

204  Results
205 3.1 Strain description

206 Ten putative K. pneumoniae isolates were selected from a collection of 302 clinical MDR
207  Gram-negative bacteria during a molecular screening study of carbapenemases and mcr
208  genes’. These ten isolates included a carbapenem- and colistin-sensitive strain and were
209  categorized into three groups. The first group comprised of four strains that did not produce
210  carbapenemases but were resistant to carbapenems. The second group consisted of isolates
211  resistant to colistin without producing mcr genes. Specifically, the carbapenem-resistant
212 isolates were Kp_4, Kp_14, Kp_15, and Kp_24, while the colistin-resistant ones were A3,
213  G3, G5, G8 and H3. As detailed in the method section, these isolates were exposed to
214  ertapenem and colistin for RNA-seq. The third group was the sensitive strain, Kp_13, which
215  displayed susceptibility to both colistin and ertapenem, and served as a reference genome for

216  the subsequent RNA-seq.

217 3.2 Phenotypic characterization
218  3.2.1 MIC and MicroScan analysis

219 The ten isolates underwent Microscan analysis using the Neg Combo 66 panel for
220 identification and antimicrobial susceptibility testing of 25 antibiotics, including ertapenem,
221  imipenem, meropenem, and colistin. Table 1 reveals that seven isolates had an MIC > 2
222 ug/mL indicating resistance to colistin, while three isolates, Kp_4, Kp 13, and Kp_15
223 showed susceptibility to colistin with an MIC value of < 2. Among the non-mcr-producing
224  isolates (A5, G3, G5, G8, and H3), colistin MIC values greater than 4 pug/mL were observed.
225  The BMD assay (using ertapenem) demonstrated that these isolates had an MIC value of 128
226 pg/mL while E. coli ATCC 25922 had an MIC value of 0.25 pg/mL (Table 2).

227  From the Microscan analysis, nine isolates were resistant to ertapenem (MIC > 0.5 pg/mL)
228 while dl the ten isolates were susceptible to imipenem (MIC < 2 ug/mL) (Tablel).
229  Additionally, seven isolates were resistant to meropenem (MIC > 2 pg/mL) (Table 1). The
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230  non-carbapenemase-producing isolates viz., Kp_4, Kp_14, Kp_15, and Kp_24, were resistant
231 toertapenem (MIC > 2 pg/mL) but were susceptible to imipenem (MICs < 2 pg/mL).

232 Finaly, al isolates, except Kp_ 4 (MIC of 2 pg/mL), displayed non-susceptibility to
233 meropenem (MIC > 2 ug/mL). Theisolates included in the study were MDR isolates, three of
234  which were non-susceptible to tigecycline (Table 1). Kp_13 was susceptible to colistin,

235  imipenem, and meropenem: MICs of 2, 1, and 2 pg/mL, respectively.
236  The MicroScan analysisidentified all isolates as K. pneumoniae (Table 1).

237  3.2.2 Effects of EDTA and EPIs on MIC values of ertapenemand colistin

238  The addition of EDTA significantly impacted the ertapenem MICs of Kp 4, Kp_14, and
239  Kp_15 isolates, while no growth inhibition was observed in Kp_24 (Table 2). Furthermore,
240  CCCP reduced the ertapenem MIC values of Kp 4 and Kp_15 with the MIC of Kp 4
241  decreasing from 16 pg/ml to 8 pg/ml and the MIC of Kp_15 decreasing from 64 pg/ml to 32
242  pg/ml. Additionally, RES decreased the ertapenem MIC value of Kp_15 from 16 pg/ml to 8
243 pg/ml. However, no growth inhibition was observed in Kp_24 with the addition of EPIs.

244 In non-mer-producing colistin-resistant isolates, the effects of EDTA and EPIS were
245  evauated (Table 2). The addition of EDTA did not inhibit the growth of the isolates in the
246  presence of colistin. However, a decrease in MIC values was observed when CCCP was
247  added to G5, G8 and H3, with their colistin MIC values decreasing from 128 pg/ml to 64
248 pg/ml. No growth inhibition was observed for the other EPIs tested.

249 3.3 Genomic characterization

250 The whole-genome sequencing andysis identified six isolates as K. pneumoniae, the
251 remaining isolates were two Enterobacter cloacae complex strains, one Enterobacter
252  asburiae and one Enterobacter bugandensis isolate (Table 3). Among the K. pneumoniae
253  isolates, four MLST groups were identified: ST307 (Kp_4, Kp_15 and Kp_24), ST219
254  (Kp_14), ST25 (H3), and anovel sequence type, ST6408, for Kp_13.

255  The analysis of K-loci and O-loci serotype revealed that the ST307 isolates (Kp4, Kpl5 and
256  Kp24) shared the same KL102 and O1/0O2v2 results. The remaining isolates all had the same
257  O1/02v2 O-loci type. However, KL142, KL114 and KL2 K-loci types were found in Kpl3,
258  Kpl4 and H3, respectively (Table 3).


https://doi.org/10.1101/2023.12.15.571804
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.15.571804; this version posted December 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

259  Twelve plasmids were identified within the six K. pneumoniae isolates. These plasmids were
260  associated with ten compatibility groups, with IncFIB(K), IncFI1(K), and IncR being the most
261  common. Eight of these plasmids co-harboured multiple compatibility groups, while the
262  remaining four were singletons (Tables 3 and S2). Among the isolates, Kp_4 hosted the
263 highest number of plasmids (n = 4), followed by Kp_15 (n=3). Isolates Kp_13 and Kp_25
264  each carried two plasmids, while both Kp_4 and H3 only hosted one plasmid.

265  The largest plasmid observed belonged to Kp_15, with a size of 311.9 kbp. This plasmid
266  consisted of two incompatibility groups, namely IncFlII(K) and IncFIB(K). The second
267  largest plasmid belonged to H3, with a size of 216.8 kbp. This plasmid consisted of multiple
268  replicons, including IncFIB(K), IncFII(K), and IncQ1. Notably, no plasmids were identified
269  within the Enterobacter sp. isolates.

