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��� ������������� �� ��� ������� �� �� ������-�� ���� ������ ��� �� ������"��
 ��� ������
������������� ����� ������"�� 3������������������� �������� ��� �� ��������4 �� �����"��
3����&�������� �������� ���� ��� ������4 �%���� �� ����� �� ����� ���� ��������� �����
������������ ���������
 5� 
**� +����� 6����� ����� �� ���� �� ��� ������ ��� ���/
������ 7 ����� ��������� ����������� ���������� ������ ���������� �����"���� 7 �� �������
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�� ������ ������������������ �������� ���� ������-�� �� ������"�� ��� ���� �������� 7 ��
������ �� ���������� ����� ������ ����������� 7 ��� �� ������������� �������� �����������
3'@A4
 5��� �� ��-��� ����� �� ������������� �� ���� &����� �������������� �������� ��
���������� ����������� ���!� ��� ���� ������������ �$�
 �� ������ ����� ���� ,��� ���
������������� 3��8 8μg/mL4 �� ��� ������ �� �������������� 3��8 � 4μg/mL4
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#	�
����� ��	 �	�����	 � � � � � � � � � � � � � � � � � � � � � � � � � � � � �&
'	
�������� �� ��	 �	�����	 �� �	�	��� (������
 � � � � � � � � � � � � � � � �&
���� ���	�
��� �����	� � � � � � � � � � � � � � � � � � � � � � � � � � � � � �)
*���	������ �	��		� (������
 +���$��	 ��
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�-�� ��� �� �
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��� �������� ���� �� ��������� �
���	� ���������	 ��	��	�	� ��� ����������� �� ����������	�
������� ����� ��� 	�������� ���		��� �� ���	� ��������	 ��� �������� ���������� �������
�������� ����	������
 ������ 	 ������ �� ���������� ����� �� ��	������� !����� � ���
����	� ��� "�	� ��������� 	�����	 ��� 	�	�������� �� ���������� ���� ��	����� ���� �� #$%&�
������
 ������ �
���	� ��	�	� �� ����������	� �� ������	��
 ��� 	�������� ���		���� ���
�������� ����� ������ ���� ��	�	���� ��� ��� ����������	 ��		 ���������

���� 	������ ������	 �� 	����		��� �	� �� ���	� ���
	 ' ����� ������ ����	���	���� ��
������ �������� ' ��� ���� �
���	� ���� 	������� ����� ��� ���������� ���������� ��� ��
��� ��	�	���� 	�����	 � ��� ����	 ������ (���� ��� #$$)	� �� ��� ���������� ������ ��	 ����
��	�������� *	 ��� ���� ��	�+
*� ,)#%� ��� !���� ������ -�
���	����� �����	��� �� �������
 ������ �� ��� 
����� ����.

���� �� ������������� ��	�	������ ��� ���������� �� ��������� 	�����	 ���� ��� ���������
��	�	����� �������	�	 �� ��� �� ���� �������������	 ��	 
�����
 ���
����	��� �	��������
�� ���.������ ��������	 /,#,0� 
 	���� ������� ��� ���� ��� ,))).,)#& ������ ���1�� ���

�����
 ���	������� �� ����������	 �� ��� ������	� �� �����.���
 ��	�	����� /#)20�
3����� ������	 ����� �� � ��	�.���������� ���� ��� ��� ������	�	 ��� ���� ��		���	���� ���
��������� 	����� �� ��	�	���� ��� �����.��	�	���� ��������� 	�����	 �������
�	 ��� ������.
���� ��	����� 3������ 	��
����	 �� ����� ������� ����� ���������	 ����� �� ����� �������
����������	� *� �	 �	������� ���� �� ,)&)� ����� ��� �� #) ������� �����	 ��� ���� ���	��
�� ���������	 ��	��	�	� ���� ���� ������ ������	 /#&%0�
3���� ��� ������������ ��� 	����� �� ������������� ��	�	����� �	 ��� �� ��� ��	� 	�����	
������	 �� 
����� ������� 
�����
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!��� εi
���∼ N (0, σ2)� σ2 > 0� ��� ������ ����� ��� β ��� �6���� �� ��� ������� %������� ��

��� ���������� ��� �
7����%� �� �� ���%��� ��������� β̂ �� ��� ���8������ β ����������
��� ����� εi = yi − β̂�Xi� / ������ �������� �� �� �������� ��� �
� �� �	
���� ������
�%�� ��� n �
���%�� ��������
��� ���������� ��� ���� 
� !������ �� � ������������ ���
���5

min
β

||y −Xβ||2 = min
β

n∑
i=1

L(yi, f(Xi)) ,�.

!���� L(yi, f(Xi)) �� � ���� �
������� ��� �� ��� ������
��� ���� �� ��� ������ �����������
f(Xi) = β�Xi� /� ���������� ���
���� �� ��� ������ ���
��� �� ��%�� 
� ��� ������
�	
�����5

β̂ = (X�X)−1X�y. ,-.

3��������� ������ ���� !��� ��� ���� ���
� ����� ���� �!� �
7����%��5 ���������� �� �
��������� %��
�� �� ����������� ��������� ������ �� �����%����� ���0��� ��� ����������
����� �6����
*� ��� (��� ����� ��� �
7����%� �� �� �������� ��� �������������� ����������� �� ��� �����'
���� ����������� 	��� �� ������� �� ����� �������� ���� ��� ��� 
��� �� 

��� ��� ������
*� ���� ����� ��� �������������� �� ��� %����
��� 
��� ��� ��� ����� ��� ����� ���8�������
�� ����������



Y n
X

p

H0

8μg/mL
� 4μg/mL
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yi = βjXi,j +Wiα + εi,j, i = 1, . . . , n, j = 1, . . . , p,

εi,j ∼ N (0, σ2) σ2 > 0 W ∈ R
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α ∈ R
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����#  ��� �������
���"
	 :

min
β

||y −Xβ||2 + λ||β||22, �;�

��� ����� � �
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(��)�!� ����* ������ � +(,- ������ �� ��� ����������� ������� �������� ������ !������
�� � ��� ������
 &�� �* ���� .������ ���/����� �� ����������� �� � ������ ���� �� ��
��� (, ������� ��� ��������	 ����� ����!����� ��� ������ �� ����* ������ � D	 ��#���
�� ��� ��������� �� ��� �������� ��������� ���* ���� ���� ��� ���* ���� ��������  ����
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"� � ��� !������	 ��� (, �� ��� �� ��� �� ����)� ����! ��� !�����
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� �����* ���� �� ��� ������������� ������� ����� �� ����������� � ���! ��� �������

&������	 ��� ������ �� (, �� ������� ������� �� ��� ��������� ������� ��������
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����� �������� ���1�� �� ������ !�� �� �� ����� ���������� ��������
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8��� ��� � ��� 9:40 ������� �� �� )��� ���� ��)��! ���� ���� �� � �������� !������
��� �� �� ������ ��� ��� ������ �� ��������� �� ����� ����� ����! ������������ ���	 
5;	

%$	 $<6	 $$5�
 &��� �� ���� ���� ��������� ��� ��������� 9:40' ���� �� �� ����� ������
������ �����	 ��������� !������ ��� �����!�� ���������� �� ������	 ����� ��������� ��� ���)
�� ����������! ����� ������������ �5
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6�
 0� ��� � ������������ ������ ���� ����� ��
� ��� ������ ����� �� ��� �������� ���������' ���� ������ ��� �������� �� �������� ��
��������� �������
 8�� ��������	 �� � � ������ +4- �� ���! ���������� ��� ��* ���� �� ���
�������� �� � ����� ��� ����������� �� ��� �����������	 ��� ����� �� �������� �� ���������
������� ���
 4�� ����� � ������ +7-	 ��� ������� �� ��� ����������	 ����� �� ��* ���� ���
����������� ������ ��� ����������� �� ���� ����� ��� �� ����!��� � ��!��� ����� ����
����� �� ��� � ������� +=- ��������! ��� �������� ����� ������� ��� +8�! �� �-

���� ������� ���� ���� ��������� �� ���� �� ��� ��� ��� ������ ��� �� �� �� � ���
9:40 ���	 
5;	 
%$�
 8��� $<<5	 ��� �������� �� ������� ���� ���� ������  ���' ���
#���  ��� ��� ��������� ���������� +.=- �� ��� ������� ������	 ��� �������� ��� ������	
�� �� #���>����� ���������� �� ��� ����� �
5%�
 &�� ������  ��� ����� ������	 �� �����
��� ��� ������ ��� �� �� �� ������� �� � ������ �����' ui ∼ N (0, σ2

aK)	 ����� K �� �
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Resistant strain 
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j i

yi = βjXi,j + ui + εi,j, i = 1, . . . , n, j = 1, . . . , p,

X = UΛV � X U
n Λ

V

q U
W = Uq α

K K = XX�

X
K = XX� K = WW� W = UΛ u ∼ N (0, σ2

aK)
Wα α ∼ N (0, σ2

a)

