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The	  MinION	  device	  





Sequence: 	  AAATCAAAA	  
	  
1.  AAATC 	   	  6. 	  AAAAC	  
2.  	  	  	  AATCA 	   	  7. 	  	  	  	  AAACT	  
3.	  	  	  	  	  	  	  	  	  ATCAA 	   	  8. 	  	  	  	  	  	  	  AACTA	  
4.	  	  	  	  	  	  	  	  	  	  	  	  TCAAA 	  9. 	  	  	  	  	  	  	  	  	  	  ACTAA	  
5. 	   	  CAAAA 	  10. 	  	  	  	  	  	  	  	  	  	  	  	  	  CTAAA	  

Each	  base	  measured	  up	  to	  10	  8mes!	  

Image:	  Torsten	  Seemann	  



45	  =	  1024	  signal	  levels	  
Dynamic	  range	  =	  35pA	  
Only	  0.2	  pA	  separa8on	  
	  

hZp://simpsonlab.github.io/	  



Sequencing	  workflow	  

MinION	   MinKNOW	  (local)	   Albacore	  (local)	  

Pore	  in	  
membrane	  

Array	  

ASIC	  

Samples	   Events	  

Basecalls	  

>read	  
AGCTAGCTACGATCG	  



Development	  8meline	  
Ju
ne

	  

MAP	  launched	  -‐	  MinION’s	  are	  
shipped	  w/	  test	  flowcells	  

Ju
ly
	  

R6	  flowcells	  shipped	  –	  first	  
data	  mainly	  1D	  68%	  500Mb	  

R7	  flowcells	  shipped	  –	  data	  
quality	  improved	  

N
ov
em

be
r	  

R7.3	  flowcells	  shipped	  
(current	  pore)	  80%	  iden8ty	  

Workflow	  1.9	  85%	  iden8ty/His-‐
tag	  protocol	  increase	  %2D	  

Se
pt
em

be
r	  

M
ar
ch
	  

Nanopolish	  -‐	  start	  of	  
signal	  level	  analysis	  

Au
gu
st
	  

Speed	  75bps/E6	  only	  
enzyme	  system	  1Gb	  

M
ay
	  

Mk1	  released	  –	  new	  
fan	  

O
ct
ob

er
	  

20ng	  input	  
protocol	  

M
ay
	  2
01
4	  

Low-‐input	  libraries	  –	  20ng	  
plus	  18	  cycles	  PCR	  	  

Fe
b	  
20
15
	  

Sampling	  rate	  3	  KHz	  
%87	  iden8ty	  

6-‐mer	  model	  87%	  
iden8ty	  basecalls	  



Development	  8meline	  (cont.)	  
Ja
n	  
20
16
	  

Fast	  Mode	  early	  access	  –	  550	  
bps	  6Gb	  ,	  new	  MinKNOW	  

Rapid	  1D	  library	  prepara8on	  
–	  15	  minutes	  

De
c	  
20

15
	  

M
ar
ch
	  

R9	  pore,	  270	  bps,	  RNN	  
85%	  iden8ty	  1D,	  95%	  2D	  
	  

Au
gu
st
	  

R9.4	  pore,	  450	  bps,	  1D	  by	  
liga8on	  >90%	  iden8ty	  1D	  

First	  PromethION	  shipped,	  48	  
flowcells	  144,000	  channels	  
	  

M
ay
	  



Yields
Max:	  2.6Gb	  
Mean:1.6Gb	  

porecamp.github.io/2016	  

hZp://www.biorxiv.org/content/
early/2017/04/20/128835	  



R9	  Rapid	  Kit	  Results	  (1D)	   Ultra	  reads	  



So	  you	  want	  to	  go	  whale	  watching?	  

The whale scale was invented by Matt Loose 882	  kb	  read	  with	  950	  kb	  alignment!	  	  





E. coli: genome assembly in 8 reads 

Read	  	   Length	   Ref	  start	   Ref	  end	   Time	  (m)	  

1	   876991	   4398844	   634183	   32.48	  
2	   696402	   470003	   1166405	   25.79	  
3	   799047	   1137438	   1936485	   29.59	  
4	   642071	   1759431	   2401502	   23.78	  
5	   826662	   2106227	   2932889	   30.61	  
6	   883962	   2699626	   3583588	   32.73	  
7	   825191	   3285196	   4110387	   30.56	  
8	   463341	   3995967	   4459308	   17.16	  

miniasm	  

N50	  4Mb	  
Time:	  1.5s	  (1	  CPU)	  









hZps://twiZer.com/igoodfel/	  



Isolate/ culture

Lots of pathogen
Slow / very slow (days-weeks)