270 3.4 Antibiotic resistance gene analysis

271 All the isolates harboured B-lactamase genes that influenced their phenotypic B-lactam
272 resistance, corroborating the PCR results from the molecular screening (Table 3). * The
273 Enterobacter species (A5 and G3) harboured -lactamase genes, namely blaacr.s within the
274  chromosome, while G5 and G8 harboured blacun-3 genes (Table 3 and Table S2). These B-
275  lactamase genes were not found in association with mobile genetic elements (MGESs). The K.
276  pneumoniae isolates harboured multiple B-lactamase genes. Notably, blasqy variants, which
277 are intrinsc to K. pneumoniae, were found in H3, Kp_13, Kp_14 and Kp_4, along with
278  blacun-3 genes, all of which were located within the chromosome. Isolate H3 additionally
279  harboured blarem-1s, another B-lactamase gene, located on an unidentified plasmid (Table
280 S2). Kp_13 isolate harboured four additional B-lactamase genes including blacrx-m-15 and
281  blarem-1s, Which were surrounded by MGEs 126 and 1SKpn26, respectively (Table S2).

282  Two other genes, blapna-1 and blarem-1s, were located on the IncFIB(K) plasmid and
283  surrounded by 1S26 and 1SKpn26, respectively. Kp_14 harboured four additional blacrx-m-15
284  genes located on three contigs, along with chromosomal blagqv-26. Two of the blactx-m-15
285 genes were harboured on an IncFIB plasmid, while the other two were situated on an
286  unidentified plasmid or transposable elements. Kp_15 harboured four additional -lactamase,
287  including chromosomal blagy-2s and IncFIB(K)/IncFI(K) plasmid-borne blacrx-m-15, blaoxa-
288 1 and blarew-1s. Additionally, blapxa-1s1, Was located on the IncX3 plasmid, also surrounded
289 by 1S26. Kp_24 harboured four additiona p-lactamase genes, including blasyy-2s: blaoxa-1s1

290 waslocated on an IncX3 plasmid, also surrounded by IS26. The remaining genes, blaoxa-1,

10
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291  blacrx-m-15, and blargm-18, Were located on an unidentified plasmid or transposable element,
292  and were all surrounded by 1S26.

293 Lastly, Kp_4 harboured five additional -lactamase genes, including chromosomal blagyy-2s,
294  two blacrx-m-15, and three blargm-1s. Two blarem-1s @and one blacrx-m-15 were located on
295  separate unidentified plasmids or transposable elements, while the remaining blargy-1s and
296  blacrx-m-15 were located on the IncFIA(HI1) plasmid (Table S2).

297  The four Enterobacter species (A5, G3, G5, and G8) harboured -lactamase genes and three
298  additional chromosomal antibiotic resistance genes (ARGS): fosA, ogxA, and ogxB. These
299 ARGs were also present within the chromosomes of the K. pneumoniae isolates, Kp_4,
300 Kp_13, Kp_14, Kp_24, and H3 (Table 3 and Table S3). However, the resistance genes ogxA
301 and ogxB were not found in isolate Kp_14. The remaining ARGs listed in Table 3 were
302 located on plasmids or extrachromosomal DNA, and included genes mediating resistance to
303 aminoglycosides (aac(3')-l1a, acc(6’)-1b-cr, aadAl, aadAl6, aadA2, ant(3")-la, aph(3')-la,
304 aph(3”)-1b, aph(6)-1d, armA), amphenicol (catA2/B3, floR), macrolide (mphE, mphA, msrE),
305  quaternary ammonium compound (gacE), quinolone (gnrB1/B4/B6/SL), sulphonamide (sull,
306  sul2), tetracycline (tetA, tetD), and trimethoprim (dfr A12/14/15/27). The pathogen watch
307  pipeline identified ompK35 mutations conferring carbapenem resistance in isolates Kp_4,
308 Kp_13, Kp_15, Kp_24, and H3 (Table S3). However, the pipeline failed to anayse the
309 Enterobacter species isolates. Isolate H3 was further found to harbour mgrB mutations

310  conferring resistance to colistin (Table S3).
311 3.5 Virulence genes analysis

312 Thirty virulence genes were identified on chromosomes within the ten isolates (Table $4);
313  they were flanked by MGEs. On average, each isolate carried ten virulence genes, with G8
314  harbouring the lowest of four genes, and Kp_14 harbouring the highest number of 19
315  virulence genes. Certain virulence genes were found within prophage MGEs including algu
316 (present in H3 and Kp_15), hcp/tssD (Kp_14, Kp_15, Kp_24, and Kp_4), and rfaE (H3).
317  Additionally, the hcp/tssD gene found in Kp_4 was located near integrative conjugative

318  elements within the chromosome.

319 The different categories of virulence genes include those responsible for biofilm formation,
320 capsular synthesis, the type VI secretion system (T6SS), and lipopolysaccharide synthesis.
321 Biofilm formation genes were only observed in isolate Kp_14. These genes include fimA,

322 fimC, fimD, fimF, fimG, and fiml, which are responsible for type 1 fimbriae and are involved
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323 in biofilm formation. Several capsular synthesis virulence genes were identified within
324 K. pneumoniae. These include gnd (Kp_4, Kp_13, Kp_14, Kp_15, and Kp_24), manB/manC
325 (Kp_14), ugd (Kp_4, Kp_13, Kp_14, and Kp_24), wcaJ (Kp_13), and wza (Kp_13, Kp_14,
326 Kp_15, and Kp_24).

327  Multiple lipopolysaccharide synthesis genes were identified. The following genes were
328 identified in all six K. pneumoniae isolates: glf, wbbM, wbbN, and wzt. The remaining genes,
329  wzm (Kp_4, Kp_13, Kp_14, and Kp_24), wbtL (Kp_13), wbhbO (Kp_4, Kp_14, Kp_24, and
330 H3), and kfoC (Kp_4, Kp_15, Kp_24, and H3), were only found in some K. pneumoniae
331 isolates. Seven genes responsible for the T6SS were identified within both K. pneumoniae
332  and Enterobacter species. The structural genes include hcp/tssD (A5, G3, H3, Kp_4, Kp_14,
333 Kp_15, and Kp_24), icmF/tssM (A5, G3, G5, G8, Kp_13, and Kp_14), sciN/tss] (A5 and
334 G3), tssF (A5, G3, G5, G8), tssG (A5, G3, G5, G8), and lastly tlil (A5 and G3). Notably, A5
335 harboured all the structural genes. The last T6SS virulence gene identified as KPHS 23120,
336  which was harboured by A5 and G3.

