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HIGH-QUALITY REFERENCE GENOMES ARE ESSENTIAL

NATURE BIOTECHNOLOGY   VOLUME 36   NUMBER 12   DECEMBER 2018 1121

 

A reference standard for genome biology
The Vertebrate Genome Project provides a new benchmark for those seeking to build reference genomes.

The first set of reference genomes recently released by the Vertebrate 
Genome Project (VGP) represents a watershed for genome sequenc-

ing. The VGP intends to generate reference genomes of species from 
all 260 vertebrate orders; ultimately, it plans to identify the nucleo-
tide sequences of all 66,000 vertebrates. These reference genomes are 
notable not only for their breadth but also for their completeness, accu-
racy and haplotype-phased, chromosome-by-chromosome assemblies. 
The project employs state-of-the-art sequencing, mapping and com-
putational technologies and draws on expertise worldwide to create a 
resource that promises unprecedented insights into vertebrate diversity 
and evolution. It is also establishing a benchmark of quality standards 
and best practices for the genome-sequencing field. 

Reference genomes are the cornerstone of modern genomics. These 
high-quality genomes are differentiated from draft genomes by their 
completeness (low number of gaps), low number of errors, and high 
percentage of sequence assembled into chromosomes. Although the 
genomes of viruses and some prokaryotes have complete end-to-end 
sequence information, nearly all eukaryotic genomes do not. Indeed, 
even the latest (19th) version of the high-quality human reference has 
hundreds of gaps, mostly in or near centromeres, telomeres, segmental 
duplications and ribosomal DNA arrays. 

The VGP’s first release of reference genomes includes four mammals, 
three birds, one reptile, one amphibian and five fish, many of which are 
endangered species. Remarkably, according to the VGP, the September 
release almost doubles in one swoop the number of high-quality verte-
brate reference genomes available to the research community. 

The effort, part of the Genome 10K Consortium, uses several tech-
nologies for genome sequencing and assembly: PacBio long reads, 10x 
Genomics linked Illumina reads, Hi-C chromatin mapping data and 
Bionano Genomics optical maps. The consortium aims to standardize 
the assembly and validation process to avoid systematic biases intro-
duced by any one strategy. The results will provide a unique opportunity 
to discover what combination of technologies yields the best outcomes. 

Sequencing today is largely dominated by Illumina’s high-throughput, 
short-read (~100–200 base pairs) technology, which has made the pro-
cess of decoding genomes much faster and cheaper. But this speed comes 
with a cost. The millions of short, overlapping reads generated by these 
instruments represent a complex puzzle that must be pieced together in 
the correct order and orientation. Computational algorithms are needed 
to assemble reads into continuous segments of DNA sequence (known as 
contigs) and to subsequently order and orient these contigs into chains 
(known as scaffolds), which often contain gaps. To improve scaffold-
ing, additional long-range information is needed from technologies like 
Hi-C (which chemically cross-links neighboring chromatin domains), 
optical mapping (which visualizes fluorescent probes bound to single 
immobilized DNA molecules) and linked reads (sets of barcoded short 
reads from the same DNA molecule). Even these approaches still fall 

short when attempting to decipher intractable genomic features such as 
repetitive DNA, G+C-rich sequence or structural rearrangements that 
span distances much longer than a short read. Polyploidy, which is also 
often encountered in crop genomes, also presents challenges.

In contrast, single-molecule sequencing technologies, such as those 
from PacBio and Oxford Nanopore Technologies, produce reads long 
enough to span many genomic regions that are difficult to reconstruct 
with short reads. The greater length (ten kilobases to over a megabase) 
and higher error rate of long reads have stimulated the development of 
tailored assembly algorithms for correcting errors, improving contig 
formation and polishing assemblies. Hybrid approaches that use short-
read data to correct errors in long reads before assembly offer another 
way of increasing contig length and closing gaps. 

Despite this progress, important challenges remain. For complex 
eukaryotic genomes, the sequencing and assembling of reads is only 
the first step. This is often followed by months of manual curation and 
data checking to improve the quality of the genome sequence. The rigor 
with which this laborious ‘finishing’ step is undertaken tends to be 
project-specific and dependent on the funding available. 

