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Abstract (240 words)

The mobile resistance gene blanpm encodes the NDM enzyme which hydrolyses carbapenems, a class of
antibiotics used to treat some of the most severe bacterial infections. blanpm is globally distributed across a variety
of Gram-negative bacteria on multiple plasmids, typically located within a highly recombining and transposon-
rich genomic region. This complexity means the dynamics underlying the dissemination of blanpm remain poorly
resolved. In this work, we compile a dataset of over 6000 bacterial genomes harbouring the blanpm gene including
104 newly generated PacBio hybrid assemblies from clinical and livestock associated isolates across China. We
develop a novel computational approach to track structural variants surrounding blanpm in bacterial genomes.
This allows us to identify the prevalent genomic contexts of blanom and reconstruct the key mobile genetic
elements and events in its global spread. We estimate that blaxom emerged on a Tn/25 transposon before 1985
but only reached a global prevalence around a decade after its first recorded observation in 2005. We find that the
Tni25 transposon played an important role in early plasmid-mediated jumps of blanpm but was overtaken by other
elements in recent years including [1S26-flanked pseudo-composite transposons and Tn3000. Lastly, we observe
a notable correlation between plasmid backbones bearing blanom and the sampling location of isolates. This
observation suggests that the dissemination of resistance genes is mainly driven by successive between-plasmid
transposon jumps, with plasmid exchange much more restricted due to the adaptation of plasmids to specific

bacterial hosts.
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Introduction

Antimicrobial resistance (AMR) poses a major challenge to human and veterinary health. AMR can be conferred
by vertically inherited point mutations or via the acquisition of horizontally transmitted ‘accessory’ genes, often
located in transposons and plasmids. The blanpm gene represents a typical example of a mobile AMR gene!.
blanpm encodes a metallo-f-lactamase capable of hydrolysing most B-lactam antibiotics. These antibiotics are
used as a first-line treatment for severe infections and to treat multidrug-resistant Gram-negative bacterial

infections. As such, the global prevalence of bacteria carrying blanpm represents a major public health concern.

blanpm was first described in 2008 from a Klebsiella pneumoniae isolated from a urinary tract infection in a
Swedish patient returning from New Delhi, India®>. While blaxom now has a worldwide distribution, most of the
earliest cases have been linked to the Indian subcontinent, leading to this region being suggested as the likely
location for the initial mobilisation event!*®, NDM-positive Acinetobacter baumannii isolates have been
retrospectively identified from an Indian hospital in 20057, which remain the earliest observations to date.
Nevertheless, an NDM-positive A. pittii isolate was also isolated in 2006 from a Turkish patient with no history

of travel outside Turkey®.

Although no complete genome sequences are publicly available from these earliest observations, the first NDM-
positive isolates from 2005 were shown to carry blanom on multiple non-conjugative, but potentially mobilizable
plasmid backbones’. In addition, blaxpwm in these early isolates was positioned within a complete Tn/25 transposon
with IS26 insertion sequences (ISs) as well as ISCR27 (IS-containing common region 27), suggesting the
possibility of complex patterns of mobility since the gene’s initial integration. Subsequent NDM-positive isolates
across multiple species consistently harbour either a complete or fragmented ISAbai25 (an IS constituting Tn/25),
immediately upstream of blaxpm, which provides a promoter region'>%!°. The presence of IS4bal25 in some
form in all NDM-positive isolates to date and the early observations in 4. baumannii have led to Tn/25 being
proposed as the ancestral transposon responsible for the mobilization of blanpm, and A. baumannii as the ancestral

host'0!!

10,12

The NDM enzyme itself is of possible chimeric origin'®'*, with the first six amino acids in NDM matching to

those in aphA6, a gene providing aminoglycoside resistance and also flanked by ISAbal25. It is hypothesised that

ISCR27, which uses a rolling-circle (RC) transposition mechanism!>!4

, initially mobilized a progenitor of blanpm
in Xanthomonas sp. and placed it downstream of 1SAba125'%1215:16 At least 29 distinct sequence variants of the
NDM enzyme have been described to date!!”. The most prevalent of these variants is the first to have been
characterised, denoted NDM-1!8, Different NDM variants are mostly distinguished by a single amino-acid
substitution, apart from NDM-18 which carries a tandem repeat of five amino acids. None of the observed

substitutions occur in the active site and their functional impact remains under debate'.

blaxpm is found in at least 11 bacterial families and NDM-positive isolates have heterogeneous clonal
backgrounds, supporting multiple independent acquisitions of blanom'. Although blanpm has been observed on

bacterial chromosomes'*%°

it is most commonly found on plasmids, comprising multiple different backbones or
types. Thus far, blaxom has been associated to at least 20 different plasmid types, predominantly IncFIB, IncFII,

IncA/C (IncC), IncX3, IncH, and IncL/M, and also in untyped plasmids'*2!24, Furthermore, even within the same
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plasmid type, blanpm can be found in a variety of genomic contexts, often interspersed by multiple ISs and
composite transposons!!2, The immediate environment of blaxpm has been reported to vary even in isolates from
the same patient®

1SAbal25, 1S3000, 1S26, 1S5, ISCR1, Tn3, Tni25, and Tn3000'**2>28 It is therefore clear that the spread of

. Many mobile elements are thought to play important roles in dissemination, including

blanpm was, and is, a multi-layer process involving multiple mobile genetic elements — ‘the mobilome’. blanom

29,30

mobility involves diverse processes, including genetic recombination™>", transposition, conjugation and

transformation of plasmids?!, transduction®, and transfer through outer-membrane vesicles (OMVs)?334,

Previous surveys of blanpm-positive genomes have led to a better understanding of its evolution'. However, a
major difficulty, as for other AMR genes, is relating the diverse genomic contexts to temporal evolution. Here,
we outline an alignment-based method to identify flanking structural variants and use it to build a history of the
insertion and mobilization events. We compile a global dataset of more than 6000 NDM-positive isolates. In line
with previous studies, we identify Tn/25, IS26 and Tn3000 as the main contributors to b/anom mobility but go
further and estimate the timing of the initial emergence of blanom to pre-1990, around two decades prior to its
first detection and rapid dissemination. Our findings suggest that this global spread was driven primarily by

transposons, with plasmids playing more of a role in local transmission.
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80 Results

