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ABSTRACT 25	

Outbreaks of carbapenemase producing Klebsiella pneumoniae (CPKp) represent a major threat for 26	

hospitals. We molecularly characterized the first outbreak of VIM-1 producing K. pneumoniae in 27	

Spain, that raised fears about the spread of this strain or of the plasmid carrying blaVIM-1. Through in-28	

depth genomic analysis of 18 isolates recovered between October 2005 and September 2007, we show 29	

that 17 ST39 isolates were clonal, whereas the last isolate had acquired the VIM-1 plasmid from the 30	

epidemic clone. The index isolate carried 31 antibiotic resistance genes (ARGs) and was resistant to 31	

almost all antibiotics tested. Later isolates further gained mutations in efflux pumps regulators ramR 32	

and opxR, deletion of mgrB (colistin resistance) and frameshift mutations in ompK36 (ß-lactam 33	

resistance) likely selected by antibiotic usage. Comparison with publicly available genome sequences 34	

and literature review revealed no sign of dissemination of this CPKp strain. However, the VIM-1 35	

plasmid was found in diverse Enterobacterales species, although restricted to Spain. One isolate 36	

became urease negative following IS5075 transposition into ureC. Analysis of 9755 K. pneumoniae 37	

genomes showed the same ureC::IS5075 insertion in 14.1% of the isolates and explained why urease 38	

activity is a variable identification trait for K pneumoniae. Transposition into ureC results from the 39	

similarity of its 3’-end and the terminal inverted repeats of Tn21 like transposons, the targets of 40	

IS5075 and related ISs. As these transposons frequently carry ARGs, this might explain the frequent 41	

chromosomal invasion by these ISs and ureC inactivation in multidrug resistant isolates.   42	

 43	

IMPORTANCE  44	

Evolution of multidrug resistant bacterial pathogens occurs at multiple scales, in the patient, locally in 45	

the hospital or more globally. Some mutations or gene acquisitions, for instance in response to 46	

antibiotic treatment, may be restricted to a single patient due to their high fitness cost. However, some 47	

events are more general. By analyzing the evolution of a hospital acquired multidrug resistant 48	

K. pneumoniae strain producing the carbapenemase VIM-1, we showed a likely environmental source 49	

in the hospital and identified mutations contributing to a further decrease in antibiotic susceptibility. 50	

By combining the genomic analysis of this outbreak with literature data and genome sequences 51	

available in databases, we showed that the VIM-1 plasmid has been acquired by different 52	

Enterobacterales but is only endemic in Spain. We also discovered that urease loss in K. pneumoniae 53	

results from the specific transposition of an IS element into the ureC gene and was more frequent in 54	

fluoroquinolone resistant isolates and carrying a carbapenemase gene. 55	

56	
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INTRODUCTION 57	

Klebsiella pneumoniae is responsible for a broad range of diseases including pneumonia, blood stream 58	

and urinary tract infections, mostly in health-care facilities. K. pneumoniae isolates are frequently 59	

resistant to multiple antibiotics and contribute to the dissemination of antibiotic resistance genes 60	

(ARGs) (1, 2). Carbapenems are among the last resort drugs to treat infections due to multidrug 61	

resistant (MDR) K. pneumoniae isolates expressing extended spectrum ß-lactamases (ESBL). From the 62	

end of the 20th century onwards, the emergence and dissemination of carbapenemase producing K. 63	

pneumoniae (CPKp) resulting in high mortality rates is becoming a major public health threat. CPKp 64	

hospital outbreaks are particularly feared with patient-to-patient transmission or transmission from the 65	

hospital environments to patient. Recently, a broad genomic study on CPKp from 244 hospitals in 32 66	

countries across Europe confirmed the existence of dominant lineages responsible for hospital 67	

outbreaks (3). In this study, the most prevalent multi locus sequence typing (MLST) types (STs) were 68	

from the Clonal Group (CG) 258, including ST258, 512, 340, 437 and 11, expressing the 69	

carbapenemase KPC (1, 3). Other prominent CPKp STs are ST307 (4) and ST101 (5). However, the 70	

molecular epidemiology of CPKp is different between countries (6) and a large proportion of CPKp 71	

isolates belongs to diverse and rare STs denoting relevance of local epidemiology.  72	

In 2007, we reported the first case of a hospital outbreak involving CPKp isolates producing the VIM-73	

1 carbapenemase in a hospital in Madrid, Spain (7, 8). During the same period, Escherichia coli, 74	

Klebsiella oxytoca and Enterobacter cloacae isolates also producing VIM-1 were identified in the 75	

same hospital (7). Pulsed field gel electrophoresis (PFGE) of K. pneumoniae isolates showed that they 76	

were likely clonal (8). This observation raised questions about the risk of endemicity of this clone and 77	

of the plasmid carrying blaVIM-1 (7).  78	

Whole genome sequencing (WGS) is becoming instrumental to decipher hospital outbreaks and to 79	

characterize transmission	(9). Point mutations and small indels, particularly those leading to gene 80	

inactivation or contributing to antibiotic resistance are the main focus of genomic epidemiology 81	

studies. Other events, and in particular the mobility of insertion sequences (IS), more difficult to 82	

identify by short read sequencing, are frequently set asides. In this work, we have analyzed the 83	

evolution of the VIM-1 producing K. pneumoniae isolates from the outbreak (7, 8). In addition to 84	

mutations selected by antibiotics used in the hospital, we observed a diversity in ARGs and plasmid 85	

contents and mobility of transposable elements: a Group 2 intron and three ISs, IS26, IS5075 and 86	

