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Portion of a contig on 3D: 15 Mb

Zoom Show buried clones Search CB Unit Range Contig stats
1.4 : )
M _ i = )R ] E - i Clones: 1227 (300 buried)
Ctg23 of D_phasell final_03 06 2012 gake=g2y
Sequenced: 141
Length: 9961 CB units
AT3D2550
] AT3D2552
AT3D2553
BF482491 AT3D2548
AT3D2558 BM134557
AT3D2557 AT3D2544
_ AT3D2554 BE489185
AT3D2556 AT3D2551
= RI466P06 HD506E12* TCMO11j02 RI327118* HD529G01 HD440j08 RI498021 HD347)12 HD298M07
RI5S67F16* HD240118* HI228B01* HD372B10* HD462F08 RIS83E21 HD501J05 HD357C22 HI231E19
HD512E11 HD519H23 HD315N03 HD350105 HD439A19% HDO55D11  HI244M04 HD438H08* RI272B10
RIG09I09* HD228021 HD310EQ5 HD439L15 HD410G08 RI318010 RI626B20 RI1480122* RI261G10
RI548G14 RI305107 HD478C01 RI354G20* HD295B10 HI307B08 HD328B24 TCMO39KO5  RI632H12
HD438M18 RI514B10* HD345)19+ TCMO014D15 HD484G11* RI440A10* HI337G15 RI397D0GRI207M17
HD447K05* HD332L14* RI525J09 HD276N22* TCM001C11 HD276109 HD480N10* RI585B11* HD471NO3
MI300C18 HD581C23 RI219J15 HI221M21 HD427L23 HD584005 HD303E24 RI299E22HD378E02
RI479A24 HD205H11 RI377)24 RI455A03 HD369P12 HD470D23* RI492B06* HI249P01  TETO14BO5
HD538C11 HD385L08 TCMO24N23 HD363117 HI288H05* MI256108 HD600C05 HD382C12 HD400j07
RI261IM17  TCMO036J06 HD533A20 HD318B02 HD404122 HD564017 HD299122 MI264D06  MI248D14
RI324N07 RI225I19 HDO99G16 MI274D13 MI258D15 HD286008 RIS93E03 HD310G01*  RI453K04
RI461D23 MI309A15 HDO61D10 RI308P17* HI283K15 HI211P22 HI258P07 RI273E19 RI458M14
MI309M07 RI452D14 HD594C21 RI638D19 HD575A12 HD577F16 HD530M06 TETO08B02 ~ HD388P13
RIS35H21* HD365N14 HI336E03 MI267G05 HD228013 HD153C15  RI249P08 RI319108  RI320K20
31465C09 HD543022 RI415N01 RIS8IK02 TCMO18H11 HD334015 RI324016 HI285H24  RI212E13 TCh
R1604105* HD295F20 TET029)17* HD583M20 HD522C09 HI229)20+* HD135C01 HD137A10 HD235D02 HD
518N04 HD535015 HD275M02 HDOD4F 23 HD615E01 HD538K01 HD442117 HI255L05  HD394P05 HD1
258A22  HD135M21 HD564P21 HDOG6ONO2 RI441L20 RI563D18 HD350N18 RI330EL7*  MI257A15 RIS
)540H22  HI265)09 RI541116 RI445G21* RI539D20 HD350001* RI216018 HD568L01 RI336L03* HD1
11456)08 HD227F21* RIS21F03 HD289D09 HD140C08 RI214E10 MI258N02 HD476F15 HD489005 HDzZ
356C04  HDS83F1l* MI265F08 HI283N11 HD358C17 RI493L19 HD289B18*  RIS92M11* HD436018 HD2:
1233810 HD400009 MI293D10 HD304A16 HD322B19 HD342013 HD288N08 HD230123 HD452C06 HI20¢
30024 HI251)04 HD581A09* HD431G13 HD422H14 RI314K19 MI256C06 RI526C19 HI351007  HD417I2:
275K24  HI273L19 HD102F05+ RIS03A16% RI602H23 RIZ90C22 RIS41INO6  MI290NO9 HD375D10* HD489KO!
312F08  RIS66G02 HD419K15 HI241E16 HDS67E17 HD353G02 HD375P12  RI238H18* RI635E14  HD529K1¢
9005*  RI457A03 HDO58K02 HI338N19 HD584P20 RI255G14* TCMO48F09  RIS40C22 MI226E03  HD354/114
123 MI244M11 HD567L16 RI451M03 MI268H13 HD418B08  HD225G03 RI368D24  RI544118
D22 RI224F17 MI286P05 RI2Z75H07 RI445N03 RI509015 RI359017* RI627N23 RIS48E21 HD310J03