σ2
a

β = 0 H0

yi = Wiα + εi, i = 1, . . . , n,

W = UΛ α ∼ N (0, σ2
a) ε ∼ N (0, σ2)

λ = σ2

σ2
a
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min
α

||y −Wα||2 + λ||α||22, λ =
σ2

σ2
a
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AZPAE1504
VTK 111062
AZPAE1492
AZPAE1491

AZPAE1504
AZPAE1506
VTK 111079
VTK 111112
AZPAE1484
VTK 106673
VTK 11107
AZPAE1213
VTK 106700
VTK 106672
AZPAE1498
AZPAE1494
VTK 11551
AZPAE1214
VTK 115506
AZPAE1481
AZPAE1486
VTK 106702
AZPAE1499
AZPAE1469
AZPAE1496
VTK 11114
AZPAE1501
AZPAE1242
AZPAE1471
AZPAE1455
VTK 104432
AZPAE1503
AZPAE1495
VTK 115490
VTK 11549
AZPAE1493
AZPAE1485
AZPAE1494
AZPAE1214
AZPAE1501
VTK 111123
AZPAE1472
VTK 107724
VTK 107742
VTK 115512
AZPAE1499
VTK 111074
AZPAE1506
AZPAE1507
VTK 11109
VTK 10668
AZPAE146 8
VTK 115497
AZPAE1480
VTK 105406
VTK 107735
VTK 10776
AZPAE146 9
AZPAE1215
AZPAE1488
VTK 111048
AZPAE1435
AZPAE1488
VTK 111056
AZPAE1495
AZPAE1497
AZPAE1453
AZPAE1489

AZPAE1453
AZPAE1506
AZPAE1492
AZPAE1490
AZPAE1482
AZPAE1214
VTK 106180
AZPAE1241
AZPAE1241
AZPAE1241
VTK 107733
VTK 115495
VTK 115496
VTK 111129

AZPAE1491
VTK 111082

AZPAE1485
AZPAE1493

VTK 107772
AZPAE1499
AZPAE1495
AZPAE1501
VTK 115517
VTK 106156
AZPAE1504
VTK 115484
VTK 106699
VTK 115502
VTK 106158
AZPAE1490
VTK 105356
VTK 105352
VTK 107730
AZPAE1494
VTK 111080
VTK 104414

AZPAE1487
AZPAE1488
AZPAE1504
AZPAE1496
VTK 107736
VTK 111052
AZPAE1437
VTK 106685
VTK 107744
AZPAE1498
VTK 115485
VTK 106159
VTK 111094
VTK 111109
VTK 106195
VTK 106155
VTK 10619
VTK 111099
VTK 115486
VTK 115476
AZPAE1488
VTK 115519
AZPAE1492
AZPAE1444
VTK 106706
VTK 111127
AZPAE1469
VTK 111140
VTK 111106
AZPAE1500
VTK 11547
VTK 11548 9
VTK 111058
AZPAE1473
AZPAE1491
AZPAE1488
VTK 111089
AZPAE1496
VTK 115514
AZPAE1501
VTK 111108
AZPAE1506
AZPAE1483
AZPAE1387
VTK 111084
VTK 111087
VTK 111116
AZPAE1473
VTK 111086
AZPAE1471
AZPAE1472
AZPAE1472
VTK 111075
VTK 11113
VTK 11105
VTK 106167
AZPAE1469
VTK 115492
VTK 107747
VTK 107755
VTK 111069
AZPAE1385
VTK 111107
VTK 106176
VTK 106200
VTK 106177
AZPAE1472
AZPAE1435
VTK 111067
VTK 111090
VTK 111088
AZPAE1471
AZPAE1497
AZPAE1442
AZPAE1484
AZPAE1500
AZPAE1484
AZPAE1487
AZPAE1388
VTK 111057
VTK 107738
AZPAE1468
AZPAE1494
AZPAE1490
AZPAE1472
AZPAE1470
AZPAE1470
AZPAE1470
AZPAE1470
AZPAE1470
AZPAE1505
VTK 111120
AZPAE1500
VTK 111144
VTK 115493
AZPAE1506
AZPAE1486
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AZPAE1499
AZPAE1437
AZPAE1505
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AZPAE1498
AZPAE1498
AZPAE1490
AZPAE1486
VTK 107685
AZPAE1498
VTK 107739
AZPAE1486
VTK 106160
VTK 107765
AZPAE1387
VTK 115475
VTK 107745
VTK 115509
VTK 106170
AZPAE1504
VTK 111047
AZPAE1443
VTK 106682
AZPAE1504
AZPAE1487
VTK 111095
AZPAE1503
AZPAE1498
AZPAE1505
VTK 111122
VTK 106690
VTK 111959
VTK 111096
VTK 111065
AZPAE1481
AZPAE1385
VTK 115507
VTK 11112
VTK 111124
AZPAE1489
AZPAE1493
AZPAE1482
AZPAE1500
AZPAE1497
AZPAE1496
AZPAE1482
AZPAE1486
AZPAE1471
AZPAE1471
VTK 111130
AZPAE1500
AZPAE1500
AZPAE1485
AZPAE1496
VTK 111117
VTK 106693
VTK 10774
VTK 11552 2
VTK 107729
VTK 106165
AZPAE1491
VTK 104566
VTK 11108
AZPAE1439
AZPAE1495
AZPAE1488
VTK 115500
AZPAE1499
VTK 115518
AZPAE1384
VTK 111133
VTK 111110
VTK 111064
VTK 107770
VTK 106708
AZPAE1497
VTK 111135
VTK 111103
AZPAE1489
AZPAE1469
VTK 111093
AZPAE1502
VTK 111078
AZPAE1484
AZPAE1502
AZPAE1504
AZPAE1494
AZPAE1469
AZPAE1485
VTK 107756
VTK 107757
AZPAE1501
AZPAE1501
VTK 107740
AZPAE1481
AZPAE1490
AZPAE1490
AZPAE1503
VTK 115505
VTK 107728
AZPAE1502
AZPAE1506
AZPAE1450
VTK 104572
AZPAE1502
AZPAE1505
AZPAE1493
VTK 111098
AZPAE1439
AZPAE1435
VTK 115479
AZPAE1489
VTK 115513
VTK 11548
AZPAE144 0
AZPAE1439
VTK 11550
AZPAE1385
AZPAE1385
AZPAE1469
AZPAE1501
AZPAE1470
AZPAE1503

AZPAE1490
AZPAE1496

Group 1 (n=433)
Group 2 (n=221)
Group 3 (n=18)

Chloramphenicol
Fosfomycin

Polymyxin B
Piperacillin

Cefepime
Colistin

Levofloxacin
Meropenem

Amikacin

5.50 Mb

6.72 Mb

7.59 Mb
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●AAC(3)−Ia

AAC(3)−IIIa
AAC(6')−Iai
AAC(6')−IIb

aadA5
aadA3

aadA15
ANT(4')−IIb
APH(2'')−IIa

BEL
CTX−M
dfrA22

EreA
gyrB:467/468

rmtF
AAC(1)

AER
SHV

AAC(3)−Ic
AAC(6')−33

aadA17
aadA4
dfrB2

gyrB:S466F
KPC
LCR
sul2

AAC(3)−IIa
AAC(3)−IIIb
AAC(6')−IIa

aadA13
VEB

AAC(6')−31
dfrA1

gyrA:T83A
TEM

AAC(6')−29b
APH(3')−Ib
APH(3')−Ic

arr
dfrA5

gyrB:E468D
IMP
tetC

APH(3')−IIa
APH(3')−VIb

dfrB1
PER
GES
rmtD
tetA

AAC(6')−29a
aadA7
dfrB6

parC:E91K
cat

gyrA:D87Y
parE:A473V
gyrB:I529V

APH(3')−VIa
gyrB:S466Y
parC:S87W
AAC(6')−Ib3

aadA24
floR

AAC(6')−Ib−Hangzhou
cmlA1

tetG
VIM

gyrA:D87N
AAC(6')−Ib'
ANT(2'')−Ia

CARB
aadA2
aadA6

strA
strB
OXA

parC:S87L
AAC(6')−Ib9

sul1
gyrA:T83I

ef−tu
mexG
mexS
oprD

mexH
oprN

mexZ
ampO
armR

soxr
FosA
mexE
mexF
mexY
nfxB

mexB
oprM

mexM
opmE
mexI

mexN
mexT
mexX
ampD
ompD
dacb

mexQ
nalD
poxb

ampR
APH(3')−IIb

mexK
PDC

mexA
parS

ampP
mexR
phoQ

ampDh3
mexC
mexD
mexJ
mvat
nagZ
nalC

opmH
parR

ampDh2
ampG

crec
cred

mexL
parE
phoP
creb
folP

gyrA
gyrB

mexV
mexW

oprJ
OXA−50

parC
pbp5
rpoB

Am
ik

ac
in

M
er

op
en

em
Le

vo
flo

xa
ci

n
C

ol
is

tin
C

ef
ep

im
e

Pi
pe
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ci

llin
Po

ly
m

yx
in

 B
Fo

sf
om

yc
in

C
hl

or
am

ph
en

ic
ol

0.15%
(0%)