IS421. In one isolate, IS5075 transposed into the ure operon encoding the urease subunits and led to a 87	

urease defective phenotype. By analyzing 9755 publicly available K. pneumoniae genome sequences 88	

we show that this insertion is frequent, explaining why some K. pneumoniae isolates display a urease 89	

negative phenotype. Furthermore, through a literature survey and the analysis of publicly available 90	

genome sequences, we did not find any evidence of further dissemination of this VIM-1 producing 91	
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strain. On the other hand, the blaVIM-1 plasmid has broadly disseminated across Enterobacterales 92	

species but so far has only been isolated in Spain. 93	

 94	

RESULTS 95	

Genomic characterization of the outbreak isolates. 96	

Illumina WGS of the 18 isolates and in silico MLST showed that the 17 first isolates (KPVIM1-17) 97	

sharing the same PFGE profile belong to ST39 and the last isolate (KPVIM18) to ST45 (Table S1). 98	

ST45 represents 1.5% (n=161) of the 10,515 genomes retrieved from NCBI (July. 2020). ST39 is less 99	

frequent, with only 38 other genome sequences, including seven isolates carrying carbapenemase 100	

genes (blaKPC-3, n=3; blaKPC-2, n=2; blaNDM-1, n=2) but none blaVIM-1. In order to characterize the strain 101	

responsible for the outbreak and to identify genetic events occurring during its evolution, we 102	

determined the complete genome sequence of the first isolate, KPVIM1. KPVIM1 chromosome is 103	

5,351,626 base pairs (bp) long. It hosts four plasmids of 227,556 bp (pKP1-1), 110,924 bp (pKP1-2), 104	

76,065 bp (pKP1-3) and 80,027 bp (pKP1-4) (Table S2). The chromosome and plasmids pKP1-1, 2 105	

and 3 carry 31 ARGs (Table S2). Those ARGs target all major classes of antibiotics used against Gram 106	

negative bacteria. The porin gene ompK35 is interrupted by a non-sense mutation at codon 230. In 107	

agreement with the ARG content, KPVIM1 is highly resistant to almost all antibiotics tested, remaining 108	

susceptible to only fluoroquinolones, tigecycline, and colistin and exhibiting an intermediate 109	

phenotype to amikacin, imipenem, meropenem and ertapenem (Fig. S1).  110	

The blaVIM-1 gene is carried by a gene cassette inserted in a type-1 integron expressing six ARGs in 111	

addition to blaVIM-1 (aacA4, dfrB1, ant1, cat, emrE and sul1) carried by plasmid pKP1-3 (Fig. 1). 112	

BLASTN search using the nucleotide sequence of this plasmid against the contigs of KPVIM18 showed 113	

100% identity over its entire length, except a 1722 bp region containing a catA gene and missing in 114	

KPVIM18. The VIM-1 plasmid was therefore likely transferred in the hospital from the outbreak strain 115	

to the ST45 K. pneumoniae isolate. Plasmid pKP1-3 belongs to IncL/M type. Comparison with 116	

complete plasmid sequences showed that pKP1-3 is more than 99.9% identical over 89% of its length 117	

to pKP1050-3b carrying blaVIM-1 from a pan-drug resistant K.  pneumoniae isolated in June 2016 in a 118	

hospital in Madrid (Fig. 1)	(10). Both plasmids are highly similar to a blaVIM-1 carrying plasmid from a 119	

Salmonella Typhimurium isolated in Spain in 2014 (11) and from Klebsiella oxytoca strains isolated in 120	

Madrid in 2016 (12). Recently, a closely related plasmid was identified in 28 Serratia marcescens 121	

VIM-1 producing isolates recovered in our hospital as KPVIM1 between September 2016 and December 122	

2018 (13). We identified by BLASTN search ten additional K. pneumoniae isolates carrying a plasmid 123	

closely related to pKP1-3, among the 85 K. pneumoniae genome sequences containing blaVIM-1 of the 124	

10,515 K. pneumoniae genome sequences from the NCBI (Table S3). Strikingly these isolates from 125	

four different STs were also all isolated in Spain between 2010 and 2016. Therefore, IncL/M plasmids 126	
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carrying blaVIM-1 likely arose in Spain following the insertion of a type 2 integron and disseminated 127	

locally only but were recurrently isolated in Spain between 2005 and 2018.  128	

These plasmids are closely related to the broadly distributed IncL/M plasmid pOXA48 carrying the 129	

blaOXA-48 carbapenemase gene	(10) (Fig. 1). pKP1-3 shows only seven SNPs over 57,386 conserved bp 130	

with pOXA-48_1639, the closest relative identified at the NCBI (accession number LR025105.1). 131	

BLASTN search against the NCBI database showed that one SNP was specific to all characterized 132	

IncL/M VIM-1 plasmids, whereas for the six other positions, two different allelic forms could be 133	

identified: one shared by pOXA-48_1639 and other pOXA-48 plasmids, the other by pKP1-3 and 134	

IncL/M plasmids carrying other resistance genes. Therefore, these two plasmids share a very recent 135	

common ancestor which acquired either Tn1999 (14) carrying blaOXA-48 or an integron carrying blaVIM-1.  136	

 137	

Intra-hospital evolution of the ST39 lineage follows different paths associated with modifications 138	

of antibiotic susceptibility.  139	

On the basis of the variants identified, we reconstructed the evolutionary path of the 17 ST39 isolates 140	