81 A global dataset of blanom carriers

82  We compiled a dataset of 6155 bacterial genomes (7148 contigs) carrying at least one copy of blanom (Figure 1).
83  These include: published assemblies from NCBI RefSeq® (n=2632), NCBI GenBank>® (n=1158) and Enterobase®’
84 (n=1379); bacterial genomes assembled using short read de novo assembly from NCBI’s Sequence Read Archive
85 (SRA) (n=882); and newly generated bacterial genomes isolated from 79 hospitalized patients across China and
86 25 livestock farms assembled using hybrid PacBio-Illumina de novo assembly (n=104) (Supplementary Table 1,
87 Supplementary Figure 1). While public genomes have inherent sampling biases, using them is the most
88 comprehensive approach available'. Data was included from 251 different Bioprojects, with more than half the
89  samples linked to two large-scale database refinement efforts>*,

90  The dataset included blanpm-positive isolates from 88 states (Figure 1A) mostly collected in Asia, particularly
91 mainland China (n=1270), European countries (941), USA (461), Thailand (419) and India (361). At least 27
92  bacterial genera were represented, with a large fraction of Klebsiella and Escherichia isolates (2664 and 2154
93 genomes respectively; Figure 1B; Supplementary Data 1). Collection dates were recorded for 4816 samples
94 (78.25%). Of these, the majority were collected between 2014-2019 (71.05%, Figure 1C). The dataset also
95 includes 55 genomes collected in 2010 or earlier. These include the K. pneumoniae isolate from 2008 Sweden in
96 which blaxom was first characterized?; one Enterobacter hormaechei isolate from 2008 India*; one S. enterica
97 isolate from 2008 London, UK*'; one A. baumannii isolate from an individual of Balkan origin collected in
98  Germany in 20074**; and nine assembled E. coli genomes from urine samples collected in Greece in 2007

99  (Supplementary Data 1).

100 The dataset contained 17 known variants of NDM. NDM-1 was the most abundant (n=4127; Supplementary
101 Figure 2A) with NDM-5 (n=2394) increasing in prevalence after 2012 (Supplementary Figure 2B and C). Variants
102 showed different associations with plasmid types (Supplementary Figure 2D) and genera (Supplementary Figure
103 2E) but were fairly evenly distributed across the world except for blaxpm-4-carrying isolates largely collected in

104 Southeast Asia and blanpm-o predominantly found in East Asia (Supplementary Figure 2F).
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105 Plasmid backbones carrying blanpm

106 We identified 33 different replicon types on 1222 contigs using PlasmidFinder** (Figure 1D). The most prevalent
107 replicon type was IncX3 (444 contigs), and abundant types exhibited geographic structure (Supplementary Figure
108 3). To further identify uncharacterised plasmid types, we mapped 3599 contigs to a set of complete plasmid
109  reference sequences after discarding short contigs (see Methods). This revealed 181 clusters of similar putative
110 plasmid sequences (Supplementary Figure 4; Supplementary Data 2). Most clusters (n=105) grouped contigs of
111 the same replicon type and contained a small number of contigs (only 27 clusters included >10 contigs), in line

112 with a diverse and dynamic population of plasmid backbones for blanpm.

113 The majority (n=2427; 68.4%) of blaxpm-carrying contigs were associated with small putative plasmids (<10 Kb;
114 Supplementary Figure 4). While this could suggest small plasmids play a key role as blanpm carriers, this pattern
115 could also result from consistently fragmented de novo assemblies due to duplicated ISs and transposons.
116 Consistent with this latter hypothesis, 610 contigs mapped to pKP-YQ12450 which is likely a 7.8 Kb fragment of
117 alarger plasmid®?. Conversely, Roach et al. provide evidence that other small blanpm-carrying plasmids (Peruvian

118  pKP-NDM-1_isoforms 1-5) are inherited by descent and are result of transposon-mediated plasmid fusion*’.

119  Resolving structural variants in the blanowm flanking regions

120 To go beyond a static reference-based view of variation around hlaxpm and gain a detailed overview of the possible
121 events in its evolution, we developed an alignment-based approach to progressively resolve genomic variation
122 moving upstream or downstream from the gene (see Methods, Figure 2). In brief, a pairwise discontiguous Mega
123 BLAST search (v2.10.1+)*47 is applied to all blanpm-carrying contigs to identify all possible homologous regions
124 between each contig pair. Only BLAST hits covering the complete blanom gene are retained (Figure 2A). Next,
125 starting from blanpwm, a gradually increasing ‘splitting threshold’ is used to monitor structural variants as they
126 appeared upstream or downstream of the gene. At each step, a network of contigs (nodes) that share a BLAST hit
127 with a minimum length as given by the ‘splitting threshold’ is assessed (Figure 2B). As we move upstream or
128 downstream and further away from the gene, the network starts to split into smaller clusters, each carrying contigs
129 that share an uninterrupted stretch of homologous DNA, which can be represented as a tree (Figure 2C). This
130 approach treats the upstream and downstream flanking regions separately rather than simultaneously and is
131 agnostic to whether splitting into ‘sequence clusters’ is caused by structural variants of the same genomic

132 background or different genomic backgrounds.

133 Upstream of blanpm, >98% of sufficiently long contigs included a ~75 bp fraction of ISAba 125, supporting Tn/25
134 as an ancestral transposon of the blanom gene in agreement with previous work'>%!0 (Supplementary Figures 5
135 and 6). However, the homology of the region upstream of blanpm falls quickly: within a few hundred base pairs
136 of the blanpw start codon the region splits into multiple structural variants, none of which dominate the considered
137  pool of contigs (Supplementary Figures 5 and 6). We identified 141 different structural variants within 1200 bp
138 upstream of blanpm. This upstream region contained a high number of ISs (e.g. [SAbal25 [n=243], IS5 [n=426],
139 1S3000 [n=60], ISKpnl4 [n=55], and ISEc33 [n=147]). This transposition hotspot probably contributes to
140 fragmented assemblies: 2269 contigs were excluded from further analysis for being too short (Supplementary
141  Figure 3).
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142 The downstream flanking region exhibits more gradual structural diversification than the upstream region, with
143 one dominant putative ancestral background (Figure 3). As illustrated by the stem of the tree of structural variants,
144 many of the 7014 contigs analysed contained complete sequences of the same set of genes: ble (6863 contigs),
145  #pF (6038), dsbD (5551), cutd (2731), groS (2175), groL (1631). When restricted to blanpm-positive contigs of
146 sufficient length to possibly harbour the full repertoire of these genes (n=3786), almost half carry all of them
147 (n=1,631; 43.1%). In addition, we find dominant structural variants associated with various source databases and