337 3.6 Phylogenetic analysis
338  3.6.1 Phylogenetic analysis of the K. pneumoniae isolates

339  The phylogenetic analysis of the K. pneumoniae isolates included 81 isolates originating from
340 five continents: Africa (n = 39), Asia (n = 15), Europe (n = 21), North America (n = 6), and
341  South America (n = 4). These isolates belonged to nine sequence types (STs), with ST307
342 (n=45), ST25 (n = 19), and ST219 (n = 12) being the most common clones. ST307 was
343 found in eight countries, while ST25 and ST219 were found in seven countries. All
344 K. pneumoniae isolates included in the phylogenetic analysis were obtained from human
345  hosts.

346  The genome-based phylogeny of the South African K. pneumoniae isolates revealed six
347  clades (Figure 1). Among the 28 K. pneumoniae isolates, 21 belonged to ST307, making up
348  three of the six clades (Clades 4 to 6). These three clades had similar resistomes, with the
349 highest similarities observed between Kp8, Tembi-19, Tembi-37, EC0361298, and
350 EC03605938. In contrast, Clade 6 showed the least similarity within itsisolates’ resistome.

351  The phylogeny of the African K. pneumoniae isolates (Figure 2), consisted of seven clades

352 with a high similarity within each clade concerning their resistomes. Clade 5 and 6 had
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353  dimilar resistome patterns. Interestingly, H2 ST501, which formed its own clade, shows its
354  distinct resistome pattern, setting it apart from the other clades.

355 Figure 3 shows the genome-based phylogeny of K. pneumoniae from the remaining
356 continents, revealing six clades. Kp_14 was grouped in Clade 3 aongside other
357 K. pneumoniae ST219 isolates and H2 ST501 from Nigeria. Kp_13 was placed in Clade 4,
358 along with the three Nigerian K. pneumoniae isolates. Lastly, Kp_4, Kp_15, and Kp_24 were
359  assigned to Clade 5 along with K. pneumoniae ST307 isolates.

360  3.6.2 Phylogenetic analysis of the Enterobacter sp. isolates.

361  For the Enterobacter species (E. ashuriae, E. bugandensis, and E. cloacae), three separate
362  phylogenetic trees were constructed. The phylogeny of E. asburiae seen in Figure 4, included
363 53 isolates distributed among seven distinct clades. Interestingly, isolate A5 was placed in
364 clade 3 alongside a South African strain (E124_11) and a Chinese strain (C210176) forming a
365 clade with asignificantly similar resistome. Clades 6 and 7 harboured a wide range of ARGsS,
366 these two clades included isolates from six to seven countries, with China being the
367  predominant source for both. In this phylogenetic tree, the clades exhibit the presence of
368  blaacr, fosA, and ogxB genes across most resistomes. Additionally, distinct resistome
369  patterns are observed within each clade, indicating variations in the genes responsible for

370  resistance mechanisms among the different groups.

371 The genome phylogeny of E. bugandensis seen in Figure 5, included 25 isolates distributed
372 among three distinct clades. The phylogenetic tree included three isolates that carried ten or
373 more ARGs: IMP80 (Clade 1); C210207 and AR2787 (both in Clade 2). The remaining
374  isolates harboured similar ARGs including blaacr, found in all isolates, and gnrA, found in
375 most isolates (n = 21). Compared with the other phylogenetic trees, this specific tree showed
376  alower number of resistance genes, with blaacr and ogxB being the predominant ARGs
377  among the included isolates. Only four isolates harboured more than the average three ARGs.
378  Excluding these isolates, a consistent and similar resistance pattern is observed across the

379  tree, suggesting acommonality in resistance mechanisms acquired by E. bugandensis species.

380  The phylogeny of E. cloacae (Figure 6) included 32 isolates distributed among seven distinct
381 clades. Clade 5 had the fewest ARGs followed by Clade 6, while Clade 2 and 4 harboured the
382  most. All the isolates from Clade 4 originated from South Africa, while Clade 6 displayed a

383  greater diversity in terms of countries of origin.
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384 3.7 Epigenomics

385  Typesl, I, and Il Methyltransferases (Mtases) were detected in the sequenced isolates (n =
386  10). Among these, Type Il Mtases were the most predominant, followed by type | Mtases.
387 Conversely, type Il Mtases were the least common, and type IV Mtases were not identified

388 inany of theisolates (Figure 7).

389 A single type Il Mtase, M.kpn1420l, was located chromosomally within isolate H3,
390 aongside a single Type | and Il Mtase: M1.Ec134971 and M.Kpn34618Dcm, respectively.
391  Each Mtase harboured by isolate H3 had its own unique recognition sequence. Lastly, isolate
392 H3wasthe only isolate that harboured three types of Mtase (Table Sb).

393 A Type Il restriction endonuclease (RE), Ecol28I, was identified in five isolates: Kp_4,
394  Kp_13, Kp_15, A5, and G5. Significantly, in each of these isolates, Eco128l was encoded by
395 aplasmid. Interestingly, all four Type Il Restriction-Modification Systems (RMYS) identified
396 intheisolates, including the RE, shared the same recognition sequence, CCWGG. The most
397 common of these was M.Kpn34618Dcm, which was present in eight of the ten isolates.
398  Notably, it was located chromosomally in the K. pneumoniae isolates Kp_4, Kp_13, Kp_14,
399  Kp_24, and H3 while in isolates Kp_15, A5, and G5, it was plasmid encoded. This means
400 that inisolate Kp_13, both a Type Il RE and Mtase (M.EcoRIl and Eco128I) were identified
401  onaplasmid, alongside atype || Mtase (M.Kpn34618Dcm) within the chromosome. Notably,
402  Typell Mtases were not identified in isolates G3 and G8.