Genetic map of the Aegilops tauschii genome

1,102 F, plants

7,185 SNP gene loci mapped

Chromosome 3D:

1,101 gene loci

204 cM




BAC-based physical maps

3,578 contigs

85% anchored on linkage maps



BAC DNA prep
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Challenges of next-generation sequencing

O errors in contigs and scaffolds

O ordering and orienting scaffolds (limitation of BAC
contigs, contamination issue)

O estimating gap size between scaffolds

O creating superscaffolds and building pseudomolecule

A sequence-independent technology that can aid “de novo” sequence

assembly is needed.




Optical mapping: OpGen technology

“Optical Mapping is a de novo process that generates whole genome, ordered
restriction maps with no requirement for previous sequence information.”




Advanced optical mapping:

BioNano technology

OpGen

0 High throughput
O Uniform DNA stretching
Precise DNA length measurement

O Low error rates in assembling
BioNaNo




Comparisons with NGS assembly

Nanomap assembling
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BioNano maps for the Ae. tauschii genome

e BAC-based BioNano maps (Hastie et al. 2013, PLoS One)

e Whole-genome approach



Data collection

e Nick restriction: Nt.BspQ1

e BioNano Irys System, chip v. 2

e Total molecules collected (>20 Kb): 901 Gb
* Average label density: 12 sites per 100 Kb

e Molecules used for assembly (>150 Kb): 411 Gb (100X)



Results of initial assembly

>5Mb  4-5Mb
26 47
(26) (47) 3-4Mb

. (116)

Average length: 1.09 Mb

Total assembled length: 4.4 Gb



Results of initial assembly

>SMb ) cvib
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N50 = 1.56 Mb




Coverage and assembly

Coverage No. contigs Length (Mb) Average (Kb) N50 (Kb) Time (hr)
20X 7,261 3,015 415 493 14
30X 6,838 3,866 565 720 29
40X 5,372 4,087 761 1,034 35
50X 4,884 4,175 855 1,166 56
60X 4,576 4,202 918 1,281 60
70X 4,351 4,230 972 1,361 69
80X 4,158 4,275 1,028 1,462 86
90X 3,964 4,283 1,081 1,539 98

100X 4,072 4,435 1,089 1,561 102
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Coverage and assembly
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How we are using the BioNano maps?

Detect contentious regions
Rectify order & orientations
Sizing gaps

Locate unanchored BAC scaffolds

v VWV V V V

Build pseudomolecules



Detection of contentious regions:

extra sequence

13 Kb
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Detection of contentious regions:

mis-assembly
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Detection of contentious regions:
error in scaffolding
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Detection of contentious regions:

error in scaffolding
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Detection of contentious regions:
error in scaffolding

JI|I J ] ||| } BioNano contig
L NGS scaffold



Detection of contentious regions:
error in scaffolding

JI|I J ] ||| } BioNano contig
L NGS scaffold




Detection of contentious regions: repeats
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Locating unanchored BAC contigs/scaffolds
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Link BAC contigs
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Merge of nanomap contigs

Nanomap ctg3
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Merge of nanomap contigs

S/8152
145Kb

| J. |_IH H|| [ BioNano contig
L NGS scaffold



Merge of nanomap contigs

Average length

No. of contigs (Mb)

Initial assembly 4,072 1.09 1.56

1st round merge 3,665 1.21 1.74



Problem in BNG or NGS?

