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Genome assembly 

Current Opinion in Microbiology

Volume 23, February 2015, Pages 110-120
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Requirements for accurate comprehensive 
genome assembly

• Accuracy sufficient for differentiation of unique and repeated sequences 

including homologous chromosomes

• Read lengths sufficient to span repeats

• Ideal: highly accurate sequence reads spanning from end to end of 

chromosomes (or at least spanning the longest repeat element in the 

genome, ~3-5Mbp)

• Current core technologies:

• ILMN – contigs in the kbp range

• PacBio/ONT/10X – contigs/scaffolds in the Mbp-10Mbp range

• Bionano – maps in the 20-200 Mbp range

• Hi-C scaffolds can span centromeres
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Genomics Technologies are Compatible

Bionano scaffolds and corrects sequence contigs and scaffolds

Hi-C spans centromeres

Bionano validates and improves assemblies
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Bionano Access software assembles de novo genome maps

6
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up to

1000x
improvement in contiguity

Correct assembly errors

Reduce fragment number
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Actinomyces black flying fox Cuccumber Honey bee Monarch Butterfly Raspberry Tobacco

aerobic Brewer’s Yeast Deer Hooded Crow Monk Seal Red Algea Tomato

Amaranthus Burying Beetle Diatom Horse Mosquitoe Rice Tomato (Arcanum)

anaerobic bacteria Cabbage Drosophila Horseshoe bat
Mouse (blood -1 FC, 
Blk6) Rice (Japanica) Trypanosoma

Anna's hummingbird Cabernet Sauvignon Duckweed Human Blood Mouse Lemur S.cryophilus† Valley Oak 

Arabidopsis Cercospora beticola Durum wheat (3x) Human Cell-line Mus Musculus S.pombe
Water sample 
(Microbiome)

BAC clones Carion Crow Dust mite Human Leukocytes Neisseria Meningitis Sea Goose Berry
Wasp (Cotesia 
plutellae)

Bacteria Chicken E.coli Jade (Succulent)
Organpipe cactus (S. 
thurberi) Seasquirt Wheat

Banana Chickpea Eggplant Jellyfish
Ornithorhynchus 
Anatinus (Platypus) Soy Bean Wheat Nuclei

Barley Chimpanzee Enterobacter
Kalanchoe 
(succulent) Papaya Spider Mite Wheat Rust (Fungus)

Bat (Leaf-nosed) Chrysanthemum eucalyptus Kashmir flour beetle Paprika
Staphylococcus 
Aureus Wild Rice

Bat (Vampire) Clover Fire ant Kingfish Pea Stickleback Fish Wild tobacco

Bat (Cave myotis) Coffee Fish Komodo dragon Peanut Stawberry (Diploid) Woodchuck

Basil Corn Fusobacter Leishmania Pedicoccous
Strawberry 
(Pentaploid) Xanthomonas

Blackcap Cotton D genome
Gardnerella 
vaginalis Lettuce Pichia Streptomyces Yarrowia

Brasilian Grass Cotton strain Geotrichum Lizard Pit Viper Sugar Beet

Broccoli
Cotton (G. 
sturtianum) Goat grass Maize Plasmodium Sugar beet Fungus

Bed Bug†

Cotton (G. 
herbaceum cv. 
Wagad) Gonium

Manduca (horn 
worm) 500 Mb Platypus (Pythium)

Beef Tapeworm 
(Taenia saginata )

Cotton (G. hirsutum
cv. Maxxa) Grapevine (Nebiolo) Marine Viruses Planaria Sugar Cane

black flour beetle Crow
Haemonchus
contortus marmoset Rabbit T. cruzi

Unique Species Mapped Using Bionano



24

De novo Assembly of Diverse Genomes

• A representative subset of genomes mapped on the Saphyr system

Sample
Molecule N50

(kbp)

Bionano Map N50

(Mbp)