(Fig. 2A). In total, we identified 64 SNPs (59 in the chromosome and five in the plasmids), and seven 141	

short indels, five of which leading to a frameshift in coding frames (Table S4). Ancestral genotype for 142	

each polymorphism was predicted by parsimony based on BLASTN comparisons with complete 143	

K. pneumoniae genomes sequences at the NCBI. The first isolate, KPVIM1, shows six SNPs compared 144	

to the reconstructed sequence of the last common ancestor (LCA) of the 17 isolates. We next analyzed 145	

the root to tip number of chromosomal SNPs according to the time of isolation. Despite the duration of 146	

the outbreak over 24 months, we did not observe a strong temporal correlation (Fig. 2B).  147	

We identified three large chromosomal deletions: a 6.3 kb deletion encompassing mgrB, a 600 bp 148	

deletion of a type 6 secretion system (T6SS) immunity phospholipase A1-binding lipoprotein and a 149	

55.4 kb deletion corresponding to the excision of an Integrated and Conjugative Element. Five large 150	

deletions in pKP1-1 and pKP1-2 led to the loss of clusters of ARGs (Table S2 and S4) in agreement 151	

with modifications of the antibiotic susceptibility profiles (Table S3).  152	

Several genetic events were likely selected in response to antibiotic use in the hospital. The deletion of 153	

the mgrB gene led to colistin resistance in KPVIM17 (Fig. S1). The same isolate was highly resistant to 154	

all ß-lactams including carbapenems due to the inactivation of the second major porin gene, ompK36, 155	

by a non-sense mutation leading to a stop codon at position 125. In addition, we identified three 156	

mutations disrupting oqxR and ramR genes encoding repressors of efflux systems. oqxR was 157	

inactivated by an IS26 insertion in KPVIM12 and KPVIM13 whereas ramR was inactivated by a non-158	

sense mutation in KPVIM14 and by a frameshift mutation in KPVIM7 and KPVIM8. In agreement with 159	

previous comparisons of mutants of oqxR and ramR 	(15, 16,		17, 18), we observed a stronger decrease 160	

in the susceptibility to fluoroquinolones in the isolates mutated in oqxR (KPVIM12 and KPVIM13) and a 161	
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stronger decrease in tigecycline susceptibility in the isolates mutated in ramR (KPVIM7, 8 and 14). In 162	

the case of KPVIM14, the mutation in ramR likely compensates the loss of the qnrA1 gene for 163	

fluoroquinolone susceptibility. The five isolates also showed a decreased susceptibility to cefepime 164	

and cefoxitin (Fig S2). To assess if there was any fitness cost associated with the increased resistance 165	

observed, we followed bacterial growth of these isolates in LB at 37°C. We observed in all four 166	

mutated isolates a decreased growth rate compared to KPVIM1. The effect was more pronounced for 167	

KpVIM17 defective in both mgrB and ompK36 which showed a 17% increase of generation time (Fig. 168	

3). 169	

 170	

Diversity of cryptic plasmid content. 171	

In the course of the epidemic strain evolution, we also observed changes in plasmid content (Fig. 2). 172	

Plasmid pKp1-4 is a IncFII type, which is present in the first isolate KPVIM1 and in three of the last 173	

isolates of the outbreak (KPVIM11, 16, 17), reflecting its stability. This plasmid mainly codes for 174	

maintenance functions (toxin antitoxin systems, colicin B production and partition) and conjugative 175	

functions. BLASTN search against bacterial genome sequences showed that pKp1-4 is almost identical 176	

(99.7% identities over its entire length) to plasmid pEC14III (accession number KU932028.1) from an 177	

E. coli strain isolated in Finland. We also identified three plasmids specific to the lineage KPVIM3 to 178	

KPVIM8 (Fig. 2). These six isolates share a 34,017 bp-long, linear plasmid (pKP3-5) flanked by two 179	

695 bp-long terminal inverted repeats (TIR). Unlike most linear plasmids described in K. pneumoniae, 180	

pKP3-5 is unrelated to phages. No adaptive functions were recognized, unlike in a similar linear 181	

plasmid pBSSB1 from Salmonella Typhi that encodes a flagellin structural gene	(19). Search among 182	

K. pneumoniae genomes revealed 19 isolates carrying putative linear plasmids closely similar to 183	

pKP3-5 (>90% identities over 90% of the length). The two other plasmids are small high copy number 184	

plasmids: pKP3-6 (2811 bp) and pKP3-7 (3861 bp) that are present in strains KPVIM3 to 6 and KPVIM3 185	

to 8 respectively (table S2 and Fig. 2). No adaptive functions were predicted in these two plasmids. For 186	

these three plasmids, we could not determine whether they were gained in the common ancestor of the 187	

KPVIM3 to KPVIM8 clade or lost by other isolates.  188	

 189	

Insertion of IS5075 into ureC is responsible for a urease negative phenotype in one isolate of the 190	

outbreak. 191	

In addition to IS26 insertion in oqxR, we identified nine transpositions of mobile genetic elements: two 192	

insertions of a class 2 intron named Kl.pn.I5 (20), and two and five transpositions of IS421 and IS5075 193	

respectively (Fig. 2). Compared to the other isolates, KPVIM14 was characterized by an IS5075 inserted 194	

three codons upstream of the stop codon of the ureC gene encoding the urease catalytic subunit (Fig. 195	

4A). This insertion led to a ureC - IS5075 transposase gene fusion. It might also have a polar effect on 196	
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the expression of the downstream genes of the operon: ureE, ureF and ureG. Accordingly, the 197	