I — BioNano

B NGS

Chr. 1 Chr. 2



Problem in BNG or NGS?
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Problem in BNG or NGS?

ctg740

4D at 71.368 cM

Contig stats

Clones: 275 (75 buried)
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Zoom Show buried clanes Search CBUnit Range
= |whubc Yes @ No ] to 1921
~ . . Markers: 4
CEg740 of D_phasell_final_04_01_2012
Sequenced: 26
Length: 1922 CB units
AT:
AT4D4A0TS
ATAD401T
AT4Da018
HD4s85011* MIZBSPDS HD2313C18 RISBT1MO2™ HD4T2003
HO585G10* HD293L23 E12 HD524401 HE455A16
HD221.110 RI3I6G11* RIZ43L02 HDS48120 HD383C12%
TCMDA1AIS RINZ6C18 RI433110 HIZ32E03 HOATSDT RIGEADH
HD215F14 RIS0409° HI309M 13 RI3sE24 HD4T424 RI281L23
HO383K0Y HO441H02 HIZH3A08 RI363N12 RI326.02 RI394B14
RI208014 HD260C13 HD201620 MIZESL04 RI49E14 HD201.J01
RIZSGM20 RI352019 HD1ZIMZ4 HO434E21 MIZZBF13 HIZITHID
HD461E16 HD212K18 HD30BM13 RIZ1IKN HDZ20BE1S TCMDOEDDT
HDZ26G05 HI345C11 RIZIID0 HIZ02K22 HD531KO1 RIZT4H12
RIS83.J07 HIZAEHDE RI326L20 MIZ94N21 23 RIS18D21
HOZZEKD4 RIS4TLZZ RI3BTK10 R HIZSIM12 RI34IP1T* HDZO05A0%
RIS40L22 HE366022" HIZ31014 HR374M19 HOZZ3M21 RIZE8AZT® HO411NIE"
RiZ32C09 RISS3EDS RI331B13 HIZ83A0T HDSESI18: RI344E19 TCMOS3C16
RI3SOFS HD588A23 TCMO37C03 HB230J05 RI3TONT HiZz4G22* RiZ83K10*
MIZ0THZD MI302122 msoania HDSG1 IS HD127124 HDIZ3M21 HDSETAT
HOSE9M15 RI458L22 RIS01804 HD422N19 MIZBSF24 HIz2T012* HO465H14
RI4B4P18 HIZ45H24 HDS83003* HDS0BG13* RI410011 MI262C16* MI223F06
MIZSTI12* HIZ24AL14* HIZS6ADS HE208C18* RISSIKOT MIZE1C22 MI252020
TETOO2KOT 1304409 RI&23C11 HI249104 RIS3TH23 HDASELOT HD108KD2
HOZ05F16 TEMOS0I21 RI4TIC04* RI353021 RIG10M2 HO41ZN06 HD354613
TCMOA4L24 TET010016 TCMO40L20 MIZEAMOS HIZ34A23* RIS22E13 HDSE7C09
HDZEG0TT 1238007 RISGOS00G TCMO10F 16 HIZTBNS HD4Z4ER1 MIz25N2
HD333A12 HD529M16% HD265001 RI&28003% RIZ94HO9* RIATZF14 HD305M15
HI345F09 RIZBBNOT HD102A07* RI443N02 RIZIBCIZ TEMOSOKZ4 HD369016*
HIZABL24 RISS2E19 RIZ3ZA02* HDS76D0B  HD232B02 MIZHN1S RI416115*
HIZ46010 HIZTOATT RIZOTROG HIZS2KZ2 R1336K09 RISSTP14* HIIZ2Y
HE614P20 HIZB3104 RI482ATE RI41ZE1B HIZB9E20°
MI27SI05  HD3ESBOA* HD233123 HIZ4801T

290B15

HD294014

RIS90MOS

HD290017

RIS93F13*
P - I [ I | I T O | - PP T I [ " P T P 7 " T




Problem in BNG or NGS?