403 Thetype Il RMS adenine (Dam) Mtase was not found in any of the study isolates; only the
404 type Il RMS cytosine (Dcm) Mtase was present. Two Dcm Mtases were identified:
405  M.Kpn34618Dcm and M.EasL1Dcm, with the latter only identified in isolate A5. A complete
406 RMS consisting of REs, Mtases, and a specificity subunit was not found in any of the
407  isolates, as no specificity subunits were identified during the analysis. Both an RE and Mtase
408 were found in the five isolates encoding the Type Il RE. These isolates, Kp_4, Kp_13,
409 Kp_15, A5 and G5, further harboured the same type Il Mtases, EcoRIl and
410 M.Kpn34618Dcm, with isolate A5 also harbouring an additional type Il M.EasL1Dcm. The

411 remaining five isolates only harboured M Tases.

412 Two type | Mtases were detected: M.EcoJAO3PI and M1.Ec1349771. They had distinct
413 recognition sequences, GATGNNNNNCTG and GCCNNNNNGTT, respectively, and were
414  both located chromosomally. M1.Ec1349971 was present in four isolates. H3, G5, G3, and
415  G8, while M.EcoJAO3PI was only identified in isolate Kp_4.
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416  Asdescribed in the methods, PacBio SMRT sequencing was only performed on five isolates:
417 Kp_14, Kp_25, H3, A5, and G5. All isolates had m6A modifications that result in N6-
418  methyladenine (6mA) modifications, with the GATC motif being identified in all isolates
419 (Table S5). Moreover, the m4C modification, resulting in N4-methylcytosine (4mC), was
420  asopresent in al isolates, with the VVNCY GVNY R motif identified in all cases.

421 3.8 Differential gene expression analysis

422  The analysis of differentialy expressed genes (DEGs) was performed using HT Seg-DeSeq2
423  tool, and the data was visualized using SRPlot (seen in Figures 8-10). The DEGS data was
424  further analysed on an Excel spreadsheet, wherein non-significant genes were filtered out. In
425  the case of Kp_4, this filtering process reduced the number of DEGs from 4493 to 86, and

426  thistrend was observed across the remaining nine isolates.

427  The patterns of DEGs were found to be similar in eight isolates (G5, G8, H3, Kp_4, Kp_14,
428 Kp_15 and Kp_24), as seen in Table S6-S7, with capsular polysaccharide biosynthesis genes
429  showing increased expression. This upregulation was seen in isolate Kp_14 and Kp_15.
430 Moreover, changes were observed in the membrane area of the clinical isolates, including the
431  downregulation of ion ABC-transporters in all K. pneumoniae isolates (Kp_4, Kp_14, Kp_15
432 and Kp_24).

433 Isolate G5, G8, Kp_14, and Kp_15 displayed increased expression of three ion-ABC
434  transporters: an ATP-binding protein, permease protein, and a substrate-binding protein.
435  Additionally, the ferric-ion transporter was upregulated in Kp_14 and Kp_15 isolates, while
436  there was adownregulation of Iron (111) dicitrate transporter in Kp_14 and Kp_24 (Table S6).

437  |solate G5 had an upregulation of the ferric hydroxamate outer membrane receptor, FhuA.

438  The core metabolic functions also had differential expression; sufAB, responsible for iron-
439  sulfur metabolism, showed increased expression in all K. pneumoniae isolates. On the other
440  hand, cobalt-precorrin methyltransferase was downregulated in Kp_4, Kp_14, Kp_15 and
441  Kp_24. The putative glycotransferase, involved in the biogenesis of natural products, was
442  upregulated in all K. pneumoniae isolates; and in isolate G5, this protein was additionally
443  upregulated along with an LPS core biosynthesis glycotransferase and an LPS core
444  heptosyltransferase. Additionally, D-3 phosphoglycerase dehydrogenase had upregulation in
445 Kp_4, Kp_14, Kp_15, and Kp_24. Lastly, the cellulase synthase was upregulated in Kp_14
446  and Kp_15 isolates, while a 3-oxoacyl-[acyl carrier protein (ACP)] synthase was upregulated
447  inisolates G5 and G8.
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448  In the K. pneumoniae isolates, seven transcriptional regulators were upregulated (Tables S6
449  and S7). Among these were a probable transcriptional regulator of MDR efflux pumps and a
450  transcriptional regulator associated with rhamnose utilization, part of the AraC family, were
451  upregulated in al K. pneumoniae isolates (Table S6). In isolate G5, four transcriptional
452  regulators were upregulated (Table S7). One of these regulators belongs to the AcrR family,
453  responsible for regulating the AcrAB-TolC MDR efflux system, was upregulated alongside
454  H3. Additionally, the RND efflux pump regulator was aso upregulated in isolate G5 along
455  with isolate G8.

456  Components of the type 1 fimbriae were found to be upregulated in al K. pneumoniae
457  isolates and in isolate G5. These components include the outer membrane usher protein,

458  fimbrial protein staA, the fimbrial protein subunit precursor and the fimbria chaperone.

459 Discussion

460 The emergence of colistin- and carbapenem-resistant K. pneumoniae is a major concern
461  owing to limited trestment options. Epidemiological datain South Africa shows an increased
462  prevalence of carbapenemase-positive Gram-negative bacteria and a low prevalence of mcr
463  genes within the public health sector*'**?®, However, there are carbapenem- and colistin-
464  redistant isolates without any known resistance mechanism. This study, therefore, aimed to
465  characterize novel colistin and carbapenem resistance mechanisms in clinical K. pneumoniae
466  isolates from South Africa.