KPVIM14 isolate was urease negative, whereas all other isolates from the outbreak were urease positive 198	

(Fig. 4B). IS5075, like its close relative IS4321, is known to transpose into the TIR of Tn21 and of 199	

related transposons of the Tn3 family	(21). Tn3 family transposons are abundant and diverse (22). 200	

They are vectors of heavy metal resistance and ARGs 	(21). The 17 ST39 isolates harbor three copies 201	

of IS5075 inserted in a pKP1-2 Tn3 family transposon, just after the initiation codon of a pKP1-1 gene 202	

coding for a EAL motif protein and upstream a chromosomal permease gene (Fig 4A). Four 203	

independent and identical transposition events of IS5075 also occurred in the TIR of a Tn3 family 204	

transposon carried by pKP1-3, in KPVIM5, KPVIM9, KPVIM12 and KPVIM15 (Fig. 2A). Based on the 205	

conservation of the insertion sites of IS5075 we proposed a 13 bp consensus sequence for the IS5075 206	

transposition site (Fig. 4A). 207	

 208	

Urease negative phenotypes are prevailing in several K. pneumoniae MDR lineages. 209	

Urea hydrolysis is an identification trait of K. pneumoniae in clinical microbiology laboratories. 210	

However, earlier reports have shown that 5% of K. pneumoniae isolates are urease negative (23). In 211	

order to determine whether this phenotype was due to similar IS5075 transposition, we analyzed the 212	

ureC gene in 9755 K. pneumoniae genomes quality filtered from the 10,515 genome sequences 213	

retrieved from the NCBI (Table S5). BLASTN search showed that an IS5075 or a similar IS was 214	

inserted at the same position in 1380 isolates (14.1%) (Table 1). Search for other insertions or 215	

frameshifts in ureC did not reveal other frequent mutations putatively responsible for a urease 216	

deficiency.  217	

To determine whether the insertion of IS5075 into ureC preferentially occurred under specific genetic 218	

backgrounds, we analyzed the 45 K. pneumoniae STs with at least 20 isolates (Fig. 5). We observed 219	

that IS5075 urease inactivation occurred throughout the species with variable frequencies. In seven 220	

STs, all with less than 100 isolates, no insertion was observed. On the other hand, we observed a high 221	

proportion of ureC::IS5075 isolates in some STs like ST11 (884 out of 1603) and ST340 (18 out of 77 222	

isolates) from the clonal group (CG) 258 and ST14 (58 out of 174). On the other hand, the two-other 223	

dominant CG258 STs, ST258 and ST512, showed lower insertion frequencies of 6.9% and 4.1% 224	

respectively.  225	

As several of the STs associated with a higher frequency of ureC::IS5075 include major MDR 226	

lineages, we next analyzed the distribution of IS insertions in ureC in relation with antibiotic 227	

resistance. As markers of antibiotic resistance, we considered mutations in fluoroquinolone resistance 228	

(FQR) determinants, presence of carbapenemase genes and the number of ARGs among the 9755 229	

K. pneumoniae genomes sequences (Table S5). Among these genome sequences, 62% were mutated in 230	

gyrA and/or parC quinolone resistance-determining regions (QRDR), 53% carried carbapenemase 231	
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genes, and the average number of ARG was 9.33, revealing a strong bias towards MDR isolates (Table 232	

1). Despite this bias, ureC::IS5075 isolates appeared as even more resistant, with an average number of 233	

12.5 ARGs compared to 8.8 in the remaining isolates, 94% of the isolates showing mutations in gyrA 234	

and/or parC	and	86.4% carrying a carbapenemase gene (Table 1). To determine whether the insertion 235	

in ureC was associated with a global expansion of IS5075 and related ISs, we estimated the copy 236	

number of these ISs in the different isolates (Table 1). Isolates with an IS insertion in ureC showed in 237	

average a 4-fold higher copy number of IS5075 and related ISs than the remaining isolates (5 vs. 1.31). 238	

On the other hand, more than half of the isolates with an intact ureC genes did not carry a single 239	

IS5075 copy (4334 out of 8375).  240	

In a given ST a high frequency of ureC::IS5075 isolates might result from frequent transposition 241	

events or from the expansion of lineages carrying the insertion. To discriminate between these two 242	

possibilities, we performed a whole genome phylogeny focusing on ST11, ST14 and ST258. ST11 was 243	

the most abundant ST among the genome sequences retrieved from the NCBI (16.4% of all isolates). 244	

Except two isolates WT for gyrA and parC, all ST11 isolates were predicted to be FQR (Fig. 6). The 245	

two most populated lineages belong to the K-types KL64 (n=622) and KL47 (n=463). These closely 246	

related lineages share the same three mutations in QRDR regions (ParC-80I, GyrA-83I, GyrA-87G) 247	

and carry the carbapenemase gene blaKPC-2. Analysis of IS5075 insertions in ureC showed an uneven 248	

distribution, mostly associated with these two lineages. In the KL64 clade, the IS insertion is ancestral, 249	

as it was present in all except six isolates (in pink). In the KL47 clade, two different situations were 250	

noted: an ancestral transposition event in the LCA of a specific sublineage, with the 138 isolates from 251	

this clade showing an IS5075 in ureC (clade colored in red); a relatively high frequency of insertion in 252	

the other isolates of the clade (85 out of 324, 26%) likely resulting from multiple sporadic 253	

transposition events. Out of the two clades, the frequency of insertion is much lower (8.5%). All over 254	

