
 1 

Resistance mechanisms and population structure of highly drug resistant 1 

Klebsiella in Pakistan during the introduction of the carbapenemase 2 

NDM-1 3 

Eva Heinza* 4 

Hasan Ejazb,c,d 5 

Josefin Bartholdson Scotte 6 

Nancy Wangc 7 

Shruti Gujaranc 8 

Derek Pickarda 9 

Jonathan Wilkschc 10 

Hanwei Caoc 11 

Ikram-ul-Haqf 12 

Gordon Dougana,e 13 

Richard A Strugnellc* 14 

 15 

a: Parasites and Microbes, Wellcome Trust Sanger Institute, Hinxton, CB10 16 

1SA, UK 17 

b: Department of Clinical Laboratory Sciences, CAMS, Jouf University, Al-Jouf, 18 

Kingdom of Saudi Arabia  19 

c: Department of Microbiology and Immunology, The University of Melbourne, 20 

at Peter Doherty Institute for Infection and Immunity, Melbourne, Australia 21 

d: Department of Microbiology, The Children’s Hospital & The Institute of Child 22 

Health, Lahore, Pakistan  23 

e: Department of Medicine, University of Cambridge, Cambridge, UK 24 

f: Institute of Industrial Biotechnology, GC University, Lahore, Pakistan 25 



Am
pi

ci
llin

C
ef

ot
ax

im
e

C
ef

ta
zi

di
m

e

C
ef

ur
ox

im
eA

xe
til

Az
tre

on
am

C
ef

ep
im

e

C
ef

ur
ox

im
e

TE
M

-1
C

TX
-M

-1
5

1 11 12 27 42 83 11
0

28 4 7 1 9 10 C
M

Y-
2

VE
B-

5
N

D
M

-1

C
ef

ox
iti

n

Am
ox

/C
la

vA
ci

d

Pi
pe

ra
c/

Ta
zo

b

Er
ta

pe
ne

m

M
er

op
en

em

ESBL

Carbapenemase if porins deactivated

Carbapenemase

ESBL sensitive ESBL alternatives

HE213

HE208

HE176

HE164

HE205

HE157

HE139

HE163

HE100

HE210

HE014

HE097

HE140

HE092

HE160

HE076

HE118

HE103

HE182

HE062

HE007

HE214

HE089

HE013

HE054

HE192

HE194
HE201

HE037

HE008

HE006

HE173

HE133

HE197

HE088

HE048

HE021

HE153
HE195

HE116

HE066

HE061

HE174

HE189

HE081

HE209

HE112
HE084

HE108

HE083

HE009

HE030

HE151

HE186

HE161

HE131

HE183

HE123

HE039

HE148

HE042

HE028

HE095

HE016

HE086

HE115

HE162

HE005

HE049

HE035

HE169

HE206

HE045

HE094

HE111

HE121

HE202

HE029

HE056

HE125

HE002

HE188

HE141
HE152

HE138

HE170

HE159

HE132

HE050

HE144

HE154

HE191

HE158

HE113

HE055

HE065

HE187

HE143

HE057

HE058

HE047

HE149

HE098

HE020

HE041

HE171

HE004

HE168

HE117

HE015

HE067

HE034

HE080

HE193

HE135

HE060

HE190

HE038

HE120

HE147

HE136

HE043

HE104

HE130

HE156

HE032

HE175

HE105

HE033

HE031

HE179

HE165

HE114

HE096

HE044

HE022

HE051

HE155

HE166

HE128

HE150

HE025

HE142

HE087

HE199

HE167

HE109

HE212

HE207

HE046

HE211

HE026

HE027

HE059

HE019

HE068

HE172

HE200

HE023

HE180

HE064

HE063

HE110

HE052

HE177

HE001

HE011

HE082

HE184

HE124

HE119

HE203

HE003

HE053

HE122

HE198

HE024

HE196

K. quasipneumoniae

K. pneumoniae

SH
V(

   
 )

