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Figure S1: Schematic representation of the PKUPH hospital and ward locations across campuses A,
B and C. Wards are coloured yellow to indicate where CRKP+ isolates were identified with labels
providing the patients included in the final dataset. Full details of the final collection are provided in
Table S1.
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Figure S3: Core genome maximum likelihood phylogeny of 100 isolates sampled as part of the CRKP
surveillance initiative. The maximum-likelihood tree is based on 4,155 shared core genes and comprises
11 different ST types. 82 closely related ST11 isolates were selected for further analyses, see Table S1.
The tip colour and legend provide the type of sample from which CRKP was isolated, see Methods.
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S2 Inferring a timed phylogeny and transmission networks

S2.1 BEAST analyses

(a) Pairwise SNP difference
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(d) Lineage 3

Figure S4: a) Pairwise SNP differences (number), as given by color scale in top left, between 82
ST11 outbreak isolates based on the recombination free chromosomal alignment b)-d) The correlation
between the root-to-tip phylogenetic distance (y-axis) and time of sampling (x-axis) within Lineages
1-3, inferred using TempEst (Rambaut et al., 2016). All Lineages showed a significant correlation
indicating measurable evolution during the sampling period. This justified the use of tip-dating
phylogenetic approaches.
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Figure S5: Inferred tMRCA under 6 alternate BEAST (?) models applied to the recombination
free chromosomal alignment of 82 ST11 outbreak isolates. We applied two sets of analyses which
differed in the population priors used: i) constant population size coalescent model with a strict clock
(Coalescent strict), relaxed clock with a lognormal prior (Coalescent relax lognorm), relaxed clock
with an exponential prior (Coalescent relax expo) and ii) an exponential growth population model with
a strict clock (Exponential strict), relaxed clock with a lognormal prior (Exponential relax lognorm)
and relaxed clock with an exponential prior (Exponentital relax expo). Median values and 5-95%
HPD intervals are provided in Supplementary Table S3. The black vertical line gives the date of
admission of the index patient (Patient X) which post-dates the mean tMRCA in all cases.

Table S3: Mean tMRCA, clock rates and marginal likelihoods inferred by Bayesian dating analyses
applied to the recombinant free chromosomal alignment across 82 outbreak isolates. Results are
provided for both the Coalescent Bayesian Skyline and Exponential growth population models tested
under strict and relaxed clocks with a TN93 substitution model. The 95% Higher Posterior Densities
are provided in parentheses. The marginal likelihood (ML) estimate under each model is provided
based on path-sampling implemented in Beauti Path Sampler.

Population Model

Coalescent Bayesian Skyline Exponential Population Growth

Clock Strict Relaxed Lognormal Relaxed Exponential Strict Relaxed Lognormal Relaxed Exponential

tMRCA 2013.9(2013.1-2014.4) 2013.8(2012.6-2014.6) 2014.0(2010.6-2015.1) 2013.9(2013.2-2014.4) 2013.6(2012.2-2014.5) 2014.6(2013.2-2015.3)

Rate 3.4x10−6 (2.6x10−6 - 4.1x10−6) / / 3.4x10−6 (2.7x10−6 - 4.2x10−6) / /

ML -7546540.903 -7546823.56 -7546518.61 -7546512.57 -7546572.86 -7546513.66
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S2.2 TransPhylo analyses

