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Fig S1: Method for the delineation of segments shared between plasmids. ConSequences identifies 
the boundaries of conserved segments spanning multiple 10 kb windows which can be found across 
multiple (> 2) isolates through assessment of conservation profiles across adjacent windows along 
reference scaffolds. a, Each bar depicts a 10 kb window highlighted by sliding window analysis as being 
conserved in multiple scaffolds. These bars are ordered along the reference scaffold positionally (x-axis) 
and the height of bars corresponds to the number of scaffolds in our isolate assemblies that have a highly 
similar match (≥ 99%) to the 10 kb sequence on the reference (colored by genus). b, Using a custom 
algorithm (Materials and Methods), segments ≥ 10 kb were delineated along the reference scaffold based 
on conservation profiles across multiple adjacent windows.



1,380 predicted plasmid 

4,605 segments (102 w/ CPs) 

2,249 segments found in multiple species (52 w/ CPs) 

604 segments found in a single city (40 w/ CPs) 

86 not found in samples isolated in other 
cities by searching NCBl's nt (8 w/ CPs) 

69 putative signatures without difficult to 
assemble tandem repeat motifs (8 w/ CPs) 

44 signatures not present in readsets from Dec 2016 
SRA snapshot (6 w/ CPs) 

Fig. S2: Workflow to identify geographic signatures. The number of plasmid segments that were 
retained after sequentially applying different filters to identify 44 geographic signatures is shown 
(Materials and Methods). The number of plasmid segments carrying carbapenemases (CPs) is provided 
in red.
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Fig. S3: Phylogenetic tree for each of the 15 species in our collection with at least five 
representatives. Below the phylogenies, colored strips indicate resistance mechanisms and hospital 
of isolation for each isolate. MGH: Massachusetts General Hospital, Boston, MA; UCI: 
University of California, Irvine, CA; BIDMC: Beth Israel Deaconess Medical Center, Boston, MA; 
BWH: Brigham and Women’s Hospital, Boston, MA.
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Fig. S4: Resistance mechanisms were diverse, with many shared across species. The 
numbers of resistant isolates by resistance mechanism (different colors) are depicted by species.
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Fig. S6: High level of diversity and phylogenetic range among predicted plasmids. This plot displays 
the 215 plasmid groups (rows) contained in all 506 isolates (columns) for which plasmids were predicted. 
Plasmids with carbapenemases are indicated in red, and plasmids without carbapenemases are indicated 
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genera in which they occurred and clustered.
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Fig. S8: Limited tracing of carbapenemase localized spread using Tn4401 isoforms and their 
immediate flanking sequences. a, Number of instances for Tn4401 isoforms; and b, combinations of 
the three most common Tn4401 isoforms with their 5 bp flanking sequences which were found in 
multiple isolates from our study. Colors indicate the proportion of instances found in each of the four 
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20 10
Number of isolates 

with signature E. cloacae cpx

C
. 

po
rtu

ca
le

ns
is

C
. 

fre
un

di
i 

cp
x.

E. hormaechei E. coli

K
.

qu
as

i-
pn

eu
m

on
ia

e

K. variicola

S.
 m

ar
ce

sc
en

s

Sig1-CP
Sig4-CP

Sig5.1-CP
Sig7-CP

Sig5.6-CP
Sig14-CP

ST
-3

2

ST
-5

4

ST
-2

9

ST
-3

9

ST
-4

0

E.
 g

re
go

vi
ae

 

ST
-4

5

ST
-5

8

ST
-6

4

ST
-6

6

ST
-7

8
ST

-9
E.

 lu
dw

ig
ii 

ST
-1

27
 

ST
-1

31
 

ST
-1

48
8 

ST
-4

05
 

ST
-6

48

K. pneumoniae

K
.

m
ic

hi
ga

ne
ns

is

K
.

ox
yt

oc
a 

ST
-1

13
8

ST
-1

4

ST
-1

5

ST
-1

6

ST
-1

7

ST
-2

0

ST
-2

58

ST
-3

09

ST
-7

0

ST
-3

4

ST
-4

5

ST
-3

55
 

ST
-4

54
 

ST
-6

01
 

ST
-6

41

MGH
BIDMC
UCI
BWH

Hospital

bl
a 

KP
C

Si
gn

at
ur

es

Klebsiella
Ser-
ratiaEscherichiaEnterobacter

Citro-
bacter

% of instances 
of each 

signature by 
lineage

0

25

50

75

100

Fig. S9: Signatures were present across diverse sequence types. In this heatmap, each row 
corresponds to a unique signature, and each column corresponds to a sequence type (ST). The shading 
represents the percentage of signature instances belonging to different taxonomic lineages, species or ST. 
The bar plot to the left of the heatmap depicts the number of isolates containing each signature, 
highlighting their prevalence across different hospitals.