0.89%
(25%)

5.80%
(50%)

99.03%
(75%)

100.00%
(100%)

●

●

MIC ( + )
MIC ( − )

Non−synonymous mutations

Efflux/Influx
Inactivation

Target alteration
Target replacement

Presence of AR genes
Integron related AR genes
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A. One biallelic SNP 

B. A biallelic and a triallelic SNP distant of > k bp  

C. Two biallelic SNPs in complete LD, distant of < k bp 
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5,811,302 unique k-mers 
10,819 repeated k-mers 
Longest node: 494,332 bp 

7,533,093 unique k-mers 
20,361 repeated k-mers 
Longest node: 252,871 bp 
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A) Multiple alignment of gyrA QRDR region

C) Graph view of the unitigs

B) Alignment of corresponding DBG unitigs
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scorei = |(Rupper,i − Supper,i)− (Rlower,i − Slower,i)|,
Rupper,i Supper,i

Rlower,i Slower,i
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GWAS on unique
features

[for amikacin]

Retrieve
corresponding fixed-
length kmers (1222)

Retrieve
corresponding unitigs

(47)

Build 5-neighboring
DBG (8 connected
components)

Select the most
associated features
[15 lowest p-values]

Knowledge:
- nb of regions
- type of variant

Annotate 8 genomic
regions

Annotate 1222 kmer
sequences, without
prior knowledge
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TPR vs nb of positive kmers/unitigs for amikacin resistance
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Amikacin resistance Levofloxacin resistance
D) mutation on gyrA QRDR region

E) mutation on parC QRDR region

F) mutation on HS histidine kinase/RR

A) mutation on AAC gene

B) presence of plasmid pHS87b

C) path in a non-coding region
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(A) DBG represents overlaps between strings 
DBG with k=4 

CCTT CTTC 

…CCTTCGCTAGTA… 

…CCTTCGATAGTA… 
TTCG 
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(B) A point mutation  is summarized as a bubble in the graph 

DBG with k=4 

CCTT CTTC 
CGCT GCTA CTAG 

TCGA CGAT GATA ATAG 
TAGT AGTA … 

(C) DBG can be compacted 

TTCG 
TCGC 

CCTT CTTC 
CGCT GCTA CTAG 

TCGA CGAT GATA ATAG 
TAGT AGTA CCTTCG 

TCGCTAG compacted DBG (cDBG) 

TCGATAG 
TAGTA 

All strings of length k=4 are considered Overlaps of length k-1=3 are represented by edges in the graph 

DBG with k=4 
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minq

1  2  3  4     ….              p 

input 

output 

Step 1 

Step 2 

Step 3 

Genome draft assemblies 
Phenotype data 

Variant matrix building 

Variant association  

Postprocessing of 
 significant variants 

Phenotype-associated genetic events 

0 
1 
0 
.. 
.. 

1 
2 
3 
.. 
n 

0 
1 
1 
.. 
.. 

= X 

• Linear mixed model to 
account for the 
population structure; Y = Xi  +WT + i 

  i in 1… p 

>str1_contig1 
catgtgctagtgtcg 
cagtgtcgtgtagct 
… 

• DBG construction; 
• DBG compaction; 
• Strain mapping. 

• Local neighborhood retrieval 
around significant unitigs; 

• Graph decoration with phenotype 
and statistical data, and 
annotations databases; 

• Visualization on web browsers; 

Tool: GATB (Drezen, 2014) 

Tool: bugwas (Earle, 2016) 

Tools: Boost (boost.org)          
_____-Blast+ (Camacho, 2009)            
_____-Cytoscape.js (Franz, 2015) 

X
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Panel Phenotype #unitig #sign. u. 
P. aeru levofloxacin 27 5 

Selected annotation Nb unitigs with annotation 
(Flq)GYRA 27 

(A)   Polymorphism: core gene 

Panel Phenotype #unitig #sign. u. 
P. aeru amikacin 21 1 

Selected annotation Nb unitigs with annotation 
(AGly)AAC6-PRIME 13 

(B)   Polymorphism: accessory gene (C)   Polymorphism: promoter 

(D)   MGE: gene in a cassette 
Panel Phenotype #unitig #sign. u. 

S. aureus methicillin 562 68 

Panel Phenotype #unitig #sign. u. 
TB ethionamide 27 5 

Selected annotation Nb unitigs with annotation 
(Bla)MECA 57 

Legend 
Pheno0 Pheno1 Not tested  

 

Node filling (phenotype status) 
Transparency: 
 

No= significant node 
Yes= neighbor node 

Node size (frequency) Node border (selection) 

Allele 
frequency: unselected         selected  high          low 

Selected annotation Nb unitigs with annotation 
fabG1 MTB 6 

(E)   MGE: gene in a plasmid (circular structure) 
Panel Phenotype #unitig #sign. u. 

S. aureus erythromycin 510 100 

Selected annotation Nb unitigs with annotation 
(MLS)ErmC 18 
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U   = Significant unitigs 
N  = Neighbour node within ne=2 edges 
O  = Other nodes 
 
     = Neighbourhood surrounding  
        each significant unitig 
     = Induced subgraphs defined  
        as the connected neighbourhoods 
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Graph 1: pattern in an accessory noncoding 
region 

Gene A Gene B 

152 bp 87 bp 

Panel Phenotype #unitig #sign. u. 
P. aeru amikacin 100 3 

Mapping on NCBI of the 6 selected unitigs drawing a red path 

Gene A: Hyp. prot in PFGI-
1-like cluster 

Gene B: ICE prot.,  
conjugal transfer prot. 

Graph 2: two neighbour resistance genes are 
selected  

Panel Phenotype #unitig #sign. u. 
P. aeru amikacin 83 4 

Selected annotation Nb unitigs with 
annotation 

Colour on 
figure 

(Phe)CML 18 
(AGly)AAC6-PRIME 14 

Selected annotation Nb unitigs with 
annotation 

Colour on 
figure 

[uniprot] Mercuric reductase 271 
[uniprot] Transposase for transposon Tn21 438 

Graph 3: two neighbour genes are selected together, 
one is a transposase (involved in gene mobility) 

Panel Phenotype #unitig #sign. u. 
P. aeru amikacin 1525 82 

A. B. 

C. 
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 �� ������ ��(� ����������� '����� ��� -. +����! 3����

��� nb4mut ����(���� ����' �� ������ ���� ���'��� ��� �� ��� (������� -. �� �  ���

�� ��������� �� 3� !5!%! "��� ��� dist ����(����
 (������� �6.�1������ +�� ��  ������

��� ���� '��� ��������� � ��������� �� +�� �� �������
 ��� ���)�������� (��������! 3������

(�����������+ �6.� ��� ��(������ �� ��7����� �� allele4fq ����(����
 �� ���+����� ��
�� �����( 8!

M ��	���	
 ��� �	����
 �
 ��� �� ��	�
 �� ����
��


�� i �� 1..N = 282� j �� 1..C = 150 ��
�� ���	� 	������ 
����	�� �	 ����� �� ����

�
 j ∈ M ��� Gi = 1 ���	
�� ���� �������	 ��
����	


�� k = 1 �� nb�mut ��
.�+
 � ��������
 posk
 ������� ���  ��� �9���(�����
:$,0 ;��� ��� ���� ���������<=
�
 k > 1 ���	 ����� dist ���'��� posk ��� posk−1=

�	�

 � �� ��� �������	


������ ��	�
��� ��

Allele ∼ B(allele4fq)=
�
 Xi = 1 ���	

�
 Allele = 1 ���	 Base ← ���=
�
 Allele = 0 ���	 Base ← �>�=

�
 Xi = 0 ���	
�
 Allele = 1 ���	 Base ← ���=
�
 Allele = 0 ���	 Base ← �*�=

?����+� �������� �� Base=
�	�

�	�

�	�
��������	 
� ��������� �	 �
� �� �
���

� ����� �� ,@#@  ����� '��� �� �-.� ����� '���  �������� ���� ���� ������ �
 �(�� ���(
$5#&  ����� �� ����� � �� ��+� �� ��� �����'�� �����2 �++���������� ��
 �++�������(�������

+������� �� ��� +����(�������! *��� +���������� �� $$&,  ����� ��� �� �����
 �� ����� �!
�� ��� ��(�������� ��� ����� �� � ;���� ��� ��  ����
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��� �������4����� 
����� ���� ������ !�� ��� �����
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�� �����������

����� ���� ������
���� ng� ����� �
���� �� ����� �� ��� �����
����������
���� ns� �
���� �� ���������� ������
��������������  ���� �� ���������� �����
 ns/ng�

����� ������!��" �����������# $������
���� �� ���� �������� ��� ������ ����%

����� ��� �
���� �� ����� ��������� �� � �����

����������������# $������
���� �� ������ ��� ���������� ����� ���"

&����� ���'
���" ��������'����� (��� ������ ���'
���"�

��������'��� )������� ��*������ �� ������ ���'
�������

��+�������� &����
�� ��+������ �� ������ ���'
������ ���,���

������"�� 	 ��� ������"�� -�

���� �+��� ������+���# $������
���� �� ��������� �+��� ��� ��� ������

�����������+���# $������
���� �� ��������� �+��� ��� ����������

����� ���"�

�����+���������  ���� �� ���������� ����� ,��� � ������*� �+���

.nsp/� ����� ���������� �����
 nsp/ns�

)�'
���� ������ �
�������� )
� �� ��'
���� ������ �� ��� ������

������������
� sp� )
� �� ������ �� ����� ,��� � ������*� �+����

������������
� sn� )
� �� ������ �� ����� ,��� � ������*� �+����
��������������� (��� ������ ����� ����� ,��� � ������*� �+����

��������������� (��� ������ ����� ����� ,��� � ������*� �+����

��+������� &����
�� ��+������ �� ������*� *���
� ������*� ��%

���� ��'
���� ������� ���������� �" ��� ��!����

�
�
 |sp− sn|/max(sp; sn)�
��!����������� cp� 0����� �� ��� ������� ������ ,� ,��� ���� ��

���������� ���� ������*� ���� ��'
������

��!����������� cn� 0����� �� ��� ������� ������ ,� ,��� ���� ��
���������� ���� ������*� ���� ��'
������

��+������� &����
�� ��+������ �� ������*� *���
� ������*�

�+��� ������� ���������� �" ��� ��!���� ������

������
 |cp− cn|/max(cp; cn)
��������������" 1������" ����� ���,�� ��� ������� ������ ��%

��������� ���� ������*�� ��� ������*� �+���
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 �
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���� ���� �������� �� ��������� ��� 	�
���� �������������

��� ��� 
�� ��� ��
������� 
�� ��� ��
��
�� ����
�����

������� ��	
 �� 
������

� ����� �� � ����	
�� ��
 �
��	�� �� ���	��� ���� �� ��� ���� ��
 sign�node�effect�sd
�
� sign�node�degree�sd� ���
 ���
� �� �
�� �
� ���
����
� 
��� �
 ��� �
���� �
� ��


length�pos�mean �
� length�neg�mean� ���
 ���
� �� 
� 
��� ���� � �������� � 
����


������� � ����� �
 ��� ���
������ �
 ����� ������ �� 
������ ��� �� ���	�� �� 0�

���� �� ���� ��� ���� ��
 ���  ��
���!����� ����	
��� ���
 
� ����"��� ��� ��"�	���

�	� �� ��"��	�� �� ����
���� �
����	���� �
 ���� ����� �� ����	���� ��� "������ �� ����

���� ��� �� ���	��� ��� �
�� "������ #
��$��% 
������� ��� �� ���	�� �� 0� �� ��
 ����

��
������� ��� ����
� "����� #
�"&��% 
�"���� ��� ��	
 ��
���!����� ��
������ �
�" ���
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 	��	�� � ���� �� �
��������
 �� �	����
� �������	�� ���� �	���� ��

���� �	�
� �	��	� 
��� �	����� �� ��	 ��	������
 �	������
�	�� �	����	 ��	 ����������

�� ��	 ��
�������	� �������	 ����	� �� ���	 ��
����
��

���� ������	
��	���

��	 ����
�
� �������	 ������ x� �	������
� ��	 �������	 ����	� ��� ��� ������ �
 ��	 ����
�
�
�����	� �� ����	� �
� �	
��	�� �� ��� �������	� ���	 �
 ��	���	 � ����	� �
� � ���
����
�	������
 �� ��
�
�	 ��	 �������	� �	���� �� �	�	��	� �
� �������	� �
 ��	 ����	� ����
�
� �����	�� �� ��
��	� �� ��	���� ���	�� �� 
	
 ����	� �����	��� ��	 �����
� ������� ��	� ��� ��	 ����
�
�
�����	�  �	�
 �
� ���
���� �	������
 �� 	��� �����
 �� x! ��	 �����	� �� ����	 �
� 
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��� ���������� 
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��	 ���
 �����	
�	 
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 ������
� � ��	������
 ���	� �� �� ���	 �� �� �	 ���	 �� ��	����
����	���� �
 �
� 
	
 �
�	�	
�	
� �����	�� "�
�����
� �
�� ��	 ���	� ����
�
� ����� ��

�	
	���	 � ���	� ��� ��	���� �� ��	 ����
�
� �����	�� 
���� �� �	�� �	
	��������	 �� 
	

���� #$%&� '	 �	�	� �
 ���� ���	 �� ���������� ���	�� �
� ��	�����
�� ��	 ��	�����
� ��
�	���	� �� ��	 ���	� �����	����( ��	 ���	 �����	�� ��	 �	��	� ��	 �� �
 ��	 ����
�
�
�����	� 
��� �	� ��
	�	� �� ��	 �	����	
� �� ��	������
 �	
	���������
� ���� ����	 �� ����
)
�

 �� ��	 ����������
�	 ����	��*( ��� �����	 ���	�� �	�� �� � ����	 ����� 
���	 ���
�����	� ���	�� �	�� �� � ����	 �����
�	�
+ �����	 �
� 
��	�� ��	� �	���� �� �	�	��� ���
� �	�	���� � ���	� �*	��
� ��	 �	��
����������
�	 ����	��*� �� ���������������
  ,-! #$%&� ��	 K����� ���������������
 �����	��
���	���� 	������	� ��	 ��	���	 �	
	���������
 	���� �� �������
� ��	 �����	� �
�� K�������
�	��
 �
 K−1 �
� ���	�� ��	 ���	� �	������
�	 �
 ��	 K��� ����� .	������
�	� �����
	�
������ ��	 K ��
� ��
 �	 ��	
 ����	���	�� ��	 ���	� 
��� ��	 �	�� 	������	� �	������
�	
�� �	�	��	�� �
� ��� ��	������
 �	������
�	 �� ���	��	� �
 � 
	
 �
�	�	
�	
� �	�� �����	��
'	 �
����	 �
 ��� ����� ��� ��	������
 �	����� 	��� �	�
�
� � ������ �� ���	�� 
���
�����
�� �����	�	� ����	�� '	 ��	 � ������� ���������������
 �����	�� �� �������	 ��	
���	� ���	������	�	�� / �	�	���
�
� ��	 ���	� �����	���� �
� �	������� / �
� �	�	��
��	 �	�� �������	� �	���� ���
� ��	 ���� 0�
����� 
	 	������	 ��	 ��	������
 �	������
�	
�� ��	 �	�	��	� ���	� �
 ��	 �	�� �����	��
'	 
�
 ��	�	
� ��	 ��	������
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����	� �	��	����
� ��	 � ������ �� �	����� ��� 	�������� ���) ��
��������
� 
���� 	��
�������� ����	�	
�� ��	 ����������
�	 ����	��*( ��	 ��
��������
 �����	� ��
 �
�		� �	
	���	��	� �� �
� �	���� � ���� ��
����
 �	������
� ��	 �� �� ��	 ����� �
� � �	�����������

��
����
� 
���� ������	� � ������ ��� ��
�
� ��	 ���	� �����	����  �		 �1 2�3!�

min
f

n∑
i=1

L(yi, f(xi)) + λΩ(f),  2�3!