PCR enrichment

Lots of pathogen DNA
Targeted (one pathogen)

Hours

Selective enrichment (baits capture)

Enrichment
Small amounts of pathogen DNA

Broadly targeted
~Day

Metagenomics

No enrichment
Fast

May require more sequencing

Metagenomics

Selective enrichment of 
nucleic acids

PCR enrichment

Culture enrichment

Known Unknown

✔

✔

✔

✔ ✔

Rumsfeld Matrix

✖

✖

✖ Slow

Fast

Moderate

Moderate

Human background

Pathogen
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NP VP35 VP40 GP VP30 VP24 L

1_F 3_F 5_F 7_F 9_F 11_F 13_F 15_F 17_F 19_F 21_F 23_F 25_F26_F 29_F 31_F 33_F 35_F 37_F

3_R 4_R 6_R 8_R 10_R 12_R 14_R 16_R 18_R 20_R 22_R 24_R 26_R 29_R30_R 32_R 34_R 36_R 38_R

1_F 5_F 9_F 13_F 17_F 20_F 23_F 26_F 30_F 33_F 35_F

4_R 8_R 12_R 16_R 20_R 22_R 25_R 29_R 32_R 35_R 38_R

All

19 rxn

11 rxn

Forward Reverse Length
1_F 4_R 1911
5_F 8_R 1901
9_F 12_R 1895

13_F 16_R 1874
17_F 20_R 2406
20_F 22_R 1371
23_F 25_R 1410
26_F 29_R 1898
30_F 32_R 1427
33_F 35_R 1396
35_F 38_R 1921

Forward Reverse Length
1_F 3_R 1426
3_F 4_R 973
5_F 6_R 952
7_F 8_R 941
9_F 10_R 940

11_F 12_R 958
13_F 14_R 906
15_F 16_R 974
17_F 18_R 969
19_F 20_R 1445
21_F 22_R 906
23_F 24_R 958
25_F 26_R 947
26_F 29_R 1898
29_F 30_R 946
31_F 32_R 901
33_F 34_R 963
35_F 36_R 977
37_F 38_R 975

A.

C. 11 reactions

B. 19 reactions

1_F 2_F 3_F 4_F 5_F 6_F 7_F 8_F 9_F10_F11_F 12_F 13_F14_F15_F 16_F17_F18_F19_F 20_F21_F22_F23_F24_F 25_F26_F 27_F28_F29_F30_F 31_F32_F33_F 34_F35_F 36_F37_F 38_F

1_R 2_R 3_R 4_R 5_R 6_R 7_R 8_R 9_R10_R11_R12_R13_R14_R15_R16_R17_R18_R19_R 20_R21_R22_R23_R24_R25_R26_R27_R28_R29_R30_R31_R32_R33_R 34_R35_R 36_R37_R 38_R



Guinea	  11	  reac8ons	  v2,	  98.4%	  coverage	  

Guinea	  19	  reac8ons	  v1,	  98.1%	  coverage	  

Guinea	  11	  reac8ons	  v1,	  95.9%	  coverage	  

Porton	  Down	  valida8on	  set,	  89.1%	  coverage	  

Coverage	  

Depth	  



Library	  prep	  8me:	  2	  hours	  	   Library	  prep	  8me:	  5	  minutes	  	  

Liga8on	   Rapid	  	  





Co
st
	  /	  
M
b	  



	  
RNN:	  
MinKNOW	  live	  
Albacore	  
Deepnano	  
	  
HMM:	  
Nanocall	  

	  
RNN:	  
Metrichor	  



Error	  Correc8on	  



Con8g	  Assembly	  

3
2

Celera	  Assembler	  produces	  one	  con8g	  at	  98.5%	  iden8ty	  

Jared	  Simpson	   Loman	  et	  al.	  Nat	  Methods	  2015	  



Selec8ng	  a	  Consensus	  

3
3

Mutate	  

ACTACGATCGACTTACGA 
CCTACGATCGACTTACGA 
TCTACGATCGACTTACGA 
       ... 
-CTACGATCGACTTACGA 
G-TACGATCGACTTACGA 
GC-ACGATCGACTTACGA 
GCT-CGATCGACTTACGA 
       ... 
GACTACGATCGACTTACGA 
GCCTACGATCGACTTACGA 
GGCTACGATCGACTTACGA 
GTCTACGATCGACTTACGA 