148 sequence lengths hence diminishing the impact of the sampling bias (Supplementary Figure 7)

149  Early events in the spread of blanowm

150 While we did not observe any strong overall signal in the distribution of associated plasmid backbones, bacterial
151 genera, or sampling locations, closer examination of mobilome features common to sufficiently large numbers of
152 isolates indicated early events in the spread of blanom. The putative ancestral Tn/25 background, with an
153 uninterrupted downstream [S4bal25 element, was seen in contigs mainly from Acinetobacter and Klebsiella
154 (Figure 3 top). Conversely, the diversity of bacterial genera carrying IS4Abal25 upstream is more substantial
155 (Supplementary Figure 5 top). Only 203 contigs carried a complete ISAbal25 downstream of blanpm, of which
156 147 carried an ISAbai25 sequence in proximity (<9 Kb) to the blanpm start codon. These account for a minority
157 (7%; 147/2097) of isolates when sufficiently long contigs are considered. This supports the initial dissemination
158 of blanpm by Tnl25 to other plasmid backbones predominately being mediated by Acinetobacter and Klebsiella,

159 after which the transposon was disrupted by other rearrangements.

160 1S3000, both upstream and downstream, was almost exclusively associated with samples from Klebsiella (Figure
161 3 and Supplementary Figure 5). Thus, as suggested by Campos et al.?6, Tn3000 — a composite transposon made
162 of two copies of IS3000 — likely re-mobilized blanpm following the ‘fossilization” of Tn/25; our findings suggest
163 this secondary mobilization primarily happened in Klebsiella species. Tn5403 was found extensively associated
164  with IncN2 plasmids (Figure 3) which could have placed blanpm in this background via cointegrate intermediate
165 as previously suggested by Poirel et. al.” Some elements of the mobilome were geographically linked e.g., IS5
166  which was predominantly found upstream of blaxpm on IncX3 plasmids in Escherichia from East Asia
167 (Supplementary Figure 5). IS5 is known to enhance transcription of nearby promoters in E. coli** and its

168 abundance and positioning just upstream of blanpm suggests a similar role in this case.

169 One of the most commonly identified transposable elements in the downstream flanking region (~30% prevalence)
170 was ISCR1 (IS91 family transposase) (Figure 3) always accompanied by su// and occasionally in configuration
171 with antl or pspF, ampR, and dap genes. In some cases, a small and possibly fragmented putative IS, which we
172 refer to as ‘IS-?, is found further downstream. IS-? bears little similarity to known ISs and it is unclear what role
173 it plays in the mobility of blanpm. ISCRI1 is found at various positions downstream of blanom and often in
174  Escherichia and Klebsiella species. We note that, in most cases, the orientation of ISCR1 should prevent this
175  element from mobilizing blaxom (Figure 3)'*. Nevertheless, the prevalence of this element could be due to the
176 several AMR genes it can mobilize, such as sull or ampR. ISCR1s are mainly found in complex class 1 integrons'?,
177  however, not many annotated integrase genes are located within the vicinity of hlaxpm. In fact, only 15 contigs
178  were found to have an integrase <50 Kb away from blaxpm and none showed any consistency in integrase

179  placement with respect to hlaxom. This suggests integrases play a minor role in the dissemination of hlanpwm.


https://doi.org/10.1101/2021.01.14.426698
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.14.426698; this version posted September 27, 2021. 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.

180 Another notable ISCR element is ISCR27 which is consistently found immediately downstream of the groL gene
181 at high prevalence (33.1% of sufficiently long contigs; Figure 3). Contrary to its ISCR1 relative, ISCR27 is
182  correctly oriented to mobilize blanpwm as is presumed to have happened during the initial mobilization of the
183  progenitor of blaxom'. However, we find no evidence of subsequent ISCR27 mobility. The origin of rolling-circle
184  replication of ISCR27 (orilS; GCGGTTGAACTTCCTATACC) is located 236 bp downstream of the ISCR27
185 transposase stop codon. The region downstream of this stop codon in all structural variants bearing a complete

186  ISCR27 is highly conserved for at least 750 bp (Figure 3).

187  Subsequent rearrangements dominated by 1S26

188  Three sharp drops in the number of considered contigs at particular distances downstream of blanowm (see Figure
189 3, e.g., region 3000-3300bp) prompted us to investigate these distinct cut-offs. We mapped 781 raw Illumina
190  paired-end sequencing reads from our dataset back to their matching blanowm contigs. The read overhangs (>50bp)
191  that mapped to the downstream end of the contigs were screened against the ISFinder database*. The >50bp
192 overhangs associated with 3000-3300 long flanks downstream of blanpm corresponding to the largest observed
193 drop almost exclusively match the left inverted repeat (IRL) of the [S26 sequence (Supplementary Figure 8).
194 Another hotspot, associated to IS26 was found around 7,500bp, while at around 7,800bp a number of overhanging
195 reads mapped to ISAbai25. These positions roughly match the third drop in the number of contigs observed 7500-
196  8000bp downstream of blanpm. No ISs were found to match the second drop in number of contigs (5000-5250bp).

197  1S26, although often found in two adjacent copies forming a seemingly composite transposon, is a so-called
198 pseudo-composite (or pseudo-compound) transposon’’. In contrast to composite transposons, a fraction of DNA
199 flanked by the two IS26 is mobilized either via cointegrate formation or in the form of a circular translocatable
200 unit (TU), which consists of a single IS26 element and a mobilized fraction of DNA, and inserts preferentially
201  next to another 1S26°*°!. Taken together, the presented results, including Supplementary Figure 8, suggest three
202  possible explanations for the presence of short blanpwm carrying contigs in the dataset: (i) the presence of IS26 TUs
203 in the host cell; (ii) other circular DNA formations mediated by plasmid recombination, transposons®* or ISCR

204  elements'*-2; (iii) missasembly of contigs due to presence of multiple copies of the same ISs>.