2014.0 2014.5 2015.0 2015.5 2016.0 2016.5

CX101|06/15/2016

CX102|06/15/2016

CX103|06/15/2016CX104|06/15/2016

CX105|10/16/2016CX106|10/16/2016

CX107|06/15/2016

CX10|03/24/2016

CX111|06/15/2016

CX112|06/15/2016

CX113|06/20/2016

CX114|06/21/2016

CX11|03/14/2016

CX121|04/26/2016

CX122|04/26/2016

CX12|04/20/2016
CX13|01/09/2016

CX14|04/16/2016

CX15|04/15/2016

CX16|04/10/2016

CX17|03/29/2016

CX19|02/29/2016

CX1|04/04/2016

CX20|04/05/2016
CX21|01/13/2016

CX22|03/16/2016

CX24|04/12/2016

CX26|06/15/2016

CX27|05/11/2016

CX28|04/28/2016

CX2|04/11/2016

CX30|05/02/2016

CX31|04/25/2016CX33|05/28/2016

CX34|05/14/2016

CX35|05/23/2016

CX36|06/02/2016

CX37|06/11/2016

CX40|07/06/2016

CX41|06/12/2016

CX42|06/16/2016

CX43|07/18/2016

CX44|06/21/2016

CX45|06/23/2016

CX46|07/13/2016

CX47|06/15/2016

CX48|07/08/2016

CX49|06/21/2016

CX4|02/21/2016

CX50|07/27/2016

CX51|08/11/2016

CX55|09/07/2016

CX56|09/10/2016
CX57|06/15/2016

CX59|08/15/2016

CX5|03/27/2016

CX60|08/19/2016

CX63|07/29/2016

CX65|09/12/2016

CX68|10/22/2016

CX69|10/26/2016

CX6|02/27/2016

CX71|08/21/2016

CX75|05/18/2016

CX76|02/20/2016

CX77|04/26/2016

CX78|04/26/2016
CX79|04/26/2016

CX7|01/15/2016

CX80|04/26/2016CX81|04/26/2016

CX82|04/26/2016
CX83|04/26/2016

CX84|04/26/2016

CX85|04/26/2016

CX8|01/04/2016

CX90|02/15/2016CX91|02/14/2016

CX92|05/25/2016

CX98|02/18/2016

CX99|04/13/2016

CX9|04/05/2016
●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

Figure S6: TransPhylo(Didelot et al., 2017) consensus transmission tree inferred across 82 ST11
isolates. The x-axis provides the mean time of infection. Filled dots represent sampled isolates and
unfilled dots represent un-sampled isolates inferred to have been involved in the transmission event(s).
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Figure S7: Pairwise correlations between the inferred probabilities of direct transmission from x to
y under three independent TransPhylo runs. Each run differed in the choice of scale parameter
used in the analysis, as given on the axis (scale=0.25, 3 months; scale=0.5, 6 months; scale=0.75, 9
months). The scale parameter sets the model distribution of the time taken between a transmission
from a primary to secondary case. The strong correlations between runs indicates that our inferred
transmission probabilities are not sensitive to different specifications.
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Table S4: TransPhylo inferred probabilities of direct transmission for pairings of isolates with a prob-
ability ≥0.5. Transphylo was run on the 82 ST11 isolates. An asterisk (*) next to the transmission
probability denotes those inferred transmissions where both patients directly overlapped on a ward
during their admission. Two asterisks (**) next to the transmission probability denotes those patients
who were admitted to the same ward within a 14 day period of each other. Isolates in the transmission
pair shown in bold are from patient-associated environmental samples (see Table S1).

Transmission Pair Patient of Isolation Ward of Isolation Campus of Isolation Probability
Pair1 Pair2 Pat1 Pat2 Ward1 Ward2 Campus1 Campus2