�	�	 f �� � ���	� ������� L(y, f(x)) �� ��	 ���� ��
����
 �� �	 ��
����	�� Ω � �����	����
�	����	 ��� ��
����
� f � �
� λ � �����	�	� 
���� ����
� ��
������
� ��	 ����	��* �	�
		

���	� �����	���� �
� �	��
�
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�
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� 
�� ������ �	�������
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����� �� ��������� ��
�� ����

L(y, f(x)) = log(1 + exp−yx�β), �����

��
� y� 
�� ����� 	���	 ���

�� X 
��  �
��! ���������� 
�� ���
��� ��	��� �
� ���� �����
��� β 
�� ���

� 
� �
�"����
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 ��
� �
�� #
� 
��� 
���� �� $%&' 	���	 �
�����
��� 

 �
��	�� 
� +1 ��� �� $()�' 	���	 
� −1�
#
� 
�� ���
�� 
���� �  �	
��	��� �	�������
�
� ��
�	� � �  �	
��
 ��	 	
�� ����
�
� ��
����� ����� �� �  �	
��	��� ������	���
�
� 
� 
�� 	
���
�� ����
�
��� *�� 	���	 �� �

����
��


 
�� �	��� ��
� 
�� ������
 ��
����	�
��
+� 
��
 
���� ����	� ���� ����	�����
�
� ����
�
��, 
�� l1-����	
� �	���
� ./0/1� 
�� l2-
����	
� ������� .231 ��� �  �!
��� 
� 
�� 
�
 ��	��
��-��
� .4431� ����� ��� �!�������
�� �� ���� *�� 
�
  ��� ������
����
��� 
� 
�� 	���
 ����	
� ��� 
�� ��������� 
� 
��
��������
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�� l1 �
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 ��
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���	�
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λΩα(β) = λ

(
1

2
(1− α)||β||2l2 + α||β||l1

)⎧⎨
⎩
	���
 � �� α 7 /�
����� � �� α 7 5�
�	��
��-��
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+� ��� 
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�� λ ��� α ��	��� �� ��������� �� ��������� ����� ����	�
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���
�����

������� ��	��� 
�	�
��
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 ���

�  ������ �9:(� �	�
��
� ��� �������� �
� ������ �	�������
�
� ./2;1�
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� � 	����� �	������� ��� �
� ��

 
�� ����	���� ����  ��� ���
�
� ��� ��
��
��������� �� �� ��4, �
 ��� �� �!������� ��
� � ����� 	
�� ����
�
� ��� ��<� ��� � �����
����	
� ����� α = 0 �� �� �����

L(y, f(x)) = (1− y(x�β + b))+, ���<�

����� y �� 
�� ����� 	���	 ���

�� X 
��  �
��! ���������� 
�� ���
��� ��	��� �
� ����
������ ��� β ��� b ��� 
�� ��
� �
�� ���� �
��� ������� 
�� ������	��� ��� �
�  ������
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 ������
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� ���
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���	��	� ��
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�� ��
� ��� �
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���� �����	� ���

�� ���� �� � ������� 	
 ��������
� ��
���� 
�	 �	��
� x ��� x′� ��� ������ ����� 
���
�	�
����� ������ ��� ���� �� ������ ������� 
	  !"#

K(x, x′) = exp(−γ||x− x′||2), �����

����� γ �� 
�� ������
�� 	
 
�� ������� ��� �	��� γ ��$ 
�� ��	��� 
�� ��������
� ���������
��
� 
�� ���
���� ��
���� x ��� x′� ���� ��
� �	��
 ��� �	�%&��	 ��������
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	 � ���'��
������ 	
 �������$ �����' 
�� �	��� ���� ��	�� 
	 	(��)

��'�
*� ��� 
�� � �����'� ����� +,-. 
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�	 ��
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�� C (���� 
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Graph 2 Graph 3 Graph 1 

nh Label probabilities 

MGE LP 

1 0.42 0.83 0.58 0.17 

2 0.77 0.91 0.23 0.09 

3 1 0 

4 0.90 0.10 

5 0.94 0.06 

nh Label probabilities 

MGE LP 

1 0.55 0.54 0.45 0.46 

2 0.84 0.79 0.16 0.21 

3 0.68 0.32 

4 0.93 0.07 

5 0.86 0.14 

LP 
(AAC6’) 

MGE 
(CML) 

MGE 
(Tnp) 

MGE 
(merA) 

nh Label probabilities 

MGE LP 

1 0.51 0.49 

2 0.85 0.15 

3 0.92 0.08 

4 0.48 0.52 

5 0.69 0.31 

MGE 

> 2
≤ 2
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(A) Core genes are defined from 15 annotated reference genomes, and are then
searched by homology in the assemblies

(B) The distribution of several characteristics of the assemblies is compared
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The core genes (present in all 
genomes) are retrieved by 
sequence homology 

A collection of (aligned) core 
genes is built (each contains n 
homolog sequences) 

Some core genes are 
concatenated  to build n 
simplified synthetic genomes. 
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Resistance genes are inserted 
between the core genes. 
When accessory, presence 
patterns are conserved. 
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(A) Multiple alignment (B) cDBG 
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A) data simulated with population effect B) data simulated w/o population effect
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resistance

Shi,2007
1

2
21/87

5.55E-23
-3.84E-01

565/709
64/332

hot-spotin
a
core

gene
rpoB

RRD
R

hot-spotregion
described

forrifam
picin

resistance.
Palom

ino,2014
3,6

3
14/61

6.90E-15
-3.67E-01

683/709
200/332

hot-spotin
a
core

gene
gyrA

Q
RD
R

hot-spotregion
described

forquinolones
resistance

Palom
ino,2014

7
(23/23)

4
6/37

4.05E-12
-2.78E-01

494/709
50/332

SN
P
in
a
core

gene
katG

described
forisoniazid

resistance
Palom

ino,2014
4,5

5
6/36

6.93E-06
-2.51E-01

658/709
201/332

SN
P
in
a
core

gene
prom

oter
m
abA(fabG

1)-inhA
described

forethionam
ide
and

isoniazid
resistance

Lee,2000
12
(7.30E-05)

6
4/33

8.79E-06
2.72E-01

32/709
112/332

SN
P
in
a
core

gene
rrs,

16S
rRN

A
A
1401G

described
forkanam

ycin
resistance

Palom
ino,2014

8
7

8/34
3.04E-05

-3.24E-01
697/709

284/332
SN
P
in
a
core

gene
em
bB
Q
497R

described
foretham

butolresistance
Palom

ino,2014
16
(4.91E-04)

8
2/21

1.43E-04
-2.33E-01

639/709
223/332

SN
P
in
a
core

gene
rpsL

(30S
ribos.protein

S12)
described

forstreptom
ycin

resistance
Palom

ino,2014
9

9
3/34

2.12E-04
-3.84E-01

706/709
274/332

SN
P
in
a
core

gene
ubiA

(Rv3806c)
described

foretham
butolresistance

Safi,2013
notfound

Streptom
ycin

1
5/30

3.70E-31
5.44E-01

660/677
310/489

SN
P
in
a
core

gene
rpsL

(30S
ribos.protein

S12)
described

forstreptom
ycin

resistance
Palom

ino,2014
1,4,5

2
6/37

1.06E-28
-4.28E-01

509/677
73/489

SN
P
in
a
core

gene
katG

described
forisoniazid

resistance
Palom

ino,2014
2,3

3
25/113

2.87E-16
-3.39E-01

536/677
131/489

hot-spotin
a
core

gene
rpoB

RRD
R

hot-spotregion
described

forrifam
picin

resistance.
Palom

ino,2014
6,9

(17/17)
4

6/45
1.40E-09

-2.71E-01
582/677

216/489
SN
P
in
a
core

gene
em
bB
M
306V

described
foretham

butoland
rifam

picin
resistance

Shi,2007
13
(1.61E-04)

5
8/31

2.86E-09
-5.35E-01

670/677
450/489

SN
P
in
a
core

gene
rrs,16S

rRNA
C517T

described
forstreptom

ycin
resistance

Palom
ino,2014

7,8,10
6

13/69
9.18E-05

-2.16E-01
615/677

325/489
hot-spotin

a
core

gene
gyrA

Q
RD
R

hot-spotregion
described

forquinolones
resistance

Palom
ino,2014

12
(1.51E-04)

7
2/20

9.43E-04
7.46E-01

1/677
19/489

SN
P
on
core

gene
espG

1
Cellw

alland
cellprocesses

notfound
7

3/20
9.43E-04

7.46E-01
1/677

19/489
SN
Psin

a
core

gene
30S

ribosom
alprotein

S14
notfound

K
anam

ycin
1

4/38
1.24E-77

8.13E-01
8/484

144/187
SN
P
in
a
core

gene
rrs,16S

rRNA
A
1401G

described
forkanam

ycin
resistance

Palom
ino,2014

1
2

2/28
1.72E-09

6.91E-01
0/484

62/187
SN
P
in
a
core

gene
rpoB

I1187T
(outside

the
RRD

R)
Position

notdescribed
in
the
litterature.