467  Four non-carbapenemase producing carbapenem-resistant K. pneumoniae and five non-mcr
468  producing colistin-resistant Enterobacteriacae species were examined. Although the colistin-
469 resistant isolates were identified by Microscan as K. pnuemoniae, only isolate H3 was
470  confirmed to be K. pneumoniae. The remaining isolates were identified as Enterobacter

471  Species.

472  The Microscan analysis showed that the Enter obacter species had reduced susceptibility to f3-
473  lactams, B-lactams/B-lactamase inhibitors, as well as the first- and second-generation
474  cephalosporins. The resistance mechanisms associated with these antibiotics involve f-
475  lactamase activity and loss of porin activity %, The Enterobacter species, G5, and G8
476  harboured blacun, which is the most common f-lactamase gene within the Enterobacter
477  genus. Additionally, blaacr which is aso commonly found in this genus *, was present
478  within A5 and G3. The Enterobacter species aso harboured three other resistance genes:

479  fosA, conferring resistance to Fosfomycin *, ogxAB, conferring resistance to quinolones,
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480 tigecycline, nitrofurantoin, several detergents, and disinfects *. No other resistance genes
481  were identified. However, the phenotypic characterization of isolates revealed reduced
482  susceptibility to ertapenem, meropenem, colistin and tobramycin. Resistance to these
483  antibiotics can be mediated through changes in the outer membrane permeability, alteration

484  of thelipopolysaccharide reducing porin activity and increased activity of efflux pumps .

485 The efflux pump inhibition assay showed that isolates G5, G8 and H3 had increased
486  susceptibility to colistin in the presence of CCCP efflux pump inhibitor (EPI). The colistin
487 BMD MIC value reduced 1-fold from 128 pg/mL to 64 pg/mL. This EPI has been shown to
488  restore colistin susceptibility in intrinsic colistin resistant bacteria in some Enterobacteriacae
489 isolates ***. Although colistin susceptibility was not fully restored in these isolates, the
490 inhibition of efflux pump activity highlights their role in colistin resistance.

491  Colistin resistance has been previously linked to mer activity *°, modification of the
492 lipopolysaccharide (LPS) ¥, overexpression of efflux pumps %, and overproduction of
493  capsular polysaccharide ***. Genomic analysis reveals that the colistin-resistant isolates (A5,
494  G3, G5, G8 and H3) were sorely negative for mer gene. However, H3 harboured a mgrB
495 mutation that has been demonstrated to confer colistin resistance by regulating the LPS
496  modification system'’. The colistin resistant isolates, as revealed by RNA-seq analysis,
497  showed a range of potential mechanisms for mediating resistance, including upregulation of
498  efflux pumps, capsular polysaccharide biosynthesis, and putative glycosyltransferases.
499  Common membrane aterations in colistin-resistant strains encompass the upregulation of
500 MDR efflux pumps and capsular polysaccharide biosynthesis, which could potentially
501 mediate colistin resistance. Moreover, the upregulation of the fimH and capsule genes,
502  coupled with the presence of the mrkA virulence factor, might facilitate biofilm formation,

503  thereby promoting antibictic resistance *.

504  The production of capsular polysaccharide was observed in isolates G5, G8 and H3. Previous
505 studies have indicated that this activity acts as a protective barrier against cationic
506 antimicrobial peptides like colistin *°. As a result, this reduces the interactions between
507 colistin and the LPS, thereby mediating resistance. Putative glycosyltransferase, notably
508 those encoded by crrB gene, has been shown to mediate the LPS outer membrane
509  modification **. The observed upregulation of putative glycosyltransferase in isolates G5 and
510 H3 suggests a potential role in mediating LPS modifications. Telke et al (2019) previously
511  reported that the overexpression of the acrAB-tolC efflux pump, regulated by soxRSin E.

17


https://doi.org/10.1101/2023.12.15.571804
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.15.571804; this version posted December 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

512 cloacae and E. asburiae isolates, resulted in colistin hetero-resistance *. In our study, the
513  efflux pump activity observed in G5, G8, and H3 was regulated by the acrR, as seen in Table
514  S7. However, the remaining isolates, G3 and A5 did not display significant DEGs that could
515  confer colistin resistance. The detailed DEG Tables for each isolate can be found in Table S8-
516 16.

517  The K. pneumoniae isolates harboured a wide range of ARGs that confer resistance to various
518 classes of antibiotics. These include aminoglyocsides (acc(3)-11d, aac(6’)-1b-cr, aadA2,
519 aadAl6, aph(3')-la, aph(3”)-Ib, aph(6)-1d, armA, strAB), cephalosporins (blacrx-m),
520 quinolones (ogxA, ogxB), fosfomycin (fosA), pencillins (blarem, blapna, blaoxa, blacwu,
521  blagqv), sulfonamides (sull, sul2), tetracyclines (tetA), and trimethoprim (dfrA). The genes
522  contributed to the observed phenotypic resistance. Isolates Kp 4, Kp 15 and Kp_ 24

523  harboured mutationsin ompK35, which confer resistance to carbapenems™*.

524 DNA analysis revealed that all the carbapenem-resistant K. pneumoniae (Kp_4, Kp_14,
525  Kp_15, and Kp_24) isolates harboured multiple - lactamases and mutations within ompK36
526  and ompK37, except for isolate Kp_14. The combination of porin mutations in ompK and f3-
527  lactamase activity contributes to carbapenem resistance. Additionaly, these isolates

528  exhibited upregulation of MDR efflux pumps “°*'.

529 RNA-seq anaysis revealed that the carbapenem-resistant K. pneumoniae isolates had
530 multiple mechanisms to confer resistance to carbapenems. These resistance mechanisms
531 included the production of capsules, biofilm formation, and increased efflux activity.
532 Interestingly, inisolates Kp_14 and Kp_15, capsule polysaccharide biosynthesis was coupled
533  with the upregulation of cellulose synthase. This coupled upregulation has previously been
534  demonstrated to facilitate biofilm formation “°. Furthermore, all the carbapenem-resistant
535 isolates exhibited a wide variety of upregulated fimbriae products (Table S6). Additionally,
536 the analysis revealed the upregulation of an acrR transcriptional regulator and a probable
537 MDR transcriptional regulator protein, further highlighting the complex mechanisms at play

538  in conferring carbapenem resistance.