-190 
-192 
-171 
    
-176 
-191 
-193 
-168 
    
-198 
-191 
-195 
-181 

GCTACGATCGACTTACGA 



Assembly	  Accuracy	  
Drao:	  98.5%	  accuracy	   Polished:	  99.5%	  accuracy	  



Assembly	  Accuracy	  



Assembly	  update	  

•  Current	  best:	  R7	  +	  R9	  99.98%	  (>Q30)	  
•  Some	  success	  modeling	  hp	  dwell	  8mes	  



SNP	   Sequencing	  error	  

Consensus:	  

A G A A G A A A C G A A C C C T C C G G C T 	  

Read	  alignment:	  



Base calling metrichor-cli -w 
380

Convert nanopore squiggles to
nucleotide sequences

Convert to 
FASTA/FASTQ

poretools fasta --type 2D pass/
poretools fasta --type 2D --high-
quality fail/

Align to 
reference

bwa -x ont2d mem EM_079517.fasta 
reads.fasta

Local HMM 
realignment

marginAlign --inputModel input.hmm 
EM_079517.fasta reads.fastq out.sam

Extract basecalled information
from nanopore FAST5 files

Align sequences to reference

Iteratively improve alignment based on 
nanopore insertion/deletion/substitution 

rates

Event 
alignment

Map individual event k-mers to 
reference genome guided by base 

alignment
nanopolish eventalign

Variant calling
Extract candidate mutations from 
aligned reads, cluster them and 

evaluate them using a 6-mer HMM 
nanopolish variants

Consensus 
building

Mask positions in the genome with 
either i) <50x 1-D coverage ii) low-

quality variants detected iii) in primer 
binding site

Refer to IPython Notebook for details

Alignment 
trimming

Remove alignments outside of primer 
regions in case of adaptor 

contamination
align_trim.py





hZp://www.tommytrenchard.com/	  



hZp://apps.who.int/ebola/current-‐situa8on/ebola-‐situa8on-‐report-‐21-‐october-‐2015	  
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Outbreak	  coverage	  
265