also
found

forXD
R

3
2

3/27
1.72E-09

6.91E-01
0/484

62/187
SN
P
in
a
core

gene
Rv2000

neara
putative

transposase
forinsertion

sequence
elem

ent
also

found
forXD

R
notfound

(15/28)
4

15/102
2.26E-09

6.28E-01
1/484

66/187
hot-spotin

a
core

gene
rpoB

RRD
R

hot-spotregion
described

forrifam
picin

resistance.
Palom

ino,2014,also
found

forXD
R

2,6,7
5

3/24
1.30E-07

6.45E-01
1/484

62/187
SN
P
in
a
core

gene
prom

oter
espA

cellw
alland

cellprocesses
also

found
forXD

R
notfound

5
13/724

1.30E-07
6.45E-01

1/484
62/187

pattern
in
a
noncoding

region
upstream

Rv3122
+
each

side
of

re peated
transposase

forIS6110.
IS6110

isan
inserted

sequence
used

in
the
diagnosisofTB

and
in
TB

epidem
iology.Itm

ay
be
associated

due
to
lineage

effect
M
illan,2013,also

found
forXD

R
notfound

7
2/16

7.18E-07
5.76E-01

0/484
60/187

SN
P
in
a
core

gene
prom

oter
Rv0571c

Function
unknow

n
also

found
forXD

R
notfound

8
10/62

3.89E-06
5.93E-01

2/484
62/187

SN
P
in
a
core

gene
ubiA

(Rv3806c)
described

foretham
butolresistance

Safi,2013,also
found

forXD
R

notfound
9

15/85
1.50E-04

3.16E-01
21/484

85/187
hot-spotin

a
core

gene
gyrA

Q
RD
R

hot-spotregion
described

forquinolones
resistance

Palom
ino,2014,also

found
forXD

R
4

O
floxacin

1
31/85

9.66E-144
-8.88E-01

447/458
26/238

hot-spotin
a
core

gene
gyrA

Q
RD
R

hot-spotregion
described

forquinolones
resistance

Palom
ino,2014

-H
ooper,2015

1,2
2

9/68
1.59E-04

5.07E-01
1/458

61/238
SN
P
in
a
core

gene
ubiA

(Rv3806c)
described

foretham
butolresistance

Safi,2013
notfound

(4/47)
3

3/32
3.86E-02

-7.46E-01
456/458

232/238
SN
P
in
a
core

gene
Rv3909

Function
unknow

n
notfound

4
2/31

4.95E-02
-6.17E-01

456/458
232/238

SN
P
in
a
core

gene
Rv0244c

Probable
acyl-CoA

dehydrogenase
FadE5

notfound
Ethionam

ide
1

9/39
7.86E-11

-4.62E-01
220/248

76/172
SN
P
in
a
core

gene
prom

oter
m
abA(fabG

1)-inhA
described

forethionam
ide
and

isoniazid
resistance

Lee,2000
4

2
15/47

5.16E-10
-4.06E-01

212/248
60/172

hot-spotin
a
core

gene
gyrA

Q
RD
R

hot-spotregion
described

forquinolones
resistance

Palom
ino,2014

2
3

4/26
5.55E-04

3.19E-01
32/248

96/172
SN
P
in
a
core

gene
rrs,16

S
rRN

A
A
1401G

described
forkanam

ycin
resistance

Palom
ino,2014

1
(16/42)

4
10/68

5.95E-04
-2.80E-01

159/248
37/172

hot-spotin
a
core

gene
rpoB

RRD
R

hot-spotregion
described

forrifam
picin

resistance.
Palom

ino,2014
5,8

5
3/29

2.39E-03
-3.13E-01

221/248
90/172

SN
P
in
a
core

gene
em
bB
M
306V

described
foretham

butoland
rifam

picin
resistance

Shi,2007
7

6
3/20

1.10E-02
-6.58E-01

239/248
111/172

SN
P
in
a
core

gene
Rv0103c

Probable
cation-transporterP-type

A
TPase

B
CtpB

notfound
6

10/71
1.10E-02

-7.38E-01
248/248

164/172
SN
P
in
a
core

gene
katG

described
forisoniazid

resistance
Palom

ino,2014
62
(4.36E-06)

M
D
R

1
31/110

2.45E-62
-5.38E-01

549/580
257/631

hot-spotin
a
core

gene
rpoB

RRD
R

described
forrifam

picin
resistance.A

lm
ostallrifam

picin-resistant
strainsare

also
resistantto

isoniazid.
Palom

ino,2014
Traore,2000

2
10/74

2.87E-44
-4.97E-01

497/580
86/631

SN
P
in
a
core

gene
katG

G
ene

m
utation

in
katG

occursm
ore
frequently

in
M
D
R
strains

Palom
ino,2014

H
azbon,2006

3
5/41

9.81E-14
-2.88E-01

549/580
230/631

SN
Psin

a
core

gene
em
bB
M
306V

described
foretham

butoland
rifam

picin
resistance

Shi,2007
4

1/19
7.63E-03

5.94E-01
569/580

628/631
SN
P
in
a
core

gene
prom

oter
Rv3333c

putative
proline

rich
protein

(5/26)
5

1/22
2.91E-02

4.58E-01
563/580

625/631
SN
P
in
a
core

gene
Rv3812

PE-PG
R
S
fam
ily
protein

PE_PG
RS62

also
found

forisoniazid
X
D
R

1
6/68

3.66E-39
9.05E-01

1/577
59/112

SN
P
in
a
core

gene
rpoB

I1187T
(outside

the
RRD

R)
I1187T.In

LD
w
ith
the
5
nextsugraphs.

also
found

forkanam
ycin

1
3/27

3.66E-39
9.05E-01

1/577
59/112

SN
P
in
a
core

gene
Rv2000

neara
putative

transposase
forIS

elem
ent

also
found

forkanam
ycin

3
3/24

9.58E-36
8.83E-01

2/577
59/112

SN
P
in
a
core

gene
prom

oter
espA

cellw
alland

cellprocesses
also

found
forkanam

ycin

3
16/1118

9.58E-36
8.83E-01

2/577
59/112

pattern
in
a
noncoding

region
upstream

Rv3122
+
each

side
of

repeated
transposase

forIS6110.
IS6110

isan
inserted

sequence
used

in
the
diagnosisofTB

and
in
TB

epidem
iology.Itm

ay
be
associated

due
to
lineage

effect
M
illan,2013,also

found
forkanam

ycin

5
12/90

2.10E-34
8.21E-01

3/577
60/112

hot-spotin
a
core

gene
rpoB

RRD
R

hotspot-m
ostly

position
516

Palom
ino,2014,also

found
for

kanam
ycin

6
7/57

1.14E-32
8.58E-01

3/577
59/112

SN
P
in
a
core

gene
ubiA

(Rv3806c)
described

foretham
butolresistance

Safi,2013,also
found

forkanam
ycin

7
2/16

1.14E-32
8.44E-01

1/577
57/112

SN
P
in
a
core

gene
prom

oter
Rv0571c

Function
unknow

n
also

found
forkanam

ycin

(26/26)
8

14/80
2.05E-31

6.20E-01
17/577

75/112
hot-spotin

a
core

gene
gyrA

Q
RD
R

hot-spotregion
described

forquinolones
resistance

Palom
ino,2014

also
found

forkanam
ycin

D
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subgraphsw
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w
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w
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annotation

w
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antibiotic

resistance
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m
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w
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resistance

R
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resistance
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rifam
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and
isoniazid
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by

resistance
to

rifam
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kanam
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and
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Phenotype
(#subgraph

w
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m
in
q <0.05

/
#subgraphs)

Subgraph
rank
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over
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subgraph

unitigs

U
nitig

w
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m
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G
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m
in
q

E
stim

ated
effect

countper
phenotype:
Pheno0

(susceptible)

countper
phenotype:
Pheno1

(non-
susceptible)

M
ethicillin

1
71/565

7.68E-188
9.49E-01

2/342
158/159

M
G
E
w
ith
gene

annotation
m
ecA

gene
+
neighborhood

covering
7000pbsofthe

SC
C
m
ec
cassette

m
ecA

isthe
know

n
causalgene

form
ethicillin

resistance
G
ordon,2014

;Low
y,2003

(4/4)
2

99/735
3.39E-72

8.65E-01
5/342

157/159
M
G
E

recom
binase

genes+
neighborhood

covering
6000 pbsofSC

C
m
ec

com
plete

SC
C
m
ec
cassette

in
LD

w
ith
m
ecA

gene
IW
G
-SC
C
,2009

3
11/190

2.14E-61
8.13E-01

7/342
157/159

M
G
E

covers2000pbsofSC
C
m
ec

com
plete

SC
C
m
ec
cassette

in
LD

w
ith
m
ecA

gene
IW
G
-SC
C
,2009

4
13/117

2.29E-37
9.57E-01

5/342
155/159

M
G
E

covers1500pbsofSC
C
m
ec

com
plete

SC
C
m
ec
cassette

in
LD

w
ith
m
ecA

gene
IW
G
-SC
C
,2009

C
iprofloxacin

1
7/57

8.67E-104
-8.93E-01

726/749
13/242

hot-spotin
a
core

gene
parC

Q
R
D
R

described
forquinolonesresistance

G
ordon,2014

;H
ooper,2015

(163/163)
2

7/31
2.21E-76

9.55E-01
4/749

222/242
hot-spotin

a
core

gene
gyrA

Q
R
D
R

described
forquinolonesresistance

G
ordon,2014

;H
ooper,2015

3
5/77

3.26E-26
-5.38E-01

607/749
166/242

pattern
in
a
noncoding

region
upstream

m
ultidrug

efflux
M
FS
transporternorA

described
forquinolonesresistance

H
ooper,2015

4
7/294

3.71E-21
8.99E-01

1/749
66/242

pattern
in
a
noncoding

region
betw

een
glm
M
and

fm
tB
genes

genesdescribed
form

ethicillin
resistance

K
om
atsuzaw

a,2000
5

6/341
2.00E-19

9.07E-01
0/749

65/242
pattern

in
a
noncoding

region
each

side
ofa

transposase
transposasesrequired

in
the
replication

oftransposon
(M
G
E)