205 To further investigate the mobility of blanpm, we characterised the most common (pseudo-)composite transposons
206  theoretically capable of mobilizing blanom (Supplementary Figure 9). These were defined as stretches of DNA
207 flanked by two matching complete or partial ISs <30 Kb apart and enclosing blanpm. In total, we identified 640
208  composite transposons in 468 contigs which comprised 31 different types with the most frequent being: 1S26 (231
209  instances), 1S3000 (forming Tn3000; 168), 1SAbal25 (forming Tni25; 138 instances), and IS5 (28)
210 (Supplementary Figure 9B). Interestingly, we observe 80 cases where >2 of the same IS flank blaxpm. These are
211 mostly 1S26 (59) which could indicate the presence of cointegrate formation® and showcases increased activity
212 ofthis particular insertion element. Only 431 of the 640 putative composite transposons identified contained both
213 complete flanking ISs, while others had at least one IS partially truncated. In addition, 1681 ISCR27, and 150
214 ISCRI were found in similar proximity and appropriate orientation to mobilize blanom (Supplementary Figure

215 9B). However, as mentioned earlier, their role in transposition of blanpm appears minor.
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216 In the majority of cases, composite transposons Tn/25 and Tn3000 were found to have a consistent length ranging
217 from 7-10Kb (Supplementary Figure 9A). Similarly, ISCR1 and ISCR27 are found at fixed positions downstream
218  of blaxom. However, the lengths of transposons formed by IS75, a known variant of IS26, and especially 1S26
219  were found to be more variable. Pairs of IS26 are found to be 2.5-30Kb apart again consistent with increased
220  activity and multiple independent insertions. We note that IS/5 and 1S26 occur at increased presence in samples
221 collected in East and Southeast Asia (Supplementary Figure 9C). These occur roughly equally in Escherichia and
222 Klebsiella genera (Supplementary Figure 9D) and are associated to multiple plasmid backbones, but
223 predominantly on IncF plasmids (Supplementary Figure 9E). Tn/25 and Tn3000 have a notable predominance in
224 the Indian subcontinent (Supplementary Figure 9C) and largely in the Acinetobacter and Klebsiella genera
225  respectively (Supplementary Figure 9D).

226  Molecular dating of key events

227 We estimated the relative timing of the formation of the Tn/25 and Tn3000 transposons (see Methods). After
228 selecting only contigs with conserved transposon configurations we aligned each transposon region and identified
229 the likely root (i.e., ancestral) sequence by assessing temporal patterns (Supplementary Figures 10 and 11; see
230  Methods). Overall, we observed fewer SNPs, mostly located within the transposase gene, in the alignment of
231 Tn3000 compared to Tn/25, but observed a significant temporal signal for both (Supplementary Figures 12-13).
232 We also assessed temporal signal for three other prevalent insertion events (Figure 3), namely: blaxom with
233 downstream ISCR27, blaxpm with correctly oriented downstream fol/P-ISCR1 (+ strand), and blanpm — dsbD with
234 downstream ISCR1 (- strand) ending with an unknown putative IS (labelled IS-?). However, no significant

235 temporal signal was recovered for these events.

236 This Bayesian analysis indicated that the most recent common ancestor (MRCA) of the Tn/25 transposon carrying
237 the blanpm gene dated to before 1990 (Figure 4A). While the time intervals are uncertain, the results are consistent
238  with a MRCA in the mid-20™ century — strikingly half a century prior to the first reported Tn/25-blanxpm-positive
239  isolates’. Conversely, the mobilization of blaxom by Tn3000 is estimated to have happened later at the turn of the
240  millennium (Figure 4B). These findings are consistent with a wider narrative whereby the spread of blaxom was

241  initially driven by Tn/25 mobilization before subsequent transposition by Tn3000, 1S26 and others.

242 Temporal diversity in blanom isolates suggests role of plasmids

243 The earliest samples in our dataset are from 2007 to 2010 and comprise 21 blanpm-positive isolates. These already
244 encompass seven bacterial species, collected in eight countries spanning four geographic regions (17 clinical
245 samples and four of unknown origin from South Asia, Middle East, Oceania, and Europe). Such a wide host and
246 geographic distribution, even in the earliest available genomes, illustrates the extraordinarily high mobility of

247 blaxpwm at this stage and is consistent with our molecular dating estimates.

248  Inorder to trace the progress of blanpm’s rapid spread after 2005 (coinciding with the first published observations),
249 we measured diversity over time for several metadata categories, including country, genera, plasmid backbone
250 and IS presence (Supplementary Figure 16; see Methods). The change in diversity of the countries associated to

251 blanpm-positive isolates was used to approximate the broad patterns of global dissemination of blanpm. Our results
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252 are consistent with the spread stabilising between 2013-2015, with a gradual decline in diversity afterwards
253 (Supplementary Figure 16A). This observation supports a scenario whereby the global dissemination of NDM
254 took place over 8-10 years. Temporal diversity of bacterial genera was largely unchanged, consistent with blanpm

255 having been highly mobile across genera since at least 2005 (Supplementary Figure 16B).

256 The estimated change in the diversity of countries associated to blanpm-positive isolates was positively correlated
257 with other metadata categories (Supplementary Figure 17) suggesting it holds information which can be leveraged
258 to reconstruct dissemination trends. The strongest correlation was found between the diversity of countries and
259 plasmid backbones (p = 0.864 [0.691-0.964]) supporting a strong dependence between the two (Supplementary
260 Figure 17B). To further investigate this relationship, we assessed the correlation between genetic and geographic
261 distance between pairs of confirmed plasmid contigs (tested for IncF, IncX3, IncC, IncN2 and confirmed plasmid

262  contigs >10kb) as a function of the distance downstream of blanom gene (Supplementary Figure 18, see Methods).

263 No relationship was detected for IncX3 and IncN2 plasmids (Supplementary Figure 18A and B) likely due to the
264 lack of long plasmid sequences and deficient geographic distance between pairs of plasmids as both replicon types
265 are mostly localized to China and India respectively (Supplementary Figure 3). However, in all other cases aside
266  from IncN2 plasmids, a peak in the correlation recovered between genetic and geographical distance was observed
267 immediately downstream of blanom possibly signifying more recent and local genome reshuffling events
268 (Supplementary Figure 18). More importantly, in IncF and IncC, and other confirmed plasmid contigs, a notable
269  and gradual increase in the strength of correlation was noted further downstream as more plasmid sequence is
270 included in the analysis (Supplementary Figure 18B, C, and D). These trends suggest that plasmids carrying
271 blaxpm are geographically structured and that dissemination of blanpm is a fundamentally spatial process. This

272 would be consistent with the existence of plasmid niches: settings to which particular plasmids are more adapted.
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273 Discussion

274  In this study, we have characterised the extant structural variation around hlaxpm in a large global dataset in order
275 to reconstruct its evolutionary history and the main actors underlying its spread. Our results, largely summarized
276 in Figure 3, highlight an ancestral background of blanpm as well as several insertion events and a myriad of other
277 genetic reshuffling, together pointing to an early emergence of blanpm followed by a more recent and rapid
278 dissemination globally. Genetic reshuftling and mobilization of blanom by multiple transposons aided its rapid

279  dissemination via a multitude of plasmid backbones.