the ST11 phylogeny, insertion in the ureC gene was associated with a higher copy number of IS5075 255	

with on average 5 copies compared to 1.7 in ST11 isolates with a WT ureC gene. Altogether these 256	

results show that the high proportion of ST11 isolates mutated in ureC results in a large part from the 257	

dissemination of two clades showing a high number of IS5075 copies. The situation was similar 258	

among ST14 isolates, as all but one isolate (n=58) mutated in ureC belonged to a single FQR lineage 259	

suggesting that transposition occurred in the LCA of the lineage (in blue, Fig. S2). Isolates of this 260	

lineage also showed a high IS5075 copy-number (n=5.1). In ST258, isolates were characterized by a 261	

lower frequency of IS insertion in ureC (6.9%). Most of the ST258 isolates cluster in two lineages 262	

expressing two different capsule operons of K-type KL106 and KL107 and associated mostly with the 263	

carbapenemase genes blaKPC-2 and blaKPC-3 respectively (24). In contrast to what was observed in ST11 264	

and ST14, no expansion of a large ureC::IS5075 clade occurred (Fig. S3). All but two isolates with the 265	

insertion in ureC belonged to the KL107 lineage. Strikingly, this clade was characterized by an higher 266	

8

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 6, 2021. ; https://doi.org/10.1101/2021.03.02.433680doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.02.433680


	

	

	
copy number of IS5075 of 2.17 (5.24 for ureC::IS5075 isolates) compared to only 0.12 for the KL106 267	

lineage.  Therefore, a major driver for insertion into ureC is the presence of an IS5075 or a related IS 268	

and its active transposition. 269	

 270	

DISCUSSION: 271	

Whole genome sequencing has revolutionized molecular epidemiology and its use in outbreak analysis 272	

has contributed to decipher the path of pathogen transmission (25). Here, we investigated the first 273	

outbreak due to a VIM-1 producing K. pneumoniae in Spain (7, 8). The strain was extensively drug 274	

resistant and belongs to an uncommon ST (ST39). Based on available genomic data, we showed that 275	

the strain pre-existed in the hospital prior to the identification of the first isolate in October 2005. 276	

Furthermore, the weak temporal signal in the evolution (Fig. 2B) indicated a likely environmental 277	

reservoir in the hospital, which agrees with epidemiological data (7). Molecular clock for K. 278	

pneumoniae evolution have been estimated between 1.4 (26), 1.9 (27) and 3.65 (28) 279	

mutations/106bp/year. Here, the rate of SNPs/106bp/year is on the lower range (n=0.87). Growth as a 280	

biofilm compared to planktonic growth has been related to a greater diversity due to its structured 281	

organization, but a lower mutation rate due to a reduced number of generations (29). The diversity 282	

observed, the duration of the outbreak and the small number of SNPs agree with a biofilm source of 283	

the isolates. In line with this observation, we observed biofilm production of all the isolates but to 284	

variable levels (Fig. S4).  285	

During the 2-year evolution of the strain, we observed variations in the antibiotic resistance profile. 286	

This was due on the one hand to the loss of ARGs (Table S4). On the other hand, mutations leading to 287	

the increased expression of efflux pumps or to a decreased drug permeation, and subsequently to a 288	

decreased susceptibility to some antibiotics, were selected. However, these mutations led to a fitness 289	

cost (Fig. 3), which might explain their limited expansion in the hospital. 290	

By combining genomic analysis of the strain responsible for the outbreak with global genomic 291	

information retrieved from the NCBI and data from the literature, we were able to draw more general 292	

conclusions related to the risk associated with the outbreak strain and the VIM-1 plasmid. Likewise, 293	

we were able to identify the main reason for urease deficiency among K. pneumoniae isolates. 294	

Following the identification of the first VIM-1 isolates in Spain, their dissemination was a matter of 295	

concern	(7). Although we showed that one single ST39 clone, except for one isolate, was responsible 296	

for the outbreak, we did not identify any new occurrence of this strain or of a ST39 isolate carrying 297	

blaVIM-1 based on bibliographical survey and on the analysis of more than 10,000 K. pneumoniae 298	

genome sequences publicly available. Therefore, this clone seems to be restricted to the hospital where 299	

it was isolated. Conversely, we showed that the plasmid carrying blaVIM-1 has disseminated among 300	

various Enterobacterales species. Transfers occurred probably in the hospital context, as suggested in 301	
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the case of a S. typhimurium isolate	(11). Similarly, we showed the transmission of the VIM-1 plasmid 302	

between K. pneumoniae isolates in the course of the outbreak. We previously predicted similar 303	

transfers between K. pneumoniae and E. coli based on plasmid typing and size determination (7). This 304	

IncL/M plasmid is closely related to the broadly disseminated pOXA48. Our mutation analysis 305	

strongly suggests independent gain of a carbapenemase gene by very similar plasmid backbones 306	

showing only seven SNPs over 57,386 bp. In agreement with this hypothesis, the first OXA-48 307	

plasmid was detected in Spain in 2009 (30) four years after the first VIM-1 isolate of the hospital 308	

outbreak (7).  309	

Strikingly, IncL/M VIM-1 plasmids were until now only reported in Spain. A recent study on plasmids 310	

encoding VIM-1 from broad origins showed that among the 28 plasmids analyzed, nine were from 311	

IncL/M type (31). These nine plasmids were related to pKP1-3 and were from K. pneumoniae, 312	