CX103—06/15/2016 CX104—06/15/2016 29 29 H4A H4A B B 0.93

CX105—10/16/2016 CX106—10/16/2016 29 29 H4A H4A B B 0.78

CX12—04/20/2016 CX22—03/16/2016 23 21 ICU(4B) 2B A A 0.81**

CX16—04/10/2016 CX24—04/12/2016 31 32 ICU(6B) 7B A A 0.50*

CX111—06/15/2016 CX26—06/15/2016 39 49 ICU(6B) H4A A B 0.85*

CX10—03/24/2016 CX27—05/11/2016 34 41 ICU(6B) ICU(6B) A A 0.86*

CX101—06/15/2016 CX2—04/11/2016 29 3 H4A 18A B A 0.64

CX31—04/25/2016 CX33—05/28/2016 38 22 ICU(6B) 19A A A 0.95

CX113—06/20/2016 CX41—06/12/2016 26 26 8C 8C A A 0.84

CX37—06/11/2016 CX43—07/18/2016 4 27 ICU(6B) 8C A A 0.84

CX42—06/16/2016 CX44—06/21/2016 17 18 7A 7A A A 0.78*

CX121—04/26/2016 CX46—07/13/2016 12 56 H7A ICU(4B) B A 0.77

CX102—06/15/2016 CX49—06/21/2016 29 59 H4A 7A B A 0.85

CX47—06/15/2016 CX50—07/27/2016 57 60 ICU(4B) 8C A A 0.79

CX28—04/28/2016 CX51—08/11/2016 47 28 H7A ICU(4B) B A 0.87

CX112—06/15/2016 CX57—06/15/2016 39 61 ICU(6B) ICU(4B) A A 0.58

CX57—06/15/2016 CX60—08/19/2016 61 63 ICU(4B) ICU(4B) A A 0.70**

CX56—09/10/2016 CX65—09/12/2016 42 43 ICU(6B) ICU(6B) A A 0.56*

CX65—09/12/2016 CX69—10/26/2016 43 44 ICU(6B) 17A A A 0.89**

CX59—08/15/2016 CX71—08/21/2016 62 69 ICU(4B) ICU(4B) A A 0.64*

CX112—06/15/2016 CX75—05/18/2016 39 25 ICU(6B) ICU(4B) A A 0.62

CX35—05/23/2016 CX77—04/26/2016 53 34 ICU(6B) ICU(6B) A A 0.93*

CX45—06/23/2016 CX78—04/26/2016 55 34 7A ICU(6B) A A 0.56*

CX122—04/26/2016 CX79—04/26/2016 34 34 ICU(6B) ICU(6B) A A 0.90

CX13—01/09/2016 CX7—01/15/2016 11 10 ICU(4B) ICU(4B) A A 0.83**

CX107—06/15/2016 CX81—04/26/2016 49 34 H4A ICU(6B) B A 0.76*

CX80—04/26/2016 CX81—04/26/2016 34 34 ICU(6B) ICU(6B) A A 0.61

CX17—03/29/2016 CX84—04/26/2016 12 12 H7A H7A B B 0.86

CX14—04/16/2016 CX85—04/26/2016 29 29 H4A H4A B B 0.88

CX30—05/02/2016 CX8—01/04/2016 20 13 ICU(4B) 7A A A 0.78

CX90—02/15/2016 CX91—02/14/2016 X X 7A 7A A A 0.93

CX24—04/12/2016 CX92—05/25/2016 32 19 7B 7A A A 0.76*

CX83—04/26/2016 CX99—04/13/2016 35 35 ICU(6B) ICU(6B) A A 0.90

CX15—04/15/2016 CX9—04/05/2016 36 16 ICU(6B) ICU(4B) A A 0.93*
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S3 Inferring core and accessory genome structure
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Figure S8: Core genome phylogeny of 82 ST11 outbreak isolates based on 4,652 shared core genes.
Tips are colored according to the ward of isolation with symbols giving the hospital campus. The
pan-genome phylogeny clusters into three main lineages as highlighted.
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Figure S9: Left) Core and accessory distance tree based on the binary presence and absence of an-
notated genes. Tips are colored according to the three-lineage structure observed on the core and
chromosomal alignments as given in the legend at right. Right) Presence (black) and absence (white)
of annotated genes comprising the core (present in all samples) and accessory genome (non-shared)
components.

Table S5: Presence of plasmid replicons as inferred by PlasmidFinder (Carattoli et al., 2014) applied
to short-read de novo assemblies of 82 ST11 outbreak Kpn isolates. The frequency of each plasmid
type is provided across all isolates (All) as well as within distinct phylogenetic lineages (Lineage 1-3)
and among outliers (Outliers). The mean number of assignments per strain lineage is also given.