280  We go beyond previous smaller studies by dating the MRCA of the hypothesised ancestral form — the transposon
281  Tni25, together with blanpwm in its chimeric form'® —to pre-1990, and possibly well back into the mid-20% century.
282 A likely scenario is an origin in Acinetobacter in the Indian subcontinent. We note that Tn/25 is mostly present
283 in Acinetobacter and Klebsiella species and it is likely this transposon played an important role in early plasmid
284  jumps of blanpwm, given it is the dominant transposon in our comprehensive dataset which encompasses the
285 ancestral genetic background of blanom — groS/groL genes and ISCR27 sequence. We also estimate the formation
286  ofasecondary transposon, involving Tn3000, which remobilized the region likely in Klebsiella species sometime
287  between the 1980s and early 2000s. However, we suggest Tn3000 likely played a lesser role in the early spread
288 of blanpm as it does not include the ISCR27 found at least partially preserved in many samples.

289 In total, 31 different putative transposons were identified within our dataset. Their role, together with integrons
290  and other transposable elements, is likely mostly minor or disruptive, as suggested for ISCR1. However, we do
291 identify IS26 as of interest, given it frequently forms putative transposons in our dataset, especially in IncF
292 plasmids. 1S26 is known for its increased activity and rearrangement of plasmids in clinical isolates®® and has been
293 observed to drive within-plasmid heterogeneity even in a single E. coli isolate®®. Thus, 1S26 flanked pseudo-

294 composite transposons likely represent the most important contributor to genetic reshuffling of blanowm in recent

295 times.

296  Our assessment of temporal diversity of countries of origin of hlanpm positive isolates supports a globalisation
297 peak in 2013-2015. Such a rapid 8-10 year world-wide spread has been suggested for other important mobile
298 resistance genes such as the mcr-1 gene, mediating colistin resistance’’. The extent to which this model of 'rapid

299  global spread' applies to other transposon-borne resistance elements remains to be determined.

300 We found 33 different plasmid types carrying blanpm and a positive correlation between genetic distance
301 calculated for differing lengths of plasmid backbones and geographic distances of sampling locations. Such an
302 observation is consistent with the existence of a constraint on plasmid spread, i.e. plasmid niches. Such niches
303 may exist as a result of local ecological and evolutionary pressures acting on particular plasmid backbones. Such
304 forces may include country boundaries limiting population movement, region-specific patterns in antibiotic usage,
305 influence of co-resistance, plasmid fitness costs, conjugation rates and copy numbers, the narrow host range of
306 the majority of bacterial plasmids®®, or plasmids being associated with particular locations or environmental
307 niches*, all may contribute to restricting plasmid geographical range. Thus, an introduction of another plasmid
308 into a foreign plasmid niche may lead to plasmid loss or fast adaptation by, for instance, acquisition of resistance

309 and other accessory elements. This hypothetical scenario also provides an opportunity for resistance to spread by
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310 transposition or recombination, by which a new resistance gene could establish itself into another plasmid niche.
311  In the case of blanpm, this would also imply that after the initial introduction of blanpm to a geographic region,
312 dissemination and persistence of the gene could proceed idiosyncratically — selection for carbapenem resistance

313  being just one of many selective pressures acting on plasmid diversity.

314 The importance of transposon movement has been previously demonstrated by work on plasmid networks3%, a

s
315  well as several papers promoting a Russian-doll model of resistance mobility®”*!. Considering our results, we
316 suggest a conceptual framework of AMR gene dissemination across genera where plasmid mobility is for the most
317 part restricted. Although plasmids can facilitate rapid spread within species and geographical regions, plasmid
318 transfer is not the main driver of widespread dissemination. Instead, most plasmid horizontal transfers are likely
319 only transient, with plasmids generally failing to establish themselves in the new bacterial host. Though, such
320 aborted plasmid exchanges still provide a crucial opportunity for between-plasmid transposon jumps and genetic

321  recombination to spread AMR genes across bacterial species.
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322 Methods

323  Compiling the curated dataset of NDM sequences

324 We compiled an extensive dataset of 6155 bacterial genomes carrying the blaxom gene from several publicly
325 available databases. 2632, 1158, and 1379 fully assembled genomes were downloaded from NCBI Reference
326  Sequence Database’>? (RefSeq; accessed on 15" of April 2021), NCBI’s GenBank?*® (accessed on 15" of April
327  2021), and EnteroBase (accessed on 27" of April 2021)*’ respectively. The EnteroBase repository was screened
328  for blanom using BlastFrost (v1.0.0)% allowing for one mismatch. In addition, we used the Bitsliced Genomic
329 Signature Index (BIGSI) tool (v0.3)%* to identify all Sequence Read Archive (SRA) unassembled reads which
330  carry the blanpm gene. At the time of writing, a publicly available BIGSI demo did not include sequencing datasets
331 from after December 2016. Therefore, we manually indexed and screened an additional 355,375 SRA bacterial
332 sequencing datasets starting from January 2017 to January 2019. We required the presence of 95% of blaxpm-1 k-
333 mers to identify NDM-positive samples from raw SRA reads. This led to the inclusion of a further 882 isolates.
334 The dataset also included 104 NDM-positive genomes from 79 hospitalized patients across China and 25 livestock
335  farms selected from two previous studies®*®. These were sequenced using paired-end Illumina (Illumina HiSeq
336 2500) and PacBio (PacBio RS II). The sequencing reads are available on the Short Read Archive (SRA) under
337  accession number PRINA761884. All reads were de novo assembled using Unicycler (v0.4.8)” with default
338 parameters while also specifying hybrid mode for those isolates for which we had both Illumina short-read and
339  PacBio long read sequencing data. Spades (v3.11.1) was applied, without additional polishing, for cases where