0



Sig30
Sig29
Sig28
Sig27
Sig26
Sig25
Sig24
Sig23
Sig22
Sig21
Sig20

Sig19.2
Sig19.1

Sig18
Sig17
Sig16
Sig15

Sig14 CP
Sig13.2
Sig13.1
Sig12.2
Sig12.1

Sig11
Sig10

Sig9.3
Sig9.2
Sig9.1

Sig8
Sig7 CP

Sig6.3
Sig6.2
Sig6.1
Sig5.7

Sig5.6 CP
Sig5.5
Sig5.4
Sig5.3
Sig5.2

Sig5.1 CP
Sig4 CP

Sig3
Sig2.2
Sig2.1

Sig1 CP

bla
KPC

Beta
La

cta
m Res

ista
nc

e

Amino
gly

co
sid

e R
es

ista
nc

e

Arse
nic

 Res
ista

nc
e

Te
llur

ium
 Res

ista
nc

e

Merc
uri

c R
es

ista
nc

e

Cop
pe

r R
es

ista
nc

e

Nick
el 

Res
ista

nc
e

Othe
r S

tre
sso

r E
fflu

x

Othe
r S

tre
ss 

Res
po

ns
e

Con
jug

ati
on

 M
ac

hin
ery

To
xin

 / A
nti

tox
in

Anti
res

tric
tio

n P
rot

ein

Gen
era

l P
las

mid 
Fun

ctio
n

Ins
ert

ion
 Seq

ue
nc

e /
 Tr

an
sp

os
on

Int
eg

ras
e /

 Rec
om

bin
as

e

Hom
ing

 End
on

uc
lea

se
Othe

r

Hyp
oth

eti
ca

l

reorder(Annotation, AnnotIndex)

re
or

de
r(S

ig
na

tu
re

, 
Si

gI
nd

ex
)