Chimeric BAC contig!

ctg740
4D at 71.368 cM

Zoom Show buried clones search CBUnit Range Conkig stats
:-3 Whola Vs @ o 2 to [1921 Clones: 275 (75 buried)
hs . . Markers: 4
CkgTa0 of D_phasell_final 04_01_2012
Sequenced: 26
Length: 1922 CB units
AT:
AT4DADTS
ATAD401T
AT4ADA018
HD4sasD11* MIZBSPDS HD233C18 RISETMO2* HD4T2003
HO585G10* HD293L23 RIZI9E1Z HD524401 HE455A16
HD221.110 RI3I6G11* RIZ43L02 HDS48120 HD383C12%
TCMDA1AIS RINZ6C18 RI433110 HIZ32E03 HOATSDT RIGEADH
HD215F14 RIS04009* HI30GM13 Ri315824 HD4TH24 RIZEIL23
HO383K0Y HO441H02 HIZH3A08 RI363N12 RI326.02 RI394B14
RI208014 HD260C13 HD201620 MIZESL04 RI49E14 HD201.J01
RIZ5&M20 RI3SZONS HD1ZIMZ4 HOA34E21 MIZZBF13 HIZITHID
HDAS1E1S HD212K18 HD30BM13 RIZ1IEN HDZ20BE1S TCMDOEDDT
HDZ26G05 HI345C11 RIZIIDOT HIZ02K22 HD531KO1 RIZT4H12
RIS83.J07 HIZAEHDE RI326L20 MIZ94N21 23 RIS18D21
HDZZEK04 RIS4TLZZ RI3B1IK10 i, uf HIZ5IM12 RI34IPT1 HDZO5A09
RIS40L22 HE366022" HIZ31014 HR374M19 HOZZ3M21 RIZE8AZT® HD411N1E"
RiZ32C09 RISS3EDS RI331B13 HIZ83A0T HDSESI18: RI344E19 TCMOS3C16
RI3SOFS HD588A23 TCMO37C03 HB230J05 RI37ON11 HiZz4G22* RiZ83K10*
MIZ0THZD MI302122 eoamsa HDSG115 HD12T124 HDIZ3M21
RI458L22 RIS01804 HD422N19 MIZBSF24 HIz2T012*
RI4B4P18 HIZ45H24 HDS83003* HDS0BG13* RI410011 MI262C16*
MIZSTI12* HIZ24AL14* SEADS HE208C18* RISSIKOT MIZE1C22
TETOO2KOT 1304409 RI&23C11 HI244104 RIS31H23 HD3SSLOT
HOZ05F16 TEMOS0I21 RI4TIC04* RI353021 RIG10M2 HO41ZN06 HD354613
TCMOA4L24 TET010016 TCMO40L20 MIZEAMOS HIZ34A23* RIS22E13 HDSE7C09
HDZEG0TT RI238J07 RIGHSC0G TCMD10F 16 HIZTEINS HD4Z4EZ1 MIZ25112
HD333A12 HD529M16* HO265007 RI&28003* RIZO4HD9* RISTIF14 HD305M15
HI345F09 RIZBBNOT HD102A07* RI443N02 RIZIBCIZ TEMOSOKZ4 HD369016*
HIZABL24 RISS2E19 RIZ3ZA02* HDS76D0B  HD232B02 MIZB4N16 RI416115*
HIZ46D10 HiZTaa17 RIZOTFOG HIZSIKZT RII3IGKOS RISSTP14* HIZZIZY
RISYIF13®  HD294014 HE614P20 HIZB3104 RI482ATE RI41ZE1B HIZB9E20°
290815 RISI0MOE HD290017 MI27SI05  HD3ESBOA* HD233123 HIZ4BO1T
T TR T e rwwwwwe v | B 00 xR

IR - IR [ I | W



Problem in BNG or NGS?