O
KP

O
XA

M
LS

T

C
M

Y-
2

C
M

Y-
6



Fig. S1: Details of predicted beta-lactamase enzymes and resistance profiles to 

treatment alternatives for ESBL organisms. The guidance tree is as in Fig. 1. All 

isolates with TEM or CTX genes encode for the broad-spectrum beta-lactamase TEM-

1 and the ESBL enzyme CTX-M-15, respectively, and only the VEB-5 and NDM-1 

allele, and two alleles for the AmpC CMY (2 and 6) could be identified. Bla-SHV can 

have different activity spectrums; the red stars indicate extended-spectrum beta-

lactamase activity. Pink indicates weak carbapenemase activity which needs 

additional mutations (e.g. porin deactivation) to confer resistance, dark violet denotes 

carbapenemase activity. The allele assignment was controlled at the beta-lactamase 

online database (http://www.laced.uni-stuttgart.de); activity assignments are 

according to97. Vitek measurements are compared with the predicted known 

resistance-conferring genes for aminoglycosides, fluoroquinolones, sulfonamindes 

and beta-lactams (including carbapenems). Red indicates resistant, white indicates 

intermediate, blue indicates sensitive measurement; details are given in Table S2.  
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Fig. S2: Comparison of isolates with rmpA2 pseudogenes to Klebsiella virulence 

plasmids. (a) The sequences retrieved from ariba predicted as rmpA2 pseudogenes 

were retrieved and aligned to a reference sequence (amino acids NP_943354.1 and 

the respective CDS). Two homopolymer regions, a poly-G and a poly-A repeat, show 

mutations that lead to subsequent frameshifts and stop codons in the translated 

sequence. The arrows mark the corresponding positions in the amino acid and 

nucleotide alignments to facilitate orientation. Colours, nucleotides (upper panel); helix 

propensity (lower panel); as implemented in JalView98 (b) The relevant Illumina 

contigs were extracted using blastn and abacas, and mapped against the reference 

plasmid pSGH1070,48 using BRIG49 to further illustrate the partial conversation of the 

virulence plasmid also in the assembled data.  
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Fig. S3: The plasmid diversity for representative isolates. The contigs obtained 

from PacBio for selected strains are shown; plasmid replicons as predicted by the 

PlasmidFinder web server (https://cge.cbs.dtu.dk/services/PlasmidFinder/93. An 

overview of the resistance genes as predicted by ariba is shown on a colour gradient 

per strain (upper layer) displaying the read coverage of the hit; and the layer below 

these indicate on which plasmid the respective genes were found (colours according 

to the cell overviews, lower panel). Black indicates chromosomal, dark grey indicates 

gene only found in Illumina reads but not in the PacBio data. The presence of genes 

was investigated by blastn, only complete perfect (100% identity) hits were 

considered.  

 

  





Fig. S4: In-depth comparison of expanded lineages. (a) The isolates belonging to 

ST15 of this study was compared to the ST15 outbreak lineage from Nepal59,60 by 

mapping against the completed genome of an isolate from the Nepal outbreak59, which 

also carried four plasmids. The heatmap shows the mapping coverage across the 

chromosome before removal of recombination from white (low coverage) to black 

(high coverage), emphasizing the large deletions and acquisitions in the Pakistan and 

Nepal line, respectively. Even coverage of the genome could be observed, with three 

genetic islands missing in different subsets of our isolates, indicating the dynamic 

within this closely related lineage. The tree was constructed after removing 

recombination by gubbins, bootstrap values are depicted as colour gradient; from red 

(0) to black (100). (b) A detailed view of two regions in the genome absent in groups 

within the isolates from this study (plotted areas: 1473529-1493215, region 1; 

3988478-4042608, region 2; coordinates from CP008929.1), but present in the lineage 

from Nepal, as well as other isolates from the same ST but not part of the clonal 

lineages as outgroups. In addition, the Nepal lineage acquired the chromosomal locus 

including yersiniabactin42; plotted region 5155581-5264456); these three regions were 

also removed by gubbins before the tree construction.  
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Fig. S5: Comparison of the plasmid profiles between the Pakistan and Nepal 

ST15 lineage. The full genome sequence of a representative strain from the Nepal 

outbreak59 was used as reference, and all five plasmid contigs from HE125, a 

representative of the related ST15 lineage from Nepal, were compared against the 

four plasmids as annotated (plasmid A = CP008930.1, B = CP008931.1, C = 

CP008932.1, D = CP008933.1). The legend indicates similarity values for the different 

plasmid contigs from the HE125 strain.  

 

Table S2: Details on the strains from Pakistan. 

Table S1: Vitek measurements. 

Table S3: Additional strains included in the detailed analysis of ST15.  

 