NA12878 293 55.9

Human Fresh Blood 307 56.9

Ferret 262 66.1

Mouse 280 101

Pig 335 65.2

Blackbird 243 21.6

Hummingbird 310 38.7

Kakapo 247 69.3

Fish 245 22.3

Brassica 270 12.4

Durum Wheat 364 13

Farro 300 32.7

Maize B73 260 100

Soybean 246 23

Strawberry 241 13.3

Sunflower 317 178.3
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Highest Quality Long Scaffolds

Species
NGS N50

(Mbp)

Scaffold N50

(Mbp)

% NGS 

Anchored

Maize B73 1.19 100 99.5%

Sorghum 3.05 34 95.9%

Kakapo 4.34 71 95.9%

Blackbird 1.47 42 95.0%

• Enabling projects like the maize pangenome – Corteva; Kelly Dawe

• High quality

• High contiguity

• Low cost

• Fast turn-around
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Highest Quality Hybrid Scaffolding

*Bickhart and Rosen, USDA
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Conflict point

Long intact molecules 

provide strong support 

for the accuracy of the 

Bionano assembly.

• Sequence assembly error flagging and correction

• Chimeric NGS contigs

• NGS contig overlaps

• Accurate N-gap sizing



27

Recent Bionano Advancements

Tissue preservation and 

small input amounts (10mg)

Automatable in-solution UHMW DNA 

isolation for up to 12 samples/day
• blood and cells

• Animal tissue

• Plants not yet supported

Significant increase in data throughput 

and yields 
• Scale to handle the wheat pangenome
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SP DNA Isolation from Frozen Nucleated Blood in Ethanol

✓Technote coming

SP DNA Isolation from Frozen Animal Blood (Non-nucleated)

RBCs with smaller mcvs are not as easy to lyse by freeze/thaw

Employ 1x RBC lysis with RBC lysis reagent (Qiagen)

✓Technote coming

SP DNA Isolation from Fresh Frozen Animal Tissue

5-20 mg of fresh frozen rat tissue

✓ Kidney, Lung, Liver, Prostate, Colon, Bladder, Thyroid

– Skeletal muscle, Breast

? Ovaries, Uterus, Testes

SP DNA Isolation from RT Preserved Animal Tissue 

All Protect (Qiagen)

Sample Prep Updates

Sample
Sample 

ID
Blood Volume
(in 50% ETOH)

DNA [ ]
(ng/ul)

Yield 
(ug)

N50
>20kb

N50
>150kb

Labels/
100kb

Map 
Rate

PLV NLV

Tern 1 50 µl 110 12.1 176 250 16.0 76.5% 7.6% 9.5%

Crow 2 50 µl 202 22.2 225 309 15.1 77.8% 3.2% 9.3%
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2 genomes/ day

6 genomes/day

More to come

*Mammalian sized genomes
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Increased throughput

Saphyr gen 1 -> 1300 Gbp x 2 flow cells per ~48-72 

hours

Saphyr gen 2 -> 320 Gbp x 6 flow cells per 24 hours 

or -> 1300 Gbp x 3 flow cells per 48 hours
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Applications
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Primate genomes assembly and variation

• PacBio sequencing and contig assembly

• Bionano scaffolding and error correction (dual NLRS)

• Hi-C, BAC, FISH scaffolding and validation
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Detection of large inversions required Bionano

• Bionano was required to 

detect 29 large inversions 

including pericentromeric

species specific inversions.

• “chromosomes constructed 

using Bionano and FISH 

captured all nine pericentric

inversions correctly”

• A ~265 kbp inversion on 

chromosome 13q14.3 detected by 

optical mapping in chimpanzee 

(annotated blue lines). The 

inverted region is flanked by large 

~180 kbp inverted SD blocks that 

vary with respect to copy number 

among great apes 
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Bionano DLS and ONT assembly
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Bionano DLS and ONT assembly

140 contig errors were corrected
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Structural changes are immediately recognized
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Resolving heterozygosity 

Resolving heterozygosity
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De novo haplotype map resolution is possible –
how about scaffolding