Beyond these practical concerns, there is no definitive method to verify 
the correctness of the finished product. For some species, even simple 
information like the number of expected chromosomes is unknown. In 
most cases, researchers perform several checks to evaluate the quality 
of a final assembly. The assembly size can be compared with existing 
genome size estimates for that organism or can be estimated using statisti-
cal approaches. Algorithms can be applied to identify all the sequences 
of set length (called k-mers) in an Illumina library that are likely to be 
real, and then to work out what fraction of those k-mers are recovered 
in the new assembly. The final assembly can also be inspected for ‘core’ 
genes—a set of genes common in species related to the sequenced species. 

In the absence of a perfect measure of genome correctness, the defi-
nition of a high-quality genome continues to evolve, together with 
advances in sequencing and assembly. The VGP is setting a new stan-
dard of quality through its efforts to benchmark genome assemblies. 
The consortium requires that all released genomes have an N50 size 
of at least 1 Mb for contigs and 10 Mb for scaffolds (N50 is the mini-
mum length such that 50% of the genome can be covered by contigs or 
scaffolds of that size or greater), that sequence error frequency be no 
higher than 1 in 10,000 bases, that structural variants be confirmed by 
multiple technologies, and that at least 90% of the sequence be assigned 
to chromosomes and haplotype phased. 

Of course, not all genome-sequencing efforts are obliged to meet 
these stringent standards. But 17 years after the publication of the 
human genome, it is time for biology to move beyond draft genomes, 
with their inaccuracies and poor annotations that too often lead 
researchers down blind alleys. The VGP is the clearest indicator yet 
that the era of high-quality reference genomes is upon us.
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PacBio is the core
technology for many 
genome initiatives



CURRENT CHALLENGES IN DE NOVO ASSEMBLY

->1 µg quantities of DNA required 
for PacBio

-Heterozygosity

-Accurate haplotype resolution

www.evogeneao.com

www.sciencemag.org

Jim Gathany , wikipedia.org

Anopheles spp.

Schistosoma mansoni



Koren, S. et al. (2018). Nature Biotech.
De novo assembly of haplotype-resolved genomes 

with trio binning.

Trio Sample

LONG READ ASSEMBLY FOR HETEROZYGOUS ORGANISMS
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Separate reads, haploid assemble

1. FALCON Suite

Collapsed Unzipped

Primary contig

Haplotigs

Haplotype resolve heterozygous regions

FALCON-Unzip

+ HiC FALCON-Phase

Chin, C.S. et al. (2016). Phased diploid genome assembly with single-molecule real-time 
sequencing. Nature Methods. 13(12), 1050.

Kronenberg et al. (2018) FALCON-Phase: Integrating PacBio and Hi-C data for phased 
diploid genomes. BiorXiv.

https://www.nature.com/articles/nmeth.4035


GOAL: generate high quality PacBio de novo assemblies 
from single individuals of small-bodied species

LOW DNA INPUT LIBRARY PROTOCOL

Mara Lawniczak Matt Berriman

SHEAR 
DNA
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OVERHANGS

DNA 
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END-
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PURIF.

PRIMER 
ANNEALING

POLYMERASE 
BINDING

Low DNA Input Protocol

- Modified SMRTbell Library Prep 
uses Express Template Prep Kit V2

- No DNA Shearing
- No Size Selection
- 2X 0.45 X Ampure Purification
- Total Time: 3.5 Hours

High Quality DNA Prep Required
20 kb 100 kb
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20kb

Mosquito 
Sample No

gDNA Size 
Distribution 

Library Size 
Distribution  Longest Subreads

3 18 kb 12 kb 3750
5 11 kb 9 kb 4273
7 42 kb 17 kb 8135

- DNA <20 kb resulted in short subread length (<5 kb)
- Sample 5: bad assembly, low coverage, only 9X raw data
- Sample 3: Did not attempt to assemble, not enough library

20 kb

good
PROOF OF CONCEPT SAMPLE: ANOPHELES COLUZZII
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Loading 
Conc.