0.25 0.50 0.75 1.00
Value

0 5 10 15
Isoaltes

with Signature

0 50 100 150
Number of genes 

in signature

Sig30
Sig29
Sig28
Sig27
Sig26
Sig25
Sig24
Sig23
Sig22
Sig21
Sig20

Sig19.2
Sig19.1

Sig18
Sig17
Sig16
Sig15

Sig14 CP
Sig13.2
Sig13.1
Sig12.2
Sig12.1

Sig11
Sig10

Sig9.3
Sig9.2
Sig9.1

Sig8
Sig7 CP

Sig6.3
Sig6.2
Sig6.1
Sig5.7

Sig5.6 CP
Sig5.5
Sig5.4
Sig5.3
Sig5.2

Sig5.1 CP
Sig4 CP

Sig3
Sig2.2
Sig2.1

Sig1 CP

bla KPC

β-l
ac

tam
 Res

ista
nc

e

Amino
gly

co
sid

e r
es

ista
nc

e

Arse
nic

 re
sis

tan
ce

Te
llur

ium
 re

sis
tan

ce

Merc
uri

c r
es

ista
nc

e

Cop
pe

r re
sis

tan
ce

Nick
el 

res
ista

nc
e

Othe
r s

tre
sso

r e
fflu

x

Othe
r s

tre
ss 

res
po

ns
e

Con
jug

ati
on

 m
ac

hin
ery

To
xin

 / a
nti

tox
in

Anti
res

tric
tio

n p
rot

ein

Gen
era

l p
las

mid 
fun

ctio
n

Ins
ert

ion
 se

qu
en

ce
 / tr

an
sp

os
on

Int
eg

ras
e /

 re
co

mbin
as

e

Hom
ing

 en
do

nu
cle

as
e

Othe
r

Hyp
oth

eti
ca

l 0 5 10 15
Isoaltes

with Signature

0 50 100
Genes

in Signature

Antibiotic
resistance

Metal resistance 
operons

Spread / mobilizationResistance and stress response

Stressor 
efflux &  

response
mobile genetic 

Related toPlasmid 
uptake and 

maintenance

Percentage of coding genes 
in annotation category

3306
1359
3109
4598
1650
2129
4392
2858
3148
2169
1439
2675
2598
2643
2026
431

1983
2378
1603
754

1747
409

4382
1271
2277
119

2268
2843
2631
3485
3867
3729
522

E
3385
3864
100

3546
2958

D2
D1

C
B
A

bla
KPC

Beta
La

cta
m Res

ista
nc

e

Amino
gly

co
sid

e R
es

ista
nc

e

Arse
nic

 Res
ista

nc
e

Te
llur

ium
 Res

ista
nc

e

Merc
uri

c R
es

ista
nc

e

Cop
pe

r R
es

ista
nc

e

Nick
el 

Res
ista

nc
e

Othe
r S

tre
sso

r E
fflu

x

Othe
r S

tre
ss 

Res
po

ns
e

Con
jug

ati
on

 M
ac

hin
ery

To
xin

 / A
nti

tox
in

Anti
res

tric
tio

n P
rot

ein

Ins
ert

ion
 Seq

ue
nc

e /
 Tr

an
sp

os
on

Int
eg

ras
e /

 Rec
om

bin
as

e

Hom
ing

 End
on

uc
lea

se

Othe
r 

 Reg
ula

tor
y

Othe
r

reorder(Annotation, AnnotIndex)

re
or

de
r(S

ig
na

tu
re

, 
Si

gI
nd

ex
)

0.25 0.50 0.75 1.00
Value

0% 100%

Other / 
hypothetical

Si
gn

at
ur

es

Cargo

a b
elements 

Fig. S10: Signatures carried genes important for hospital adaptation and signature mobility. 
a, Each row in the heatmap corresponds to one of the 44 geographic signatures. Groups of signatures that 
nest into each other are separated by horizontal dashed lines. The predicted functions of 1,494 genes within 
our 44 signatures were categorized into five major functional categories, unless they fell outside of these 
categories (other) or no gene function could be predicted (hypothetical). The coloring of the heatmap 
indicates the percentage of genes of each signature that are assigned to a particular category. The identifiers 
of carbapenemase-carrying signatures are shown in red type and suffixed with -CP. b. Number of genes in 
each signature.



Sig1−CP
Sig10
Sig11
Sig12.1
Sig12.2
Sig13.1
Sig13.2
Sig14−CP
Sig15
Sig16
Sig17
Sig18
Sig19.1
Sig19.2
Sig2.1
Sig2.2
Sig20
Sig21
Sig22
Sig23
Sig24
Sig25
Sig26
Sig27
Sig28
Sig29
Sig3
Sig30
Sig4−CP
Sig5.1−CP
Sig5.2
Sig5.3
Sig5.4
Sig5.5
Sig5.6−CP
Sig5.7
Sig6.1
Sig6.2
Sig6.3
Sig7−CP
Sig8
Sig9.1
Sig9.2
Sig9.3

0 50 100 150

Si
gn

at
ur

es

Functional categories of cargo
Aminoglycoside resistance β−lactam resistance Carbapenem resistance HypotheticalMetal resistance operon
Mobile genetic element (MGE) related Other Other stressor resistance & response Plasmid transfer, uptake, and maintenance

Length (kb)

Fig. S11: Details of signature content. Schematics are shown for the gene content of each 
signature, including the five with blaKPC. Genes are colored according to broad functional 
categorizations (Materials and Methods).
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Fig. S12: Signatures were highly conserved and likely derived from a common ancestral 
sequence. The number of confident, unambiguous single nucleotide variants (SNVs) differentiating 
signature instances was calculated for each of the 44 geographic signatures, through comparison of 
each instance to the signature’s representative sequence using Pilon [98]. a, Number of isolates 
carrying each signature. b, Box plot of SNV frequencies. SNV frequencies were calculated by 
normalizing the count of SNVs between each signature instance and the reference sequence (c) with 
the signature’s length. 
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Fig. S13: Geographic signatures with blaKPC can occur in multiple configurations across 
several species and plasmid groups. The heatmap on the left indicates the presence of 
signatures Sig5.6-CP and Sig5.1-CP, and the alternate boundaries of the latter, across the twelve 
isolates found to harbor the signature(s). The gene content of each signature is shown on the right.
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Fig. S14: Geographic signatures with blaKPC occurred in multiple configurations across several 
species and plasmid groups. a, The core genome single-nucleotide variants (SNVs) and plasmid and 
geographic signature carriage of five nearly identical Citrobacter portucalensis isolates is shown. b, Alignment 
of the MS-621 plasmids carried by all isolates a. Two of these plasmids carry Sig5.1-CP, indicated with the 
bright yellow bars and triangles. The locations of the blaKPC and of insertion sequence IS26 are indicated with 
red and grey rectangles, respectively. Inversions in the alignment are indicated with orange connector lines; 
matching regions are indicated with green connector lines. In one isolate, plasmids MS-840 and 
MS-621 cointegrated, which is indicated by blue alignment flanks.
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