340  Unicycler assemblies failed to resolve.

341  Assembled genomes were retained when they derived from a single BioSample identifier. Contigs carrying the
342 blaxom gene were identified using BLAST (v2.10.1+)*. Forty-eight contigs were found to carry more than one
343 copy of blanom and were not included in our analyses and eighty-eight contigs were excluded due to having partial
344 (<90%) blanpm hits. Fourteen assemblies had a single blanpm gene split into two contigs; these 28 contigs were
345 also excluded. Several contigs were also removed due to poor assembly quality. The filtering resulted in a dataset
346 of 7148 contigs (6,155 samples) which were used in all subsequent analyses. Of these, 958 assembled genomes
347  were found to contain hlanpm on multiple (mostly two) contigs, each harbouring a single and complete copy of
348 blaxpm. Even though the information about sequencing platform or assembly methods of most samples from
349  RefSeq, GenBank and Enterobase databases could not be determined, the distribution of hlanpm-positive contig
350 lengths (Supplementary Figure 1) reveals they are likely to be based on short reads with the minority of contigs,
351 mostly from RefSeq, reaching the quality of a hybrid de novo assembly. The full table of contigs and metadata
352 considered is available as Supplementary Data 1.

353

354  Annotating the dataset

355 Full metadata for each genome was collected from its respective database and the R package ‘taxize’® used to

356 retrieve taxonomic information for each sample. In the case of samples for which exact sampling coordinates were
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357 not provided, Geocoding API from Google cloud computing services was used to retrieve coordinates based on

358  location names.

359 Coding sequences (CDS) of all NDM-positive contigs were annotated using the annotation tool Prokka (v1.14.6)™
360  and Roary (v3.13.0)”! run with minimum blastp percentage identity of 90% (-i 0.9) and disabled paralog splitting
361 (-s). To identify plasmid replicon types’*, contigs were screened against the PlasmidFinder replicon database
362  (version 2020-02-25)* using BLAST (v2.10.1+)* where only BLAST hits with a minimum coverage of 80% and
363 percentage identity of >95% were retained. In cases where two or more replicon hits were found at overlapping
364  positions on a contig, the one with the higher percentage identity was retained. Identified plasmid types were used

365 to cluster contigs into broader plasmid groups: IncX3, IncF, IncC, IncN2, IncHI1B, IncHI2, and other (Figure
366 1D).

367  NDM-positive contigs were also screened against a dataset of complete bacterial plasmids. Bacterial plasmid
368  references were obtained from RefSeq® and curated as described in Acman et al.”> Mash, a MinHash based
369 genome distance estimator’®, was applied with default settings to evaluate pairwise genetic distances between
370 contig sequences and plasmid references. Contig-reference hits with less than 0.05 Mash distance and less than
371 20% difference in length were retained. Additional pruning was implemented such that, for each contig analysed,
372 only the 10% of best scoring plasmid reference hits were retained. A table of pairwise genetic distances between
373 contigs and references was represented as a network which was then analysed with the infomap’® community
374 detection algorithm. Contigs were annotated according to their community membership and the network was
375  visualized using Cytoscape’® (Supplementary Figure 4).

376

377  Resolving structural variants of NDM-positive contigs

378 A novel alignment-based approach was used to identify stretches of homology (i.e., maximal alignable regions)
379  as well as structural variations across all contigs upstream and downstream of blaxom gene. A conceptual
380 illustration of the method is presented in Figure 2. First, contigs carrying blanpm were reoriented such that the
381  blaxpm gene was located on the positive-sense DNA strand (i.e., facing 5’ to 3’ direction). A discontiguous Mega
382 BLAST (v2.10.1+)*7 search with default settings was then applied against all pairs of retained contigs. This
383 method was selected over the regular Mega BLAST implementation as it is comparably fast, but more permissive
384  towards dissimilar sequences with frequent gaps and mismatches. BLAST hits including a complete blanom gene
385 represent maximal stretches of homology around the gene for every pair of contigs. The analysis continues by
386 considering only portions of BLAST hits: (i) the start of blanom gene and the downstream sequence or (ii) the end
387 of the blanpm gene and the upstream sequence depending on the analysis at hand: the downstream or the upstream
388  analysis respectively. This trimming of BLAST hits establishes blaxpm as an anchor and enables comparisons to

389  be made across all samples.

390 A table of BLAST hits can be considered as a network (graph), where each pair of contigs (i.e., nodes) are
391  connected by the edge weighted by the length of the BLAST hit. The algorithm proceeds with a stepwise network
392 analysis of BLAST hits. For this purpose, a ‘splitting threshold’ was introduced. Starting from zero which
393 represents the start/end position of blanom gene, the threshold is gradually increased by 10 bp. At each step,
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394 BLAST hits with a length lower than the value given by the ‘splitting threshold’ are excluded. Thus, as the
395 ‘splitting threshold’ increases, a network of BLAST hits is also pruned and broken down into components — groups
396  of interconnected nodes (contigs). It is expected that contigs within each component share a homologous region
397  downstream (or upstream) of hlaxpwm at least of the length given by the threshold. It is therefore not possible for a
398  single contig to be assigned to multiple components. Components of size <10 are labelled as ‘Other Structural
399 Variants’. Also, contigs that are shorter than the defined ‘splitting threshold’ and share no edge with any other

400  contig are considered as ‘cutting short’.

401 By tracking the splitting of the network as the ‘splitting threshold’ is increased, one can determine clusters of
402 homologous contigs at any given position downstream or upstream from the anchor gene (here blanpm), as well
403 as the homology breakpoint. The precision of the algorithm is directly influenced by the step size, in this case 10
404  bp, and the alignment algorithm, in this case discontiguous Mega BLAST. We assessed the precision of the
405 algorithm on the tree of structural variations downstream of blanpm (Figure 3). To this end, we compared extended
406 50bp sequence fragments of each branching point in the tree checking for missed homologies and comparing
407  Mash distances between pairs of branched-out contigs. We found no similarities among 50bp fragments of any

408 split branches. The described algorithm is available at https://github.com/macman123/track_structural variants.

409

410  Analysing the contig overhanging reads

411  To investigate the reasons behind a number of distinctively short blanpm-carrying contigs, we mapped 781 raw
412 [llumina paired-end sequencing reads (originally downloaded from SRA) back to their matching contigs. The
413  mapping was done using BBMap”’ (v38.59; maxindel = 0 and minratio = 0.2 settings). Within the output SAM
414 file, only the overhanging reads with the CIGAR string matching the “/0-9]*M/[0-9]*S” regular expression were

415 selected. All overhangs of reads >50bp were screened against ISFinder database™®.