Erythrom
ycin

(1/1)
1

110/510
2.69E-100

8.23E-01
8/775

113/216
M
G
E
w
ith
gene

annotation
erm
C
+
replication

and
m
aintenance

protein,
representing

a
com

plete
circularplasm

id

described
forerythrom

ycin
resistance.A

llsignificantunitigsfallin
the

sam
e
sugbraph,suggesting

w
e
could

increase
the
SFF

value
to
explore

otherre gions.
G
ordon,2014

Penicillin
1

43/441
3.88E-77

9.34E-01
27/168

818/823
M
G
E
w
ith
gene

annotation
blaZ

blaZ
inactivatesthe

penicillin
(beta-lactam

ase
activity)

G
ordon,2014

;Low
y,2003

(14/14)
1

16/188
3.88E-77

9.24E-01
25/168

816/823
M
G
E
w
ith
gene

annotation
blaR1

blaR1
regulatesblaZ

activity
Low

y,2003
3

31/332
2.26E-66

8.92E-01
23/168

812/823
M
G
E
w
ith
gene

annotation
blaR1

(3'region)+
blaI

penicillinase
repressor

blaR1
regulatesblaZ

activity
Low

y,2003
4

2/76
1.99E-54

9.01E-01
26/168

813/823
M
G
E
w
ith
gene

annotation
blaR1

(5'region)
blaR1

regulatesblaZ
activity

Low
y,2003

5
2/52

1.53E-20
9.72E-01

149/168
634/823

pattern
in
a
noncoding

region
betw

een
an
hypotheticalprotein

and
thyA

gene
(thym

idylate
synthase)

Tetracycline
(1/1)

1
142/816

2.62E-263
9.29E-01

3/945
42/46

M
G
E
w
ith
gene

annotation
tetK

gene
+
replication

initiation
protein,and

plasm
id
related

proteins
tetK

described
fortetracycline

resistance
G
ordon,2014

Fusidic
acid

1
7/50

2.75E-136
-9.10E-01

906/907
67/84

polym
orphic

region
in
a
gene

fusA
(elongation

factorG
),targetoffusidic

acid
described

forfusidic
acid

resistance
G
ordon,2014

(14/14)
2

214/882
7.94E-49

9.24E-01
0/907

49/84
M
G
E
w
ith
gene

annotation
SC
C
fusC

cassette,including
fusidic

acid
resistance

protein
(fusC

)(subgraph
covers12,000

pbs,
includin g

~14
C
D
S)

described
forfusidic

acid
resistance

C
hen,2010

3
22/260

5.35E-43
9.24E-01

0/907
48/84

M
G
E

covers1,500
pbsofSC

C
fusC

sequence
in
LD

w
ith
the
causalgene

3
1/72

5.35E-43
9.24E-01

0/907
48/84

M
G
E

covers200
pbsofSC

C
fusC

sequence
in
LD

w
ith
the
causalgene

5
5/64

2.02E-22
-8.88E-01

874/907
81/84

polym
orphic

region
in
a
gene

purN

Trim
ethoprim

1
7/54

8.38E-24
9.69E-01

0/308
5/15

SN
P
in
a
gene

folA
(dihydrofolate

reductase,targetofthe
drug)

described
fortrim

ethoprim
resistance

G
ordon,2014

(51/51)
2

3/41
9.30E-18

-9.66E-01
308/308

11/15
pattern

in
a
noncoding

region
betw

een
an
hypotheticalprotein

and
a
V
O
C
fam
ily

protein
gene

fosB
belongsto

the
V
O
C
fam
ily
and

isdescribed
forfosfom

ycin
resistance

M
orar,2010

3
11/70

9.30E-18
-9.66E-01

308/308
11/15

polym
orphic

region
in
a
gene

C
ys-tR

N
A
(Pro)deacylase

(ybaK
)

4
2/30

6.82E-10
-6.32E-01

306/308
11/15

polym
orphic

region
in
a
gene

m
qo1

5
G
entam

icin
1

173/1193
1.30E-205

8.73E-01
2/980

9/11
M
G
E
w
ith
gene

annotation
aac(6')

gene
w
ithin

a
M
G
E

described
forgentam

icin
resistance

G
ordon,2014

(23/23)
2

127/367
9.02E-75

7.51E-01
7/980

8/11
M
G
E

sequence
ofthe

plasm
id
carrying

aac(6')
sequence

in
LD

w
ith
the
causalgene

3
2/23

9.01E-53
6.34E-01

4/980
7/11

M
G
E

sequence
ofthe

plasm
id
carrying

aac(6')
sequence

in
LD

w
ith
the
causalgene

4
1/29

1.04E-40
5.79E-01

5/980
7/11

M
G
E

sequence
ofthe

plasm
id
carrying

aac(6')
sequence

in
LD

w
ith
the
causalgene

5
2/56

1.49E-33
-8.31E-01

584/980
5/11

polym
orphic

region
in
a
gene

odhB
R
ifam

pin
(103/103)

1
3/31

5.42E-133
-6.67E-01

968/983
2/8

polym
orphic

region
in
a
gene

rpoB
described

forrifam
pin
resistance

G
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SFF=15

SFF=40

SFF=70

SFF=100

SFF=200

SFF=150

SFF=250

S. aureus ciprofloxacin

The raw DBGWAS results  with the different values for SFF, which are summarised in  this figure, are available at 
http://pbil.univ-lyon1.fr/datasets/DBGWAS_support/experiments/index.html#DBGWAS_all_results_different_SFF

SFF



SFF=15

SFF=40

SFF=70

SFF=100

SFF=200

SFF=150

SFF=250

S. aureus methicillin

The raw DBGWAS results  with the different values for SFF, which are summarised in  this figure, are available at 
http://pbil.univ-lyon1.fr/datasets/DBGWAS_support/experiments/index.html#DBGWAS_all_results_different_SFF
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SFF=100

SFF=200

SFF=150

SFF=250

S. aureus penicillin

The raw DBGWAS results  with the different values for SFF, which are summarised in  this figure, are available at 
http://pbil.univ-lyon1.fr/datasets/DBGWAS_support/experiments/index.html#DBGWAS_all_results_different_SFF
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SFF=15

SFF=40

SFF=70

SFF=100

SFF=200

SFF=150

SFF=250

S. aureus erythromycin

The raw DBGWAS results  with the different values for SFF, which are summarised in  this figure, are available at 
http://pbil.univ-lyon1.fr/datasets/DBGWAS_support/experiments/index.html#DBGWAS_all_results_different_SFF

SFF

SFF <

200



SFF=15

SFF=40

SFF=70

SFF=100

SFF=200

SFF=150

SFF=250

P. aeruginosa amikacin

The raw DBGWAS results  with the different values for SFF, which are summarised in  this figure, are available at
http://pbil.univ-lyon1.fr/datasets/DBGWAS_support/experiments/index.html#DBGWAS_all_results_different_SFF

SFF

SFF
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Phenotype
#feat with
q-val <0.05

Feature
rank Q-value Estimated

effect Genetic event Feature name green = described for the studied phenotype
orange = described for another phenotype

Subgraph rank
(if found by DBGWAS)
and minq if not in Table S3

Rifampicin 1 1.43E-45 5.04E-01 SNP in a core gene rpoB hot-spot region described for rifampicin resistance. 1
2 7.10E-22 -3.55E-01 SNP in a core gene katG described for isoniazid resistance 2
3 2.09E-18 -3.36E-01 SNP in a core gene katG described for isoniazid resistance 2

10 4 2.59E-11 3.31E-01 indel in a core gene rpoB hot-spot region described for rifampicin resistance. 1
5 6.28E-08 3.14E-01 indel in a core gene rpoB hot-spot region described for rifampicin resistance. 1
6 4.89E-06 2.01E-01 SNP in a core gene embB described for ethambutol resistance 3
7 8.26E-06 1.86E-01 SNP in a core gene embB described for ethambutol resistance 3
8 3.20E-04 2.39E-01 SNP in a core gene rpoB hot-spot region described for rifampicin resistance. 1
9 1.08E-03 -6.57E-01 SNP in a core gene gyrA described for quinolones resistance 5
10 2.24E-02 1.40E-01 SNP in a core gene rpsL described for streptomycin resistance 19 (5.30E-01)