E. hormaechei and E. cloacae and all from Spain. The limited dissemination of the VIM-1 plasmid 313	

might be due to the conjunction of different factors including: a lower conjugation efficiency than 314	

pOXA-48 plasmids, a fitness cost restricting its dissemination to environments characterized by strong 315	

selective pressures, such as the hospital, or a specificity in antibiotic prescription in Spain. Comparing 316	

IncL/M VIM-1 and OXA-48 plasmids provides a model system to study two closely related plasmids 317	

with two different spreading destinies. 318	

Urease is considered in many bacterial species as a virulence factor beyond its contribution in 319	

harnessing urea as a nitrogen source (32). Urease participates in the adaptation to acidic conditions in a 320	

broad range of human pathogens, including Helicobacter pylori (33), Yersinia enterocolytica (34) and 321	

Proteus mirabilis (35). Urease is considered as a potential target for the development of new 322	

antibacterial drugs against enteric bacteria including K. pneumoniae (36). In K. pneumoniae, the urease 323	

has been shown to contribute to gastrointestinal colonization (37). However, a significant proportion of 324	

K. pneumoniae isolates are urease negative. Here, we showed that the inactivation of the operon is due 325	

to the transposition into the ureC gene of IS5075 or of related ISs, like IS4321sharing the same 326	

specificity. Urease inactivation can be observed in both carriage isolates and isolates associated with 327	

clinical symptoms. For instance, we identified a cluster of eight IS5075::ureC ST340 isolates from a 328	

single institution (Fig. S5). These isolates were recovered from three patients, from urinary tract 329	

infections, blood culture, cerebrospinal fluid and fecal carriage (38).  330	

Among ureC::IS5075 isolates, we observed a higher prevalence of gyrA and parC mutations and of 331	

carbapenemase genes and more generally, a higher number of ARGs compared to ureC WT isolates 332	

(Table 1). This was partly due to a small number of MDR lineages mutated in ureC, such as those of 333	

ST11 and ST14, which represent 68% of the ureC::IS5075 isolates (Fig 6 and Fig. S2). Nevertheless, 334	

this higher prevalence remained true even after removing ST11 and ST14 isolates (Table 1). IS 335	

insertions in ureC were also associated with a four-fold increase in IS5075 copies, resulting from 336	
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additional transposition events (Table 1). This expansion of IS5075 in some genetic backgrounds 337	

might be a relatively recent event. Indeed, 44% of the isolates did not carry a single IS5075 copy, 338	

despite the high number of ARGs in the genomes we have analyzed. Indeed, IS5075 most frequent 339	

targets are the conserved TIR of transposons related to Tn21, which are ARG vectors and frequently 340	

carried by conjugative plasmids as in the case of pKP1-2 (21, 22). This insertion specificity represents 341	

a safe harbor for these ISs, as it does not incur fitness costs and ensures their dissemination. The 342	

insertion into ureC results from the high similarity between its last codons and TIRs of Tn21 and is 343	

likely accidental. Therefore, the higher frequency of ureC inactivation in some MDR lineages might 344	

merely be a consequence of a more frequent acquisition of Tn3 family transposons carrying IS5075. 345	

However, we cannot completely dismiss the possibility that the loss of urease activity might provide 346	

MDR K. pneumoniae isolates with a selective advantage under some circumstances. This seems rather 347	

unlikely, as other ureC inactivation events, including transpositions of other IS, would have been 348	

expected in that case and we did not detect such events. Overall, IS5075 transposition into 349	

K. pneumoniae ureC gene represents a perfect example of chromosomal colonization by IS elements 350	

carried by plasmids and leading to a homoplasic loss of function. 351	

 352	

Material and methods 353	

 354	

Bacterial strains, growth conditions and antibiotic susceptibility testing. VIM-1-producing 355	

K. pneumoniae isolates were collected from 2005 through 2008 at Ramon y Cajal University Hospital 356	

in Madrid, Spain (8) (tableS1). Colistin Minimum Inhibitory Concentration (MIC) was determined in 357	

Mueller Hinton (MH) broth as recommended by the Clinical & Laboratory Standards Institute 358	

guidelines (CLSI) (39). Susceptibility against 33 other antibiotics (Fig. S1) was evaluated by disk 359	

diffusion on MH agar according to the CLSI guidelines (39). Fitness	was	determined	by	growth	360	

curve	analysis	with	an	automatic	spectrophotometer	Tecan	Infinite	M200	during	24	hours	in	LB.	361	

Wells	were	inoculated	with	overnight	cultures	at	an	OD600	of	0.001.	OD600	was	measured	every	362	

ten	minutes.	Background	was	determined	as	the	average	value	of	the	OD600	of	the	three	first	time	363	

points.	Doubling	time	was	determined	between	OD600	0.005	and	0.03,	where	an	almost	perfect	fit	364	

with	an	exponential	growth	was	observed. 365	

 366	

Genome sequencing and sequences analysis. K.	pneumoniae	genomes	were	sequenced	by	using	367	

the	 Illumina	 HiSeq2500	 platform,	 with	 100-nucleotides	 paired-end	 reads.	 Libraries	 were	368	

constructed	by	using	the	Nextera	XT	kit	(Illumina).	Reads were assembled with SPAdes 3.9.0	(40). 369	

The complete genome sequence of strain KPVIM1 was determined by using the	long-read	PacBio	370	

technology (Macrogen, Seoul, Korea). Reads	were	assembled	with	the	RS_HGAP_Assembly.3	371	
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protocol	(41)	and	with	Canu	(42).	The	consensus	sequence	was	polished	with	Quiver	(41)	and	372	

manually	corrected	by	mapping	Illumina	reads	with	Breseq	0.33.2	(43).	Variants compared to 373	