416

417  Molecular tip-dating analysis.

418  The 112 complete Tn/25 and 73 complete Tn3000 contigs with a known collection date and harbouring blanpm
419  were sequentially aligned (--pileup flag) using Clustal Omega (v1.2.3)”® specifying the blanpm.1 sequence
420 (FN396876.1) as a profile. Each alignment was manually inspected using UGENE (v38.0)”. The ancestral (i.e.,
421 root) sequence was determined by evaluating SNP frequencies over time (Supplementary Figure 9 and 10). Due
422 to a short sampling time span and relatively few mutations present, it is unlikely that any one non-ancestral SNP
423 has become dominant in the population. Therefore, we expect the ancestral sequence to have a higher SNP

424  frequency in earlier years.

425 We find that, in all but two cases, the consensus sequence of an alignment displaying this behaviour. The first
426 exception is the consensus sequence allele of Tn/25 at the variable position 441 (Supplementary Figure 9). This
427  allele has a low frequency in 2009. However, by inspecting the allele frequency table, we observe the low

428 frequency is based on a single sample. Leaving out this early sample restores the desired frequency pattern; hence
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429  the consensus allele is considered ancestral in this case. The second exception is the variable position 449 in the
430 case of the Tn3000 alignment (Supplementary Figure 10). The consensus allele ‘a’ is not found in the early sample
431 from 2009. Both allele ‘t’, present in the early sample, and allele ‘a’ were found equally frequent in more recent
432 samples. Thus, due to lack of other evidence, allele ‘t” was considered ancestral. Determined ancestral sequences

433 were used to evaluate temporal signal in the alignment, and in the subsequent rooting of phylogenetic trees.

434 Date randomization (10,000 iterations) and linear regression analyses were employed to estimate the presence of
435  temporal signal in the alignment®**? (Supplementary Figures 11 and 12). Tn/25 and Tn3000 showed significant
436 temporal signal using simple regression (p=0.0356 and p=0.0456 respectively) and date randomization (true
437  evolutionary rate quantiles >0.95).

438  Bayesian based molecular dating approaches were implemented in BEAST2 (v2.6.0)%3 and BactDating®* to infer
439 the date of the emergence of the two transposons. Both BEAST?2 and BactDating were run specifying a strict prior
440  on the molecular clock. For BEAST2, the generalised time reversible (GTR) substitution model prior was used
441 together with three population size models: Coalescent Constant population, Coalescent Exponential population,
442 and Coalescent Bayesian Skyline. In addition, all BEAST?2 and BactDating runs were supplied with a maximum
443 likelihood (ML) phylogenetic tree (starting tree prior) constructed from both transposon alignments using RAXML
444  (v8.2.12)® with specified GTRCAT substitution model and rooted using the inferred ancestral sequences. The
445  chosen MCMC chain lengths for BactDating and BEAST2 runs were 107 and 1.5x10° respectively to ensure
446 convergence. We evaluated effective sample sizes (ESS) of the posterior distributions using effectiveSize function
447 implemented in coda®® R package after discarding the first 20% of burn-in (Supplementary Figures 13 and 14).
448  All BEAST2 and BactDating runs successfully converged with ESS of the posteriors close to or above 200.
449  BEAST2 input files are available as xml files in Supplementary Data 3.

450  Estimating Shannon entropy among NDM-positive contigs

451 We estimated Shannon entropy (‘diversity”) for several categorizations of blanpm-containing contigs: country of
452 sampling, bacterial host genera, plasmid backbones (determined by mapping to plasmid reference sequences), and
453 ISs flanking the blanpm gene. To estimate entropy of the population and to provide confidence intervals around
454 our estimates, we use bootstrapping with replacement (1000 iterations). At each iteration, entropy was estimated

455 for a sampled set of contigs (X) classified into » unique categories according to the following formula:
456 H(X) = = Xiz; P(x)log P(xy),

457 where the probability P(x;) of any sample belonging to any particular category x: (e.g., country or plasmid
458  backbone) is approximated using the category’s frequency. Accordingly, higher entropy values indicate an

459 abundance of equally likely categories, while lower entropy indicates a limited number of categories.

460
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Estimating correlation between genetic and geographic distance

Geographic distance between pairs of samples was determined using their sampling coordinates and the geodis?®’
R package. Exact Jaccard distance (JD) was used as a measure of the genetic distance calculated using the tool
Bindash (v0.2.1)% with k-mer size equal to 21 bp. The JD is defined as the fraction of total k-mers not shared
between two contigs. JD between all pairs of contigs was first calculated on a 1000bp stretch of DNA downstream
of blanpm start codon continuing with a 500bp increments. At each increment, the two distance matrices (genetic
and geographic) were assessed using the mantel function (Spearman correlation and 99 permutations) from the
vegan® package in R. The correlation between genetic and geographic distance, was plotted as a function of

distance from blanpm gene (Supplementary Figure 17).
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Figure 1. Composition of the global dataset of 6,155 NDM-positive samples. (A) Geographic
distribution of blanom-positive assemblies. Points are coloured by geographic region and their size
reflects the number of samples they encompass. (B) Distribution of host bacterial genera of NDM-
positive samples. (C) Distribution of sample collection years. (D) Distribution of contigs according to the
plasmid backbone.
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699 Figure 2. Schematic representation of the tracking algorithm splitting structural variants
700  upstream or downstream of blanom gene. (A) A pairwise BLAST search is performed on all NDM-
701 positive contigs. Starting from blanom and continuing downstream or upstream, the inspected region is
702  gradually increased using the ‘splitting threshold’. (B) At each step, a graph is constructed connecting
703 contigs (nodes) that share a BLAST hit with a minimum length as given by the ‘splitting threshold’.
704 Contigs which have the same structural variant at the certain position of the threshold belong to the
705  same graph component, while the short contigs are singled out. (C) The splitting is visualized as a tree
706  where branch lengths are scaled to match the position within the sequence, and the thickness and the
707  colour intensity of the branches correspond to the number of sequences carrying the homology. For