• Sequence assembly should have both alleles 

represented

• Map and sequence assembly should be put into 

phase, can be partially handled by Bionano hybrid 

scaffolder

• Bionano hybrid scaffold

• HS can perform diploid hybrid scaffold only with high 

heterozygosity, so far

• Diploid aware scaffolder may be needed to optimize 

scaffolding

• A map guided sequence assembler would be ideal
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Resolving heterozygosity with only one individual

Basic assembly (recommended for scaffolding) -> 1N

Ref

Hap1

Extend and split – resolving large (>30kbp) het. sites -> 1-2N

Ref

Hap1

Phasing is based on SVs at molecule ranges

(Bionano proprietary)

Ref

Hap1

Hap2

Extend and split + haplotype refinement - resolves >500bp het. sites (for human SV studies)  -> 2N
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Trio binning of cattle genomes

• Trio binning is an approach championed by Adam Phillippy and others

• Long read sequencing of a heterozygous individual

• Short read sequencing of parents

• Select maternal and paternal reads by alignment of parental ILMN sequences

• Bionano aimed to produce trio binned genome maps in order to improve 

phasing, more accurately scaffold contigs, and to identify maternal and 

paternal variants between individuals

• University of Adelaide, NHGRI, USDA, PacBio, Bionano Genomics, Phase 

Genomics, EMBL, University of Maryland 

• Wai Yee Low (Lloyd)

• John Williams
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Trio binning

Molecules 

aligning to 

both

110 Gbp

Molecules 

aligning to 

Brahman 

better

141 Gbp

Molecules 

aligning to 

Angus 

better

135 Gbp

228 

Gbp

222 

Gbp

Total dataset: 

450 Gbp

Molecules 

aligning to 

neither

64 Gbp

• Molecules were aligned to the Angus and Brahman sequences. 

• Based on the alignment score of each molecule to each sequence, they were assigned to the pool (Angus/Brahman) that they have

better alignment score with. 

• To maintain equivalent coverage throughout each genome, molecules that aligned to both sequences with similar scores (difference

<2) were split by half and assigned to each pool (Angus/Brahman). 

• Molecules that did not align to either sequence were also split by half and assigned to each pool (Angus/Brahman).  

Joyce Lee
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Assembly of Angus and Brahman cattle

Caution: Haplotype refinement is only designed for human SV studies, we have seen over 

splitting with some non-human genomes. Optimization of parameters may be needed.

Expect Trio binning 

Angus        Brahman

ES ES + Hap 

refinement

Total length ~3 Gbp 2.79 Gbp 2.87 Gbp 3.37 Gbp 5.86 Gbp

Map N50 33.97 Mbp* 28.62 Mbp* 71 Mbp 75 Mbp

Ins-Del vs Angus 388 6183 3325 6577

Angus Seq

Angus Map

Brahman Map
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Human trio binning for reference genomes – Bionano for 
parents

Molecules 

aligning to 

both

292 Gbp

Molecules 

aligning to 

mother only

81 Gbp

Molecules 

aligning to 

father only

78 Gbp

233 

Gbp

229 

Gbp

Total dataset:   

462 Gbp

Molecules 

aligning to 

neither

11 Gbp

• Molecules were aligned to the parental genome maps 

• Based on the alignment score of each molecule to each genome maps, they were assigned to the pool (father/mother) that they have

better alignment score with. 

• To maintain equivalent coverage throughout each genome, molecules that aligned to both genome maps with similar scores 

(difference <2) were split by half and assigned to each pool (father/mother). 