KPVIM1 were identified by using Breseq (43).	Genome sequences were annotated with Prokka 1.14.5 374	

(44) and analyzed for MLST and ARG content by using Kleborate (45) and Resfinder 4.0.1 (46). 375	

Plasmid incompatibility groups were identified by using PlasmidFinder 2.1 (47). Directionality of 376	

mutations was determined as previously described by performing BLASTN comparisons against 377	

publicly available K. pneumoniae genomes (48).  378	

 379	

Analysis of publicly available genome sequences. K. pneumoniae genome assemblies (n=10,515) 380	

were downloaded from the NCBI (July 2020) with Batch Entrez (49). Genome sequences with more 381	

than 200 contigs of more than 500 nt were filtered out. Sixty genome sequences (Bioproject 382	

PRJNA510003) for which the contig ends corresponding to repeated sequences have been trimmed 383	

were removed from the analysis. In total, we analyzed IS5075 insertions in 9755 genome sequences 384	

(Table S5). Phylogenetic analysis was performed by using Parsnp 1.1.2 (50). Recombination regions 385	

were visually identified as regions with a higher SNP density by using Gingr (50) and removed from 386	

the reference genome sequence (ST11:	strain FDAARGOS_444, CP023941.1; ST14: strain 11, 387	

CP016923.1; ST258: strain BIC-1, NZ_CP022573.1; ST340: strain EuSCAPE_RS081, 388	

GCA_902155965.1_18858_1_51). Insertion of IS5075 and of related ISs in ureC was identified by 389	

BLASTN search using as query sequence the junction sequence detected in the KPVIM14 isolate 390	

encompassing 20 nt of the ureC gene and 20 nt of IS5075 (E-value of 1e-10 as threshold). The integrity 391	

of ureC was tested by tBLASTN using the UreC protein sequence from KPVIM1 as query. Copy 392	

number of IS5075 and of closely related ISs was estimated by counting BLASTN hits (100% identity 393	

over the entire length), using the first 17 nucleotides of IS5075 sequence as query. Phylogenetic trees 394	

were visualized by using iTOL (51). 395	

 396	

Phenotypic analyses.  Urease detection test was carried out with urea-indole medium (BIORAD) 397	

according to the manufacturer's instructions. Biofilm formation capacity was measured by the 398	

microtiter plate assay as previously described (52). K. pneumoniae strain LM21 (53) was used as a 399	

positive control. 400	

 401	

Statistical analysis. The significance of the differences in frequencies of IS insertions in ureC was 402	

determined by using the Chi-square test. The significance of differences in IS5075 copy numbers and 403	

in ARGs numbers was determined by the Wilcoxon Rank sum tests. Both tests were performed by 404	

using standard libraries contained within the R statistics package (http://www.R-project.org/). 405	

Statistical significances of growth rate differences were tested with a Student's t-test. 406	
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 407	

Availability of data. All sequence data have been deposited at DDBJ/EMBL/GenBank (Bioproject 408	

PRJEB41835) with the following accession numbers: LR991401, KPVIM1 chromosome and plasmids; 409	

LR991487, plasmid pKP1-5, LR991544, plasmid pKP1-6; LR991565, plasmid pKP1-7. Biosamples 410	

for the Illumina sequence data are listed in Table S1.  411	
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Figure Legends 597	

Fig. 1. Comparison of pKP1-3, pKp1050-3 and pOXA-48. 1: A. Comparison of plasmids pKp1-3 and 598	

pKp1050-3 (Accession: CP023419.1) carrying blaVIM-1 and of pOXA-48_1639 carrying blaOXA-48 599	

(Accession: LR025105.1). pOXA48_1639 was chosen as it was the closest relative to pKp1-3. Grey 600	

areas between ORFs denote nucleotide identities with a gradient representing 99% (light grey) to 601	

100% (dark grey) identity. In red are represented identities of an inverted region. Genes are indicated 602	

by arrows with a color code as in the figure key. Antibiotic resistance genes are numbered as follows, 603	

1: catA1;  2 and 4: msrE_1;  3 and  5: mphE; 6: blaVIM-1; 7: aacA4_2; 8: dfrB1  9: ant1_2; 10: cat_2; 604	

11: emrE; 12: folP_4; 13: blaOXA-48. B. Analysis of the SNPs detected between pKP1-3 and pOXA-605	

48_1639. Occurrence of SNP among publicly available IncL/M plasmids ware identified by BLASTN. 606	

SNPs position in pKp1-3 are indicated in the first line. Mut. indicates that the mutation is specific to 607	

IncL/M VIM-1 plasmids. For other positions, plasmids with the pKp1-3 allele or the pOXA-48_1639 608	

allele are indicated in the second and third line respectively. pSCH909 carries blaOXA-10 and blaTEM-1, 609	

but no carbapenemase gene. 610	

Fig. 2. Hospital evolution of the K. pneumoniae ST39 VIM-1 producing strain. A. Phylogeny of the 17 611	

isolates reconstructed by maximum parsimony. Numbers next to branches indicate the number of 612	

chromosomal SNPs in the corresponding branch. Presence of plasmids are indicated by colored points 613	

and transposition events by triangles. IS26 insertion in oqxR occurred in the common ancestor of 614	