708  more detailed explanation of the algorithm please refer to the Methods section.
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710  Figure 3. Splitting of structural variants downstream of blanom. The ‘splitting' tree for the most
711 common (i.e., = 10 contigs) structural variants is shown on the left-hand side. The labels on the nodes
712 indicate the number of contigs remaining on each branch. Labels of (yellow) branches with <20

713 contigs are not shown. The other contigs either belong to other structural variants or were removed
714 due to being too short in length. The number of contigs cutting short is indicated by the area chart at
715 the bottom. Similarly, the number of less common structural variants is indicated by the upper area
716  chart. Genome annotations provided by the Prokka and Roary pipelines of the most common

717 structural variants are shown in the middle of the figure. The homologous regions among structural
718 variants are indicated by the grey shading. Some of the structural variants and branches were

719 intentionally cut short even though their contigs were of sufficient size or longer. This was done to
720 prevent excessive bifurcation and to make the tree easier to interpret. In particular, branches with
721 more than 75% of contigs lost due to variation and short length were truncated. The distribution of
722  genera, plasmid backbones and geographical regions of samples that belong to a each of the

723 common structural variant is shown on the right-hand side.
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Figure 4. Posterior density distributions of ancestral sequence age (i.e., root height) for the
Tn125 (A) and Tn3000 (B) transposons. The ancestral sequence emergence was estimated using
two Bayesian tip-dating approaches implemented in BactDating and BEAST2. Three different
population growth priors were used in case of BEAST2: Coalescent Constant Population, Coalescent
Exponential Population, and Coalescent Bayesian Skyline as given by the colour scheme and legend
at right. Median estimates with 95% highest density interval (HDI) are provided in the panel legends.
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Molecular Dating Method

BactDating
tMRCA = 1925.62 [1873.38-1971.86]

BEAST2 - Coalescent Constant Population
tMRCA = 1942.55 [1891-1983.98]

BEAST2 - Coalescent Exponential Population
tMRCA = 1949.43 [1901.82-1987.71]

BEAST2 - Coalescent Bayesian Skyline
tMRCA = 1949.62 [1899.73-1988.67]
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Molecular Dating Method

BactDating
tMRCA = 1998.63 [1986.65-2006.32]

BEAST2 - Coalescent Constant Population
tMRCA = 1983.94 [1945.78-2007.71]

BEAST2 - Coalescent Exponential Population
tMRCA = 2006.15 [1996.03-2009.5]

BEAST2 - Coalescent Bayesian Skyline
tMRCA = 1996.11 [1966.85-2009.49]

1700 1750 1800 1850 1900
tMRCA

1950

2000


https://doi.org/10.1101/2021.01.14.426698
http://creativecommons.org/licenses/by-nc/4.0/

Position (bp) Proportion of Samples

P £ LTS LSS L LT LT LTS LLLILLLLELL LS
blaNDM dsbD —_——r ——(E— otnC ] | Il Bl
blaNDM dsbD cutA @SS grol. GRS (SAba 125 d | H s
blaNDM dsbD  cutA  (Gi6S grol. ISCR27 —EH— I hl I
# Samples blaNDM dsbD cutA  @iGS) ‘groL. ] || I
blaNDM dsbD  cutA (@SS ———Giol—> ~(ELED wapA . ] N
————— blaNDM dsbD - e I SCR27. I | N
1000 blaNDM dsbD cuth (S =Gt ([Ei¥)  pdg hyp. ORF ] | ]
blaNDM dsbD  cutA (S e GOt (S «—EF—  hyp.ORF ] I | .
blaNDM dsbD cuth  (GieS ‘groL hyp. ORF ]
100 blaNDM dsbD. cuth  (Gi69 ‘groL 133000 pspF ] | Dl
blaNDM dsbD  cutA (@GS grol. hyp. ORF hin - yafQ I I H
10 blaNDM dsbD cuth  (GiES) =—eliOl it [}=—== < hin_2~ hyp. ORFUMUC ~hin_1 1] [ | [ ]
—————— blaNDM dsbD  cutA (G8S) ——@B—> hyp. ORF hin - yafQ ] I
blaNDM dsbD  cutA (@SS —@Gl—> +——(ELHD— sult  (EEBENER ]
blaNDM dsbD TR ISCR ] sult @pFNPE®  antt ]
blaNDM dsbD  cutA —EE— sult  (BFNE®  antt LIS-2 ] I
————————————— blaNDM dsbD cutA [ ] [ | [ ]
32} ----------- blaNDM dsbD L 1526 ] ] 1 I
————————————— blaNDM dsbD N ] [ | ] | I
—————— blaNDM hin —Em— I
blaNDM dsbD —E— sut  @ENRE®  antt I I e .
blaNDM dsbD —E— sult  @ENGER  antt 0152 ] ] o
blaNDM dsbD —— sull  (EPENRERD hyp. ORF I N .
———————— blaNDM dsbD bin3 tmrB - yokD I ]
__________ blaNDM ; dsbD hyp. ORF tnpR ] [ ] ]
blaNDM dsbD pinR nhaA ] ] I
—————————— blaNDM dsbD —E— I I ]
blaNDM 1 = 2@ @ @
blaNDM - dap ampR  pspF sult — I . I
~ dap ampR  pspF sul —EE— —EEED-> I | | I
blaNDM - dap ET S S ISKpn25 s hyp. ORF I I
——————————— blaNDM —ER— I 11 I
blaNDM  ble - L 1SSend 151222 pinR [ == @2 ||
—————————————— blaNDM ] .
—————————————————— blaNDM I .
—————————— blaNDM hin
—————————————————— blaNDM |
—————————————————— blaNDM N ]
——————————————————— blaNDM [ | ||
0 s . - - - - - - - - s : : : : ' s : Genus Plasmid Type Region
s I Adinetobacter B 19Kb plasmids i éfe”r?t?al&South America
5 1001 A IncFIB/IncHI1B I EastAsia
S @ 150 I Kiebsielia 8 incFlIF N b East & North Afr
5‘% 200 I Providencia = mgnlzz Ncl,nhei.\rr?esrica © rea
o) g 250 1 gégizomonas Igfr?é?— lasmids = ggﬁ?hn/l'\aSia
£~ Unknown Undefined sequences South East Asia
O 3001 Unknown
#3501
400
0.
500
- 1000
w © 1500
2% 2000
S © 2500
O = 3000
# 3 3500
4000
4500



https://doi.org/10.1101/2021.01.14.426698
http://creativecommons.org/licenses/by-nc/4.0/