Plasmid Type All (n=82) Lineage 1 (n=25) Lineage 2 (n=23) Lineage 3 (n=27) Outliers(n=7)
Col156 1 1

Col(MG828) 1 1
IncFIB(pKPHS1) 1 1

IncI2 1 1
IncN 1 1

IncFIB(Mar) 2 2
IncX1 2 2

ColpVC 5 2 1 2
IncFIB(AP001918) 23 21 1 1

IncFIA 25 24 1
IncFII 26 23 1 2

IncFIB(K) 27 23 4
IncR 28 25 3

ColRNAI 82 24 23 27 7
IncFII(pHN7A8) 82 25 23 27 7

TOTAL 307 121 97 60 28
Mean/isolate 3.74 4.84 4.22 2.22 4
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S4 AMR gene copy number variation (CNV) and phenotypic resis-
tance

Lineage

Outlier

Lineage 1

Lineage 2

Lineage 3

(a) Gene-gene correlations

(b) Amikacin-gene correlations 
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(b) Amikacin-gene correlations

Figure S10: a) Between-gene correlations for pseudo-TPMs of four genes associated with resistance
to aminoglycosides, stratified by lineage (Lineage 1:green, Lineage 2:blue, Lineage 3:purple, out-
liers:orange). strA and strB were highly correlated (across lineages: Spearman’s ρ = 0.998, p < 0.001;
within Lineage 1, Spearman’s ρ = 0.903, p < 0.001), in line with their co-occurrence which has
previously been observed across integrons, transposons, and broad-host-range plasmids across the En-
terobacteriaceae (Sundin, 2002; Dolejska et al., 2013; Compain et al., 2014). The strA-strB genes
were anti-correlated with the 16S rRNA methyltransferase rmtB (across lineages for strA: Spearman’s
ρ = −0.602, p < 0.001), which provides a higher-level of aminoglycoside resistance (Doi et al., 2004).
b) Correlations between resistance gene pseudo-TPMs and measured MICs against amikacin, strati-
fied by lineage (Lineage 1:green, Lineage 2:blue, Lineage 3:purple, outliers:orange). Trend lines and
Pearson correlations are shown. Lineage 1 isolates lacked rmtB, and these isolates correspondingly
were less resistant to amikacin. Using the EUCAST (https://mic.eucast.org) epidemiological cutoff
(MIC>8.0 µg/ml), 4/14 isolates in Lineage 1 were resistant, compared to 21/23 (Lineage 2) and 27/27
(Lineage 3). Furthermore, the two isolates within Lineage 2 that were not resistant lacked rmtB. How-
ever, there was no difference in the pseudo-TPMs for rmtB comparing isolates with MIC>256µg/ml
to those with MIC>1024µg/ml (Wilcoxon signed-rank test, p = 0.42), suggesting that the presence of
rmtB was important but not its relative copy number i.e. that other factors dictate the different MIC
values. Many isolates in Lineage 2 had approximately double the pseudo-TPM for rmtB of those in
Lineage 3, but an additional copy was not observed in the assemblies. This would be consistent with
an additional copy of the gene due to a duplicated plasmid, although this did not result in greater
resistance.
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Figure S11: a) Between-gene correlations for pseudo-TPMs of two genes associated with resistance to
beta-lactams, stratified by lineage (colors). Resistance to beta-lactam antibiotics (including imipenem
and meropenem) can be conferred by a range of beta-lactamases. These contribute to resistance in
a cumulative manner, contrasting with the anti-correlation as observed for aminoglycoside resistance
genes with different mechanisms (Supplementary Figure S10). b)-c) Correlations between resistance
gene pseudo-TPMs and measured MICs of (b) imipenem and (c) meropenem, stratified by lineage
(colors). Trend lines and Pearson correlations are shown. blaKPC-2 was associated with increased
MICs to imipenem and meropenem in Lineage 1 and Lineage 2 but not Lineage 3. Not shown are
beta-lactamase genes that do not hydrolyze carbapenems, which were present in the dataset (e.g.
blaOXA-1, blaSHV, blaTEM-1 ) but for which we observed no significant correlations with imipenem
or meropenem MICs, as expected.
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Figure S12: a) Between-gene correlations for pseudo-TPMs of four genes associated with resistance to
quinolones, stratified by lineage (colors). Quinolone resistance is additionally linked to the quinolone
resistance-determining regions (QRDR) in the gyrA and parC genes (Jacoby, 2005). Comparing
sequences to the genes in K. pneumoniae ATCC 13883 reference strain, all isolates had common
mutations at the 83rd and 87th resistance ‘hotspots’ of gyrA (S83I and D87G). In parC one of the
mutation hotspots was mutated (S80I). All isolates correspondingly were resistant according to EU-
CAST epidemiological cutoffs (ciprofloxacin MIC>0.125 µg/ml; levofloxacin MIC>0.25 µg/ml). The
presence of multiple fluoroquinolone resistance determinants has been reported to be cumulative, in-
cluding both point mutations and additional genes (Ruiz et al., 2012; Al-Marzooq et al., 2014). The
efflux system of two genes oqxAB was present in Lineages 1 and 3 but not in Lineage 2, which had
QnrS1 present instead. b)-c) Correlations between resistance gene pseudo-TPMs and measured MICs
of (b) ciprofloxacin and (c) levofloxacin. Trend lines and Pearson correlations are shown. The pseudo-
TPM (copy number) of QnrS1 was associated with increased MICs for levofloxacin and ciprofloxacin
in Lineage 2 and in the outlying isolates.
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S5 Plasmid assemblies