Merge of nanomap contigs

S/8152
145Kb

| J. |_IH H|| [ BioNano contig
L NGS scaffold




Cross-contamination during NGS
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Cross-contamination during NGS

0 0.2|5M 0.5M 0.75M ™M 1.25M 1.5M 1.75M 2M 2.25M 25M 2.75M 3M 3.25M 3.5M 3.75M 4aM

[ oo b b oo b b o b b o b |
i L] |

124152 122111 1

T T T T T I T T l T T T T T T
25M 0.5M 0.25
144;40 122113
I T
.25M 0.5M
121681

NGS ID 124152 144740 121681 122113 122111 169737 169736 141808 151796 169739 96983 133889 133888 133891 133873 136037

Scaff. L h
cat-Leneth 229,584 -- 102,312 505,262 235,860 540,245 -- 90,789 - 271,199 435,311 137,494 715521 418,277

BAC ctg# ctgl60 ctg372 ctg2901 ctgl60 ctgle0  ctgl202 ctgl202  ctg4835 ctgd8 ctgl202  ctgb83 ctgl202 ctgl202 ctgl202 ctgl202 ctgl918

.25M

Chrom. # 4D 5D 4D 4D 4D 4D 4D 5D 4D 4D 1D 4D 4D 4D 4D 4D
o e o T R - - - |
BES count 9 8 9 12 12 12 12 20 14 12 11 10 10 10 14 8

Pool size 8 8 6 7 7 10 10 6 8 10 8 8 8 8 8 8



Cross-contamination during NGS

Scaffold size  Chrom. by
(bp) pool#

BNG_Chrom. ¢ _¢told derived marker  CMTO™ Approx. cM

Scaffold# .
Assignment mapped

cM by pool# BNG map#



Cross-contamination during NGS

Scaffold size  Chrom. by
(bp) pool#

BNG_Chrom. ¢ _¢told derived marker  CMTO™ Approx. cM

peaielcs Assignment mapped

cM by pool# BNG map#

3539.3 78,963




Cross-contamination during NGS

Scaffold size  Chrom. by
(bp) pool#

BNG_Chrom. ¢ _¢told derived marker  CMTO™ Approx. cM

peaielcs Assignment mapped

cM by pool# BNG map#

307,372 RIM2.1F2R2

367,728 RJM5136.1F1R1

144,366 RJM57.5F1R1

147,939 RIM262.2F1R1

365,412 RJM2080.1F1R1

396,715 RIM2172.1F2R2

78,963 RJM3539.3F1R1

187,367 RJM3691.3F1R1

147,347 RIM3947.4F1R1

149,318 RIM4121.3F1R1




Cross-contamination during NGS

Scaffold size  Chrom. by
(bp) pool#

BNG_Chrom. ¢ _¢told derived marker  CMTO™ Approx. cM

Scaffolds Assignment mapped

cM by pool# BNG map#

307,372 RIM2.1F2R2

367,728 RJM5136.1F1R1

RJM57.5F1R1

RIM262.2F1R1

365,412 RJM2080.1F1R1

396,715 RIM2172.1F2R2

RJM3539.3F1R1

187,367 RJM3691.3F1R1

RIM3947.4F1R1

RIM4121.3F1R1




Ordering and orienting scaffolds &

estimating gaps
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Super-scaffolding to pesudomolecules
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Super-scaffolding to pesudomolecules
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Nanomap ctg27 (7.4 Mb)
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In progress

O Improve the current nanomap

O Establish a pipeline to generate AGP file to guide error
correction of NGS assembly and scaffolding

O Construct pseudomolecule for each of the seven
chromosomes.



From our experiences

It is possible to construct whole-genome nano maps for large and
complex genomes.

Contamination is inevitable if using clone-based approach; but nano
maps will place unintended clone to its right location.

Whole genome shotgun sequencing will be better off if assembly is good
enough to aligh them on nano maps.

HMW DNAs with high quality are essential.

Consistence of data quality is critical (in contrast to sequencing; 4700 Gb
vs. 901 Gb).

We do see chimeric BioNano contigs, 11 among ca. 3000 contigs
examined (0.4%).

BAC singletons won’t contribute much to fill gaps.
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