539  In contrast, the EDTA and efflux pump inhibition analysis (Table 2) demonstrated that f3-
540 lactamase activity and efflux pumps played a role in carbapenem resistance in all isolates
541  except Kp_24. Therefore, in this group, three distinct resistance mechanisms were observed,

542  excluding Kp_24, where efflux pump activity did not contribute to carbapenem resistance.
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543 Table 3 shows that mgjority of ARGs identified within the K. pneumoniae isolates were
544  harboured on plasmids. IncFIB(K), IncFIB(K)/IncFlI(K), and IncHIB harboured three or
545 more resistance genes with the IncFIB(K)/IncFlI(K) harbouring a remarkable nineteen
546  resistance genes (Table S2). These plasmid replicons, IncF and IncH, are among the most
547  observed types of replicons in Enterobacteriaceae, and they play a significant role in
548  facilitating transmission of ARGs “**. Studies have shown that IncFIB and IncFlI replicons
549  are capable of accommodating and stably carrying a wide variety of ARGs °**. These
550  accounts for the large number of resistance genes seen in the IncFIB(K)/IncFII(K) plasmid
551  from this study. Furthermore, it was observed that the ARGs within these plasmids were
552  often flanked by IS elements, particularly 1S26, which is widely known to be associated with
553  ARGs >**°. This underscores the potential role of IS elements in these isolates in the
554  dissemination of these MDR ARGs, thus facilitating the widespread of ARGs in South
555  Africa. This may occur, through the transfer of ARGs between animal-derived and human
556  derived pathogens.

557  Genomic analysis of the six K. pneumoniae isolates revealed that the isolates belonged to
558  four sequence types. ST307 clone comprised three isolates, Kp4, Kpl5 and Kp24, which had
559  the same K- and O-serotypes, KL102 and O1/O2vO2. The K-antigen describes the type of
560 capsular polysaccharide harboured by the K. pneumoniae isolates, and the O-antigen
561  describes the lipopolysaccharide antigens *°. The KL 102, previously known as KN2, has been
562 widely identified in carbapenemase-producing K. pneumoniae isolates in Nigeria 2, USA >’
563  and Switzerland *®. These isolates were further shown to also harbour the 01/02v2 serotype.
564  However, in this study, despite the isolates harbouring the same sequence type and serotypes,
565 the phylogenetic analysis of these isolates revealed an interesting pattern in their distribution
566  and resistance profiles. The analysisincluded 81 K. pneumoniae isolates from five continents,
567  with sequence types ST307, ST25, and ST219 being the most common. Within South Africa,
568 the mgority of K. pneumoniae isolates belonged to ST307, and five of the eight Clades were
569 comprised of this sequence type. These five Clades had similar resistomes, thus highlighting
570 the vertical and horizontal spread of this MDR clone and ARGs within South Africa.
571  Furthermore, in Figure 3, the study isolates (Kp_4, Kp_13, Kp_14, Kp_15, and Kp_24)
572 clustered aongside international K. pneumoniae isolates, underscoring their easy

573  transmissibility and wide distribution.

574  The Enterobacter species included isolates A5, G3, G5, and G8, which were identified as

575  Enterobacter asburiae, Enterobacter bugandensis, and two Enterobacter cloacae species,
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576  respectively. The sequence types of these isolates included ST22 (A5), ST632 (G3) and a
577 novel ST2100 for both E. cloacae species (G5 and G8). Fortunately, these isolates carried
578  only alimited number of resistance genes and lacked plasmids. Moreover, they clustered with
579  other isolates that had similar resistance patterns. Specifically, E. asburiae A5 clustered
580  within clade 4 (Figure 4) and clustered with a South African strain (E124_11) and a Chinese
581  strain (C210176). Notably, this clade displayed a distinct resistome pattern compared to the
582  other clades; a pattern consistent with the other Enterobacter species analysed in this study
583  (Figures 5 and 6). This distinction might be attributed to the presence of different plasmids
584  that potentially encode these ARGs. A more comprehensive phylogenetic analysis, which
585  incorporates plasmid analysis of the included isolates, could shed light on the reasons behind
586  thisclustering pattern.

587  The study's isolates were found to harbour a diverse array of restriction modification systems
588 (RMS), including both restriction enzymes and methyltransferases. These RMS included
589 Types I, I, and Il RMS. Among these, the Type II M.Kpn34618Dcm was the most
590 predominant and was identified in all K. pneumoniae isolates. Previous research, as reported
591 by Chuckamnerd et al. 2022 and Ramaloko and Osei Sekyere (2022), has shown the common
592 occurrence of this Mtase in K. pneumoniae **®°. Moreover, it is typically found aongside
593 M.EcoRII, a pattern noted by Ramaloko and Ose Sekyere (2022). In this study, it was
594  observed that four of the seven isolates harbouring the Dcm Mtase also carried a plasmid-
595  encoded M.EcoRII. Interestingly, the E. asburiae A5 isolate displayed a similar combination
596  of these Mtases.

597  In contrast, among the ST307 K. pneumoniae isolates (n = 3), M.Kpn34618Dcm was the sole
598 common Mtase. Contrary to Chuckamnerd et al. (2022) findings, there was no consistent
599  pattern observed within the RMS in this study’s isolates *°. However, it’s noteworthy that all
600 Type Il Mtases, including the type Il restriction endonuclease (RE), shared the same
601  recognition sequence. This commonality facilitates the integration of plasmids encoding these
602 Type Il RMS into host bacteria, thereby enhancing the dissemination of virulence and

603  resistance genes®.

604 Only two of the three types of methylation i.e.,, N6-methyladenine (m6A) and N4-
605 methylcytosine (m4C), were identified in the isolates that underwent PacBio SMRT
606  sequencing (Kp_4, Kp_24, A5, G5, and H3). According to Militello et al. (2012), the
607  methylation type N5-methylcytosine (5mC) DNA modification, is not commonly found . In
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608 this study, neither K. pneumoniae nor the Enterobacter species isolates encoded this type of
609 methylation. However, m6A and m4C, representing an alternative form of cytosine
610  methylation, were detected. It is noteworthy that only a small fraction of motif sites in the
611  isolates remained non-methylated, as depicted in Table Sb.