Table S6: PacBio assemblies providing the isolate ID and lineage assignment (outlier O, 1, 2, 3)
together with assembly sizes (in base pairs). The method applied to generate each assembly is provided.
All use UniCycler (Wick et al., 2017) (abbreviation UC) but differ in whether short-read data is used
to inform the assembly (hybrid), or only long-read data is used (PacBio only) in normal (default) or
bold (bold) mode. In some instances raw PacBio reads were filtered for quality using FiltLong. For
CX45, additional polishing was performed following assembly with Racon (Vaser et al., 2017). Most
plasmids were reported as circularised by UniCycler. * denotes those plasmids which were manually
circularised, based on the presence of exactly overlapping sequence ends in the assembly. ‘+’ denotes
where the plasmid has been assembled using additional information from the short-read only de novo
assembly. The chromosomes of CX45 and CX77 were not circularised and in both cases assembled as
two linear contigs.

ID Lineage Method Chromosome Virulence blaKPC- blaKPC+ ≈10Kb Plasmid

CX90 O UC raw hybrid 5,412,826 284,901 123,558 116,106 10,060
CX20 UC raw hybrid 5,477,860 / 243,743 128,569 10,060

CX41 1 UC Filtlong PacBio only 5,543,726 / 126,359 53,491 10,263

CX16
2

UC raw hybrid 5,447,232 / 101,140 295,742* 10,063
CX104 UC Filtlong PacBio only 5,575,620 / 201,030 124,464* 10,062+
CX105 UC PacBio only 5,575,842 / 36,801* 348,763* 10,060+

CX45 3 UC PacBio only bold plus racon 4346009,1238371 / / 135,777* 11,972+
CX77 UC raw hybrid 3405931,2070976 / / 135,788 11,970

Table S7: Plasmid type assignments of plasmids assembled using PacBio long-read sequencing technol-
ogy. Plasmid types were assigned using PlasmidFinder (Carattoli et al., 2014) based on the presence
of specific replicon sequences with >95% percentage identity to the reference, as also shown in main
text Figure 3. All isolates carried a colRNAI plasmid.

Isolate Lineage Virulence blaKPC- blaKPC+ ≈10Kb Plasmid
CX90 O IncFIB(Mar) IncFIB(K) IncFII colRNAI
CX20 / IncFIB(K),IncFII IncFII, IncR colRNAI
CX41 1 / IncFIB, IncFII IncFIA colRNAI
CX16

2
/ IncFII IncFIB(K) colRNAI

CX104 / IncFIB(K) IncFII colRNAI
CX105 / IncR IncFIB(K),IncFII colRNAI
CX45 3 / / IncFII colRNAI
CX77 / / IncFII colRNAI
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S5.1 Plasmid copy number variation

Table S8: For each plasmid assembled using PacBio long read sequencing technology (Table S6),
we provide the average coverage of that same isolate’s short-read data mapped back to the plasmid
(point estimate). This provides a proxy for plasmid copy number. We also provide the 95% CI in
parentheses of the mean coverage across each of our 82 ST11 short-read samples mapped back to
that same plasmid. A ‘/’ indicates the absence of this plasmid in the sequenced isolate assembly.
We observed considerable variability in coverage across the outbreak cohort, with instances of clear
plasmid loss and gains, as also highlighted in main text Figures 3 and 4.