13

89

14

61

33

54

35

50

20

10 9 7 7 7 4

0

100

200

Month

N
u
m

b
e
r 

o
f 
c
a
s
e
s

Confirmed

Sequenced

Date

S
a
m

p
le

2015

Mar Apr May Jun Jul Aug Sep Oct

2015

Mar Apr May Jun Jul Aug Sep Oct

Date sample was collected

Date sample was sequenced

265

13

89

14

61

33

54

35

50

20

10 9 7 7 7 4

0

100

200

Month

N
u
m

b
e
r 

o
f 
c
a
s
e
s

Confirmed

Sequenced

Date

S
a
m

p
le

2015

Mar Apr May Jun Jul Aug Sep Oct

2015

Mar Apr May Jun Jul Aug Sep Oct

Date sample was collected

Date sample was sequenced



F
e

b
 2

0
1

4

M
a

r

A
p

r

M
a

y

J
u

n

J
u

l

A
u

g

S
e

p

O
c
t

N
o

v

D
e

c

J
a

n
 2

0
1

5

F
e

b

M
a

r

A
p

r

M
a

y

J
u

n

J
u

l

A
u

g

J
a

n
 2

0
1

5

F
e

b

M
a

r

A
p

r

M
a

y

J
u

n

J
u

l

A
u

g

S
e

p

O
c
t

N
o

v

S
e

p

O
c
t

N
o

v

b GN1

c SL3

SL3

GN1

a

Guinea

Sierra Leone

Liberia

Country

Boké

Fria

Conakry

Dubréka

Coyah

Forécariah

Prefecture
Siguiri Guinea

Sierra Leone



Sequenced

T
a

m
a

ra
n

s
s
y

F
il
im

a

Confirmed case

Probable case

Hypothesised link

# Case number

2015-03-26

2015-03-26

2015-04-03

2015-03-26

2015-03-29

2015-03-26

2015-03-14

2015-04-02

2015-04-14

2015-05-19

2015-05-13

2015-05-14

2015-05-28

2015-06-18

2015-06-21

2015-06-29

2015-06-08

2015-06-25

2015-06-20

2015-06-19

2015-06-19

2015-06-29

2015-06-10

2
4

6
9

12
17
19
20
22
23
31
35

13
16

T
a

m
a

ra
n

s
s
y

F
il
im

a

Coyah

Boké

Conakry

Dubréka

Forécariah

# Case number

1 SNP

1

2 3 4 7 5 6 8

9 10

14 15

11

12 13

19 20 24 25 26 27

3428 31 32 33

16 22 17 18 23

353029 21 36

Sequenced

T
a
m

a
ra

n
s
s
y

F
il
im

a

Confirmed case

Probable case

Hypothesised link

# Case number

2015-03-26

2015-03-26

2015-04-03

2015-03-26

2015-03-29

2015-03-26

2015-03-14

2015-04-02

2015-04-14

2015-05-19

2015-05-13

2015-05-14

2015-05-28

2015-06-18

2015-06-21

2015-06-29

2015-06-08

2015-06-25

2015-06-20

2015-06-19

2015-06-19

2015-06-29

2015-06-10

2
4

6
9

12
17
19
20
22
23
31
35

13
16

T
a

m
a

ra
n

s
s
y

F
il
im

a

Coyah

Boké

Conakry

Dubréka

Forécariah

# Case number

1 SNP

1

2 3 4 7 5 6 8

9 10

14 15

11

12 13

19 20 24 25 26 27

3428 31 32 33

16 22 17 18 23

353029 21 36



hZp://ebola.nexrlu.org/	  









zibraproject.org	  





‣  1000km road trip through affected regions of NE Brazil
‣  Sequence 750 genomes …
‣  at a cost of <£50/genome - achieved through multiplexing
‣ Collect mosquitos at same locations
‣  Detect Zika and speciate mosquitos through RT and sequencing

Project	  Goals	  

Many	  differences	  to	  Ebola	  project	  

‣ Barcoding (native barcoding)
‣ Multiplex PCR scheme (35 amplicons in 4 pools)
‣ R9
‣ Volume not speed
‣ Mobile laboratory





ZiBRA management team

team1	   team2	   team3	   team4	  

Database	  
RNA	  extrac8ons	  

RT-‐PCR	  detec8ons	  
Virus	  sequencing	  

Mosquito	  capture	  
and	  iden8fica8on	  

IT	  and	  analyses	  
Media	  coverage	  





Collabora8on	  with	  
Ministry	  of	  Health	  
and	  LACENs	  from	  RN,	  
PB,	  PE	  and	  MA	  













ZiBRA project

235	  samples	  screened	  
27	  posi8ve	  for	  Zika	  
131	  mosquito	  samples	  
5	  mosquito	  species	  

280	  samples	  screened	  
26	  posi8ve	  for	  Zika	  
33	  mosquito	  samples	  
4	  mosquito	  species	  

324	  samples	  screened*	  
102	  posi8ve	  for	  Zika*	  
89	  mosquito	  samples	  
4	  mosquito	  species	  

140	  samples	  screened	  
17	  posi8ve	  for	  Zika	  
206	  mosquito	  samples	  
4	  mosquito	  species	  

269	  samples	  screened	  
10	  posi8ve	  for	  Zika	  
379	  mosquito	  samples	  
5	  mosquito	  species	  



Aedes aegypti captured in
Salvador, Bahia 

ZiBRA | 16 June 2016



Universidade de São Paulo (Tocantins)


LACEN Rio Grande do Norte (Natal)


LACEN Paraíba (João Pessoa)


FioCruz/LACEN Pernambuco (Recife)



LACEN Alagoas (Maceio)


FioCruz Bahia (Salvador)

Laboratories involved

633*

431 27

280 26

324 102*

140 17

232 11

70*

6

9

32*

12

5

%Positive

Total 1407 212 8

10,302

GO, TO, RR, 
AP, RS, PR, 
SP, MS, MT, 
ES, MG, AL, 
PI, DF

RN

PB

PE

AL

BA, MS

17 states

ZiBRA project



~55	  libraries	  sequenced	  in	  1	  week	  over	  5	  runs	  





ZiBRA project

Technical challenges: Zika 
Ct values are very low



Just	  eight	  genomes	  have	  >50%	  coverage	  

zibraproject.org/data	  



hZp://andersen-‐lab.com/zika-‐virus-‐pilot/	  





primal.zibraproject.org	  





Version 2.0 protocol now in use in USA and UK

andersen-lab.com/miseq-protocol-zika-virus-sequencing/

Two	  Florida	  samples	  Ct	  33.6	  and	  36.1	  sequenced	  in	  the	  Andersen	  Lab	  











Conclusions

Mobile sequencing is here
But	  sample	  prepara8on	  lags	  behind	  our	  ability	  to	  sequence	  

Many technical and logistical challenges
sequencing Zika in Brazil
But	  real-‐8me	  genomic	  surveillance	  coming	  online	  now	  

nextstrain.org/zika	  
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