612 In addition to resistance mechanisms, the K. pneumoniae isolates also carried various
613  virulence genes, making them highly equipped for pathogenesis. The isolates harboured nine
614  types of virulence genes, including adhesion, biofilm formation, efflux pumps, immune
615  evasion, iron uptake, regulation of capsule synthesis, and secretion systems. The presence of
616 these virulence genes further underscores the necessity for effective infection control

617  measures to prevent the spread of these highly virulent and drug resistant strains.

618  Virulence genes play a pivota role in the pathogenesis of a pathogen, facilitating both host
619 infection and, in this case, resistance to antibiotics ®. The transcriptomic analysis revealed an
620 increase in certain transporters, such as those for carbohydrates, cysteine, and ferric ions.
621  Cain et al (2018) explained that signs of stressin K. pneumoniae include the accumulation of
622  compounds like cellulase, carbohydrates and metal ions in granules at the end of active
623 growth ®. Thus, the upregulation of ion ABC-transporters, phosphotransferase system
624  components, and ferric-ion transporters may indicate stress induced by antibiotic exposure in
625 these K. pneumoniae isolates. Ramos et al. (2016) further demonstrated that intracellular
626  regulation of iron metabolism assists bacteria in managing oxidative stress ®. Another
627 indicator of stress is the upregulation of fimbriae genes, as observed by Cain et al. (2018) ®.
628  The transcriptomic dataindicated upregulation of type 1 fimbriae genes, potentially mediated

629 by fimH virulence gene ®.

630  Unfortunately, due to financial restrictions, the study was unable to employ the CRISPR-Cas
631  system to investigate these putative resistance mechanisms in the clinical isolates. However,
632 the combination of whole genome sequencing, epigenomics, and transcriptomics proved

633  valuablein characterizing these resistance mechanisms.

634  Given theincreasing prevalence of colistin and carbapenem-resistant K. pneumoniae in South
635 Africa and globaly, surveillance studies are essentia to monitor the epidemiology and
636  antibiotic susceptibility patterns of these MDR strains. This study contributes significantly to
637 our understanding of the mechanisms behind antibiotic resistance and virulence in both
638 K. pneumoniae and Enterobacter species. It offers valuable insights into the genomic,

639  epigenomic, and transcriptomic characterization of colistin and carbapenem resistance
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640 mechanismsin clinical K. pneumoniae and Enterobacter species. The findings underscore the

641  importance of continuous monitoring of the epidemiology and evolution of these pathogens.

642  Understanding the genetic basis of antibiotic resistance and virulence in K. pneumoniae is
643  crucial for developing effective strategies to control and manage infections caused by these
644  MDR bacteria.
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Table 1. MicroScan analysis providing the antimicrobial susceptibility profile and species identification of the carbapenem and colistin resistant isolates included in study.

Isolate

Antimicrobial susceptibility

A5
G3
G5
G8
H3
Kp 13
Kp_14
Kp_15
Kp 24

Kp 4

The antimicrobials abbreviations include: AMK- Amikacin, AMC- Amoxicillin/Clavulanic Acid, SAM- Amipiciilin/sulbactam, AMP- Ampicillin, ATM- Aztreonam, FEP-
Cefepime, CTX- Cefotaxime, FOX- Cefoxitin CAZ- Ceftazidime CXM- Cefuroxime CEF- Cephalothin, CIP- Ciprofloxacin, CST—Colistin, ERT-Ertapenem, FOF-
Fosfomycin, GEN- Gentamicin, IMP- Imipenem, LV X- Levofloxacin, MEM- Meropenem, NIT- Nitrofurantoin, NOR- Norfloxacin, TZP- piperaciilin-tazobactam TGC-
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864  Table 2. Broth Microdilution assay evaluating the effect of EDTA and EPIs on the MIC value (pg/mL) of
865 Ertapenem and Colistin

Isolate ERT-MIC ERT-MIC in presence of EPISEDTA
EDTA \ PABN cccP RES VER
Kp_4 16 4 16 8 16 16
Kp_13 05 05 05 05 05 0.5
Kp_14 16 2 16 16 8 16
Kp_15 64 32 64 32 32 32
Kp_24 128 128 128 128 128 128
E. coli ATCC 25922 0.25 0.25 0.25 0.25 0.25 0.25
P. aeruginosa ATCC 27853 4 4 4 4 4 4
Isolate CST-MIC CST-MIC in presence of EPISEDTA
EDTA \ PABN CCCP RES VER
AS 128 128 128 128 128 128
G3 128 128 128 128 128 128
G5 128 128 128 64 128 128
G8 128 128 128 64 128 128
H3 128 128 128 64 128 128
E. coli ATCC 25922 0.25 0.25 0.25 0.25 0.25 0.25
P. aeruginosa ATCC 27853 0.25 0.25 0.25 0.25 0.25 0.25

866 ERT: ertapenem, CST: colistin, PagN: phenylalanine-arginine -naphthylamide, CCCP: carbonyl cyanide m-
867  chlorophenylhydrazone, RES: Reserpine, VER: Verapamil, EPIs: Efflux pump inhibitors

28
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Table 3. Genomic identification and characterization of the 10 presumed Klebsiella pneumoniae isolates included in the study.