• Molecules that did not align to either sequence were also split by half and assigned to each pool (father/mother).  

father mother

Compared to cattle, 

more of the genome 

looks homologous 

(63% vs 24%)

Compared to using PacBio as 

parental haplotypes, a larger fraction 

of the child could be aligned to one 

of the parents (97.6% vs 87%) 

Erich Jarvis, Olivier Fedrigo, Arang Rhie, Adam Philippy, Joyce Lee



50

Parental Allele Assemblies after trio binning 

Child assembly

Paternally selected molecule assembly

Maternally selected molecule assembly



51

Hybrid scaffoldings of binned assemblies

Statistic BNG Sequence

Sequence used 

in hybrid

scaffold

Hybrid

scaffold

Number of maps 279 1953 792 112

N50 (Mb) 43.39 12.12 12.06 69.80

Total length (Mb) 2946.92 2864.24 2783.77 (97.2%) 2824.67

109 cuts were performed on 59 sequence contigs. 7 cuts were performed on 7 Bionano maps.

Mother allele selected:

Statistic BNG Sequence

Sequence used 

in hybrid

scaffold

Hybrid

scaffold

Number of maps 318 2538 1004 146

N50 (Mb) 51.13 12.53 12.69 79.78

Total length (Mb) 2951.80 2736.57 2686.29 2760.57

113 cuts were performed on 55 sequence contigs. 10 cuts were performed on 10 Bionano maps.

Father allele selected:
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Structural variation 

Resolving heterozygosity
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Cancer and genetic disease
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SVs of individual

Analysis Workflow: Reference Generation and Sample Specific Structural Variation

Sequence Assembly of 

reference

De novo genome 

map assembly of reference

Hybrid Scaffold as 

Reference

Reference Generation 

Hybrid scaffolding pipeline

Structural Variation Calling

Hybrid Scaffold as 

Reference

De novo genome 

map assembly of individual 

sample

Structural variation in assembly pipeline

*De novo genome 

map assembly of reference 

sample

SVs of reference*

*SVs of control caused by heterozygosity 

Variant Annotation Pipeline†

Individual SVs Reference SVs
Individual Specific 

Structural Variation

† Modification in progress
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A 71.9 kbp sample-specific inverted duplication

Reference 18

Sample map 

52

Reference 18

Sample map 

52

No control molecule 

supporting the 

duplication

Strong support by the 

sample molecules 

Duplicated area
71.9 

kbp
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Large genomes

Resolving heterozygosity
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Axolotl – 32 Gbp genome 

Done using older NLRS technology Nowoshilow, S., Schloissnig, S., Fei, J. et al. The axolotl genome and the evolution of key 

tissue formation regulators. Nature 554, 50–55 (2018). https://doi.org/10.1038/nature25458
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Emmer Wheat

Improved Genome Sequence of Wild Emmer Wheat Zavitan with the Aid of Optical Maps

Tingting Zhu, Le Wang, Juan C. Rodriguez, Karin R. Deal, Raz Avni, Assaf Distelfeld, Patrick E. McGuire, Jan 

Dvorak and View ORCID ProfileMing-Cheng Luo

G3: GENES, GENOMES, GENETICS March 1, 2019 vol. 9 no. 3 619-624; https://doi.org/10.1534/g3.118.200902

http://orcid.org/0000-0002-9744-5887
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Compute solutions

https://bionanogenomics.com/wp-content/uploads/2019/09/Bionano-

Genomics-Compute-On-Demand-One-Sheet.pdf

Current max data input is

• 5 Gbp for RVP

• 2.2 Gbp for de novo

Largest genome assembled to date on COD are 

• Oat - 11 Gbp (2.3 Tbp input data)

• Bread wheat - 15 Gbp (2.2 Tbp input data)

• Larger genomes – contact Bionano

https://bionanogenomics.com/wp-content/uploads/2019/09/Bionano-Genomics-Compute-On-Demand-One-Sheet.pdf
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Bionano genome maps show the true structure of the genome

DLS labeling chemistry yields up to chromosome length maps

Combining NGS and Bionano data produces assemblies of the highest quality

Bionano hybrid scaffolding is agnostic to the sequence technology used. No 

matter your sequencing strategy, we make your assembly better

Bionano is the ONLY non-sequencing based scaffolding technology capable of 

correcting sequencing-type errors

Including Bionano mapping data into de novo genome assemblies has become 

a de facto standard

Conclusions
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