KPVIM12 and KPVIM13. B. Root to tip representation of the number of chromosomal SNPs according to 615	

the time (in days) following the isolation of the first isolate KPVIM1. The trendline equation and the 616	

correlation coefficient are indicated on the graph. 617	

Fig. 3. Growth and generation times of isolates with decreased antibiotic susceptibility. A. Growth of 618	

KPVIM1 and of four isolates mutated in a repressor of efflux pumps (KPVIM8, KPVIM12 and KPVIM14) or 619	

in mgrB and ompK36 (KPVIM17) was followed by using an automatic plate reader. Background was 620	

subtracted as described in the Material and methods section. During the first 90 minutes, the OD600 was 621	

below 0.0015 and its quantification is noisy. B. Box plot representation for 10 replicates of the 622	

generation times of the five isolates quantified in early exponential phase 2.5 hours following the start 623	

of the culture (OD600 between 0.005 and 0.04). Statistical significances were tested with a Student's t-624	

test. ****, P ≤ 0,0001; n.s. non-significant.  625	

Fig. 4. Urease inactivation following IS5075 transposition. A. Sequence alignment of the sites targeted 626	

by IS5075 among KPVIM isolates. In blue, targets of transposition events occurring during the outbreak: 627	

ureC in KPVIM14 and pKP1-3 Tn21 in KPVIM5, KPVIM9, KPVIM12 and KPVIM15. The green triangles 628	

correspond to IS5075 insertion sites. In red are indicated conserved bases. Stop and start codons are 629	

17

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 6, 2021. ; https://doi.org/10.1101/2021.03.02.433680doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.02.433680


	

	

	
underlined. B. Urease activity test of the 17 ST39 isolates. The number of each KPVIM isolate is 630	

indicated on the well. A pink color of the indole reaction reveals a urease positive phenotype. 631	

Fig. 5. Distribution of IS5075 insertions in ureC among K. pneumoniae isolates. Occurrence of IS5075 632	

insertion among the 45 STs with at least 20 isolates among 9755 K. pneumoniae genome sequences 633	

retrieved from the NCBI. Phylogeny was reconstructed using Parsnp (50) and by using a representative 634	

isolate from each ST. The tree was rooted according to David et al. (3). Blue bars indicate the % of 635	

isolates with an insertion in ureC (upper scale) and red dashes the number of isolates in the 636	

corresponding ST (lower scale) 637	

Fig. 6: Core genome phylogeny of K. pneumoniae ST11 isolates. Phylogeny was obtained by using 638	

Parsnp (50) considering 1603 genomes passing the quality threshold. K-type, mutations in gyrA and 639	

parC QRDR, carbapenemase genes, blaCTX-M genes, copy-number of IS5075 and related ISs and IS 640	

insertion in ureC are annotated by circles from inside to outside as indicated in the figure key (left). 641	

The ureC deficient KL64 lineage is in pink. The KL47 lineage is in blue and the ureC deficient 642	

sublineage in red. The two gyrA/parC WT isolates were used as outgroups to root the tree. The tree 643	

was visualized by using iTOL	(51). 644	

645	
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Table	1:	Comparison	of	ureC::IS5075	and	ureC	WT	K.	pneumoniae	isolates	for	antibiotic	resistance	features	and	646	
ARG	and	IS	copy	numbers.	647	

  All ureC	WT ureC::IS5075 
$
P	values	

#
Number	of	isolates 

All	isolates 
#
9755	 8375		 1380	

@
(14.1%)	 	

Minus	ST11	ST14	 7978	 7540		 438	
@
(5.4%)		 	

gyrA	or	parC	QRDR		

mutated 

All	isolates 6062		 4763	
§
(55.9%)	 1299	

&
(94%)	 1e-153	

Minus	ST11	ST14	 4367		 4009	
§
(53.2%)	 358	

&
(81.7%)	 3e-31	

Carbapenemase	gene 
All	isolates 5146		 3953	

§
(47.2%)	 1193	

&
(86.4%)	 6.3e-161	

Minus	ST11	ST14	 3677		 3393	
§
(45%)	 284	

&
(64.8%)	 8.4e-16	

Carbapenemase	gene	and		

gyrA	or	parC	mutated 

All	isolates 4549		 3376	
§
(40.3%)	 1173	

&
(85%)	 2.2e-208	

Minus	ST11	ST14	 3093		 2829	
§
(36.5%)	 264	

&
(60.2%)	 3.3e-21	

Average	number	of	IS5075	

and	related	IS 

All	isolates 1.82	 1.31		 5	 0	

Minus	ST11	ST14	 1.45	 1.27	 5,11	 4.2e-207	

Average ARGs number 
All	isolates	 9.33	 8.81	 12.5	 4.3e-101	

Minus	ST11	ST14	 8.7	 8.51	 11.74	 1.6e-23	
#
After	filtering	out	760	genome	sequences	out	of	the	10,515	sequences	retrieved	from	the	NCBI.	

@
%	of	isolates	648	

with	an	IS	insertion	in	ureC.
	§
%	of	ureC	WT	isolates	mutated	in	QRDR	and/or	carrier	of	carbapenemase	genes.	649	

&
%	 of	 ureC::IS5075	 isolates	 mutated	 in	 QRDR	 and/or	 carrier	 of	 carbapenemase	 genes.	

$
Significance	 of	 the	650	

difference	 between	 ureC::IS5075	 and	 ureC	 as	 determined	 by	 the	 Chi-square	 or	 the	 Wilcoxon	 Rank	 sum	651	

statistical	tests.	652	
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