Antibiotic resistance genes

I solate Species Serotypes | MLST Plasmids Chr omosormal Plasmids
Kp4 Klebsiela K: KL102 | ST307 IncFIA(HI1) IncFIB(K)/IncFII(K) IncL | blaSHV-28, fosA6, blaCTX-M-15, blaTEM-1B, aac(3)-lia, aac(6')-Ib-cr,
pneumoniae O: IncR 0gxA, ogxB aadA16, aph(3")-1b, aph(6)-1d, ARR-3, dfrA27, gacE,
01/02v2 gnrB6, sull, sul2, tetD
Kpl3 Klebsiella K: KL142 | ST6408 IncFIA(HI1)/IncR/repB(R1701) blaSHV-81, fosA6, blaCTX-M-14, blaDHA-1, blaTEM-1B, aac(3)-lid,
pneunmoniae O: IncFIB(K)/IncFIB(K)/IncR 0QgXxA, ogxB aac(6')-1b-cr, aadA16, aph(3')-1a, aph(3")-1b, aph(6)-Id,
01/02v1 armA, ARR-3, dfrA27, floR, mphA, mphE, msrE, gacE, 2
gnrB4, sull, sul2, tetA 2
Kpl4 Klebsiella K:KL114 | ST219 IncFIB(K)(pCAV1099-114) blaSHV-26, fosA blaCTX-M-15, aadA2, aph(3')-1a, aph(3")-1b, aph(6)-1d, &
pneunmoniae O: catA2, dfrA12, mphA, gacE, gnrSl, sull, sul2 §
01/02v1 z
Kpl5 Klebsiella K:KL102 | ST307 IncFIB(K)(pCAV1099-114) blaSHV-28, fosA6, blaCTX-M-15, blaOXA-1, blaOXA-181, blaTEM-1B, g
pneumoniae O: IncFIB(K)/IncFlI(K) IncX3 0ogxA, ogxB aac(3)-lia, aac(6)-1b-cr, aadA2, aph(3")-la, aph(3")-Ib, 55
01/02v2 aph(6)-1d, catA2, catB3, dfrA12, dfrAl4, mphA, gacE, 4
gnrB1, gnrSi, sull, sul2, tetA 2
Kp24 Klebsiella K:KL102 | ST307 IncFIB(pNDM-Mar)/IncHI1B(pNDM- | blaSHV-28, fosA6, blaCTX-M-15, blaOXA-1, blaOXA-181, blaTEM-1C, g
pneunmoniae O: MAR) IncX3 0gxA, ogxB aac(6)-1b-cr, aadAl, ant(3")-la, catB3, dfrA15, mphA, g
01/02v2 gacE, gnrSi, sull 2
H3 Klebsiella K: KL2 ST25 IncFIB(K)/IncFI1(K) blaCMH-3, blaSHV-81, | blaTEM-1B, aph(3)-la, aph(3")-1b, aph(6)-Id, dfrAl4, 3
pneumoniae O: fosA, fosAB, ogxA, ogxB | mphA, sul2 %
01/02v1 2
A5 Enterobacter N/A ST22 None blaACT-4, fosA, ogxA, None -
asburiae ogxB
G3 Enterobacter N/A ST632 None blaACT-6, fosA, 0gxA, None
bugandensis ogxB
G5 Enterobacter | N/A ST2100 None blaCMH-3, fosA, ogxA, | None
cloacae ogxB
G8 Enterobacter N/A ST2100 None blaCMH-3, fosA, ogxA, | None
cloacae ogxB

Figure Legends
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Figure 1. Phylogenetic and resistome dynamics of K. pneumoniae isolates from South Africa collected from human samples. Each strain is represented by its strain identifier,
MLST designation, and country of origin. Strains belonging to the same clade are highlighted with the same color on the branches. The resistome is depicted through green

and white blocks, representing the presence and absence of antibiotic resi stance genes, respectively.

Figure 2. Phylogenetic and resistome dynamics of K. pneumoniae isolates from Africa collected from human samples. Each strain is represented by its strain identifier,
MLST designation, and country of origin. Strains belonging to the same clade are highlighted with the same color on the branches. The resistome is depicted through green

and white blocks, representing the presence and absence of antibiotic resi stance genes, respectively.

Figure 3. Global phylogenetic analysis of K. pneumoniae isolates collected from human samples. Each strain is represented by its strain identifier, MLST designation, and

country of origin. Strains belonging to the same clade are highlighted with the same color on the branches.

Figure 4. Global phylogenetic and resistome dynamics of E. asburiae isolates, collected from human samples. Each strain is represented by its strain identifier, MLST
designation, and country of origin. Strains belonging to the same clade are highlighted with the same color on the branches. The resigome is depicted through blue and white

blocks, representing the presence and absence of antibiotic resistance genes, respectively.

Figure 5. Global phylogenetic and resistome dynamics of E. bugandensis isolates, collected from human samples. Each strain is represented by its strain identifier, MLST
designation, and country of origin. Strains belonging to the same clade are highlighted with the same color on the branches. The resisome is depicted through blue and white

blocks, representing the presence and absence of antibiotic resistance genes, respectively.

Figure 6. Global phylogenetic and resistome dynamics of E. cloacae complex isolates, collected from human samples. Each strain is represented by its strain identifier,
MLST designation, and country of origin. Strains belonging to the same clade are highlighted with the same color on the branches. The resistome is depicted through blue

and white blocks, representing the presence and absence of antibiotic resistance genes, respectively.
Figure 7. Distribution of Restriction-Modification (R-M) sites within the Klebsiella pneumoniae and Enterobacter species.

Figure 8. A volcano plot was used to compare the Differentially Expressed Genes (DEGSs) between the carbapenem-resistant K. pneunoniae isolates and the susceptible
Kp_13 isolate usng K. pneumoniae as a reference genome. Each data point represents a gene, and its position was determined by the fold change (log2FC) and the statistical
significance (log p-value). Orange dots represent upregulated genes, blue dots represent the downregulated genes, and grey dots represent the non-significant genes (P < 0.05,
logFC > 0).
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Figure 9. A volcano plot was used to compare the Differentially Expressed Genes (DEGSs) between the colistin Enterobacter sp. isolates and the reference genome Each data
point represents a gene, and its position was determined by the fold change (log2FC) and the statistical significance (log p-value). Orange dots represent upregulated genes,
blue dots represent the downregulated genes, and grey dots represent the non-significant genes (P < 0.05, logFC > 0).

Figure 10. A volcano plot was used to compare the Differentially Expressed Genes (DEGSs) between the colistin-resistant K. pneumoniae isolate, H3 and the susceptible
Kp_13 isolate usng K. pneumoniae as a reference genome. Each data point represents a gene, and its position was determined by the fold change (log2FC) and the statistical
significance (log p-value). Orange dots represent upregulated genes, blue dots represent the downregulated genes, and grey dots represent the non-significant genes (P < 0.05,
logFC > 0).
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