Isolate Lineage Virulence blaKPC- blaKPC+ ≈10Kb Plasmid
CX90 O 1.32(0-0) 0.48(0-1.07) 0.89(0.44-2.64) 1.54(0.95-6.66)
CX20 / 0.68(0-0.86) 0.62(0.44-2.02) 0.94(0.94-6.19)
CX41 1 / 0.99(0.44-1.72) 0.92(0.46-2.69) 2.1(1.04-6.92)
CX16

2
/ 0.48(0-1.07) 3.14(0.34-3.14) 2.09(0.95-6.49)

CX104 / 0.66(0-1.08) 3.65(0.48-4.58) 8.96(1.63-9.99)
CX105 / 1.35(0-7.72) 1.55(0.35-2.11) 11.97(1.97-11.97)
CX45 3 / / 0.99(0.72-3.15) 2.97(1.45-6.18)
CX77 / / 1.42(0.74-3.29) 3.1(1.49-6.34)

Table S9: For each plasmid assembled using PacBio long read sequencing technology (Table S6), we
provide the percentage (%) of the plasmid covered by that same isolate’s short-read data mapped back
to the plasmid (point estimate). We also provide the 95% CI in parentheses of the mean percentage
of the plasmid covered across each of our 82 ST11 short-read samples mapped back to that same
plasmid. A ‘/’ indicates the absence of this plasmid in the sequenced isolate assembly. As with
coverage (see main text Figure 3 and 4), we observed considerable variability in the percentage of the
genome covered for different plasmids.

Isolate Lineage Virulence blaKPC- blaKPC+ ≈10Kb Plasmid
CX90 O 100 (5.5-10.5) 100 (10.9-99.8) 100 (52.1-98.9) 100 (100-100)
CX20 / 100(10.5-80.7) 100 (66.1-86.2) 100 (100-100)
CX41 1 / 89.8 (40.3-92.3) 91.7 (52.4-86.9) 96.8 (96.4-98.2)
CX16

2
/ 100 (34.5-100) 100 (37.9-100) 100 (100-100)

CX104 / 94.2 (4.2-92.3) 92.2 (59.4-91.3) 100 (100-100)
CX105 / 92.3 (2.9-70.5) 87.6 (28.0-87.0) 100 (100-100)
CX45 3 / / 89.8 (70.3-100) 100 (100-100)
CX77 / / 100 (85.6-100) 100 (100-100)
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(a) aac(3)-lld (b) qnrS

(c) sul1 (d) tetA

Figure S13: Relationship between pseudo TPMs (see Methods) estimated for aac(3)-lld, qnrS, sul1,
tetA (x-axis) to the coverage of short-read sequence data mapped against the 243,743bp complete
plasmid assembled from CX20 (y-axis).
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S5.2 Accessory genome mobility

Figure S14: Blast ring (Alikhan et al., 2011) of % identity between two plasmids assembled using
long-read data from CX20. The blaKPC+ plasmid (outer ring; green), shares a portion of its genome
with the other large blaKPC- plasmid assembled in this strain (inner ring; red). This region contains
transfer genes traI, traD, traA, traM and may represent a region of putative recombination between
plasmids in circulation in the same strain.
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Figure S15: a) Genomic structure of the blaKPC+ TN1722 type transposon which was highly conserved
across our 82 ST11 isolates. b) Gene presence absence binary phylogeny of genes annotated on blaKPC+
contigs. The annotation was compared across 68 ST11 isolates for which there was a region at least
>1200bp long either side of blaKPC. The color scale gives the contig lengths.
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