Isoniazid 1 8.41E-274 -7.68E-01 SNP in a core gene katG described for isoniazid resistance 1
2 2.14E-248 -7.43E-01 SNP in a core gene katG described for isoniazid resistance 1
3 8.96E-61 4.57E-01 SNP in a core gene rpoB described for rifampicin resistance 2

240 4 3.13E-39 4.32E-01 SNP in a core gene embB described for ethambutol and rifampicin resistance 3
5 1.11E-37 4.31E-01 SNP in a core gene embB described for ethambutol and rifampicin resistance 3
5 1.11E-37 -4.99E-01 SNP in a core gene gyrA described for quinolones resistance not found
7 2.98E-37 -4.91E-01 SNP in a core gene embC described for ethambutol resistance not found
8 3.05E-37 -4.94E-01 SNP in a core gene kasA described for thiolactomycin resistance not found
9 1.08E-35 -4.78E-01 SNP in a core gene embB described for ethambutol resistance not found
10 4.54E-30 4.01E-01 indel in a core gene rpoB described for rifampicin resistance 2

Ethambutol 1 1.55E-19 3.97E-01 SNP in a core gene embB described for ethambutol resistance 1
2 4.01E-19 4.06E-01 SNP in a core gene embB described for ethambutol resistance 1
3 8.51E-15 2.96E-01 SNP in a core gene rpoB described for rifampicin resistance 2

67 4 8.08E-14 -2.78E-01 SNP in a core gene katG described for isoniazid resistance 4
5 3.23E-11 -2.59E-01 SNP in a core gene katG described for isoniazid resistance 4
6 2.52E-07 2.70E-01 indel in a core gene rpoB described for rifampicin resistance 2
7 6.00E-07 3.37E-01 SNP in a core gene gyrA described for quinolones resistance 3
8 7.93E-07 2.58E-01 SNP in a core gene rrs described for kanamycin resistance 6
9 4.16E-06 2.33E-01 SNP in a core gene rpsL described for streptomycin resistance 8
10 1.92E-05 5.36E-01 SNP in a core gene promoter eis_promoter described for low level resistance to kanamycin 11 (3.32E-03)

Streptomycin 1 1.96E-33 5.44E-01 SNP in a core gene rpsL described for streptomycin resistance 1
2 2.61E-30 -4.24E-01 SNP in a core gene katG described for isoniazid resistance 2
3 1.63E-26 -4.08E-01 SNP in a core gene katG described for isoniazid resistance 2

28 4 2.74E-13 5.68E-01 SNP in a core gene rpsL described for streptomycin resistance 1
5 3.24E-13 5.75E-01 SNP in a core gene rpsL described for streptomycin resistance 1
6 2.59E-08 2.35E-01 SNP in a core gene rpoB described for rifampicin resistance 3
7 5.40E-08 5.64E-01 SNP in a core gene rrs described for streptomycin resistance 5
8 1.75E-07 5.70E-01 SNP in a core gene rrs described for streptomycin resistance 5
9 1.93E-06 2.56E-01 indel in a core gene rpoB described for rifampicin resistance 3
10 1.41E-04 4.92E-01 SNP in a core gene rrs described for streptomycin resistance 5

Kanamycin 1 2.44E-149 8.55E-01 SNP in a core gene rrs described for kanamycin resistance 1
2 2.43E-45 7.82E-01 indel in a core gene rpoB described for rifampicin resistance 4
3 1.08E-44 8.09E-01 SNP in a core gene rpoB described for rifampicin resistance 2

105 4 1.83E-43 6.16E-01 SNP in a core gene gyrA described for quinolones resistance 9
5 3.12E-31 6.14E-01 SNP in a core gene pncA described for pyrazinamide resistance not found
6 1.01E-29 5.79E-01 SNP in a core gene rpoB described for rifampicin resistance 4
7 1.03E-28 4.63E-01 indel in a core gene rpoB described for rifampicin resistance 4
8 1.98E-25 4.92E-01 indel in a core gene pncA described for pyrazinamide resistance not found
9 1.12E-20 4.64E-01 SNP in a core gene promoter fabG1_promoter described for ethionamide and isoniazid resistance not found
10 2.75E-18 3.76E-01 SNP in a core gene gidB described for streptomycin resistance not found

Ofloxacin 1 2.83E-59 7.48E-01 SNP in a core gene gyrA described for quinolones resistance 1
2 2.19E-32 6.87E-01 SNP in a core gene gyrA described for quinolones resistance 1
3 4.95E-28 7.10E-01 SNP in a core gene rpoB described for rifampicin resistance not found

99 4 8.36E-27 6.65E-01 indel in a core gene rpoB described for rifampicin resistance not found
5 5.57E-22 4.11E-01 SNP in a core gene rrs described for kanamycin resistance not found
6 1.70E-19 4.82E-01 SNP in a core gene promoter fabG1_promoter described for ethionamide and isoniazid resistance not found
7 1.36E-18 5.20E-01 SNP in a core gene pncA described for pyrazinamide resistance not found
8 7.31E-18 6.74E-01 SNP in a core gene gyrA described for quinolones resistance 1
9 3.45E-17 4.90E-01 SNP in a core gene rpoB described for rifampicin resistance not found
10 5.49E-17 4.02E-01 SNP in a core gene gidB described for streptomycin resistance not found

Ethionamide 1 1.15E-19 4.73E-01 SNP in a core gene rrs described for kanamycin resistance 3
2 1.19E-18 5.54E-01 SNP in a core gene gyrA described for quinolones resistance 2
3 1.91E-18 5.35E-01 SNP in a core gene gidB described for streptomycin resistance 19 (6.32E-02)

105 4 1.10E-16 6.08E-01 SNP in a core gene promoter fabG1_promoter described for ethionamide and isoniazid resistance 1
5 2.04E-16 6.04E-01 SNP in a core gene rpoB described for rifampicin resistance 4
6 3.78E-16 6.15E-01 SNP in a core gene pncA described for pyrazinamide resistance 15 (4.84E-02)
7 1.50E-15 4.43E-01 SNP in a core gene embB described for ethambutol resistance 5
8 1.74E-15 6.12E-01 indel in a core gene rpoB described for rifampicin resistance 4
9 2.15E-15 5.37E-01 SNP in a core gene gidB described for streptomycin resistance 19 (6.32E-02)
9 2.15E-15 5.37E-01 SNP in a core gene gidB described for streptomycin resistance 19 (6.32E-02)

Resistome-based GWAS results for M. tuberculosis resistance to antibiotics.
For each antibiotic, the 10 first features most associated to the phenotype were reported, with their rank, q-value, and estimated effect (estimated of the linear model).
The type of targeted variant, with its gene annotation were also provided. Comments were coloured if the annotation was previously described in antibiotic resistance
literature: in green if this description concerned the tested antibiotic, in orange otherwise. The last column presents the corresponding subgraphs found by DBGWAs,

with their rank and minq.
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Panel (gen len Mbp) Phenotype Panel size k-mers in M Unitigs in M Patterns1in M Runtime on 1 core (mem GB)

TB (4.4)

ethambutol 1041 8.22 0.36 0.05 1h28m (3.5)
streptomycin 1166 8.32 0.37 0.05 1h40m (4)
rifampicin 1197 8.29 0.37 0.05 1h42m (4.1)
ethionamide 420 5.74 0.13 0.02 32m (3.4)

SA (2.7-3.1)
ciprofloxacin 991 23.13 1.12 0.48 2h15m (11)
erythromycin 991 23.13 1.12 0.48 2h10m (11)
methicillin 501 17.85 0.81 0.30 51m (4.1)

PA (5.8-7.6)
meropenem 280 54.46 2.36 1.01 1h37m (7.6)
levofloxacin 117 41.40 1.70 0.64 42m (2.9)
amikacin 280 54.46 2.36 1.01 1h37m (7.6)

1Patterns are the columns of the X matrix, containing the unique unitig minor allele description profiles (see Methods section). Association tests are
computed on the patterns.
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Panel Phenotype
number of subgraphs
top 100 5% FDR

TB

MDR 28 3
XDR 26 23
ethambutol 23 23
streptomycin 17 24
rifampicin 25 6

SA
ciprofloxacin 163 1877
erythromycin 1 444
methicillin 4 352

PA
meropenem 70 1
levofloxacin 56 5
amikacin 59 397
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Node ID Allele feq Pheno0 Pheno1 Seq Length 

n170 106 10/163 96/119 663 

n12598 174 151/163 23/119 36 

n17983 172 149/163 23/119 36 

n8021 63 53/163 10/119 45 

n170 n12598 

n17983 

n8021 
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