Total
Yield 
(Gb)

Unique Mol.
Yield (Gb)

N50 
Polymerase 
Read Length

N50
Subread
Length

P0 P1 P2

5 pM 24.1 4.5 116,615 12,978 26.0% 60.1% 13.9%

5 pM 23.6 4.5 114,807 13,132 27.1% 59.0% 14.0%

6 pM 25.0 3.9 122,898 12,751 35.3% 53.1% 11.7%

AN. COLUZZII SEQUENCING

Multiple 
subreads of 
insert 
sequence

Circular SMRTbell library molecule

Unique Molecular Yield 
versus Total Yield



HOW MUCH TO SEQUENCE?

FALCON 3 Cells 2 Cells 1 Cell

UM Yield (Gb) 12.8 8.3 4.5

UM Coverage 45 X 31 X 17 X

Primary Length (Mb) 271 265 150

Primary Contig N50 (Mb) 3.5 1.6 0.066

BUSCO Complete 98.0 % 97.2 % na

Coverage Titration of
An. coluzzii

>30 fold unique molecular coverage recommended



CURATING A HAPLOID REFERENCE

FALCON-
UNZIP

PURGE 
HAPLOTIGS

HAPLO-
MERGER

Stage FALCON-
Unzip

Purge 
Haplotigs Haplomerger

Primary Length (Mb) 266 256 241

Primary Contigs 372 206 158

Primary N50 (Mb) 3.5 4.0 5.7

Alt Length (Mb) 78.5 89.1 103.9

BUSCO Complete 98.0 % 98.1 % 98.8 %

BUSCO Duplicate 3.9 % 2.4 % 0.2 %

POLISH

Primary Contig

Alternate Haplotigs

Roach, et al. 2018. Purge Haplotigs: Allelic contig reassignment for third-gen diploid genome assemblies. BMC Bioinform. 19, 460.
Shengfeng Huang, et al. HaploMerger2: rebuilding both haploid sub-assemblies from a heterozygous animal diploid genome assembly. submitted.
Shengfeng Huang, et al. HaploMerger: reconstructing allelic relationships for polymorphic diploid genome assemblies. Genome Res. 2012, 
22(8):1581-1588.



RESOLUTION OF DUPLICATED HAPLOTYPES

PEST Reference Position (Mb)
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Figure Credit: Haynes Heaton
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APPLICATION TO OTHER ORGANISMS
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Protist Drosophila Mosquito Schistosoma
Worm

Rice

Genome Size (Mb) Input DNA (ng)
- Scalable Protocol

- More DNA -> Bigger Genome

- Official support: 150 ng -> 300Mb

- Standard assembly with FALCON
- High assembly contiguity with

> 30-fold coverage
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An. arabiensis

S. mansoni

Rice

D. erecta M

Rice

An. coluzzii

Schistosoma mansoni

Sample Mean 
Read L

Expected 
Genome Size

Assembly 
Size

D. erecta F 8559 145 Mb 139 Mb

D. erecta M 6870 145 Mb 138 Mb

An. coluzzii 7955 280 Mb 271 Mb

An. arabiensis 7700 247 Mb 274 Mb

S. mansoni #1 7090 365 Mb 380 Mb

S. mansoni #2 9042 365 Mb 388 Mb

Rice #1 6537 420 Mb 387 Mb

Rice #2 8672 420 Mb 391 Mb



A PERSPECTIVE ON INSECT ASSEMBLIES WITH PACBIO

� Inbred 4 generations
� Pooled 80 brothers

Ae. aegypti An. coluzzii An. arabiensis
Genome Size 1.3 Gb 270 Mb 270 Mb

PacBio system PacBio RS II Sequel v3.0 Sequel v3.0

Number animals 80 1 1

Number SMRT Cells 177 (128 X) 3 (48 X) 3 (41 X)

Contig N50 1.43 Mb 3.5 Mb 1.8 Mb

BUSCO Complete 87 % 98 % 99%

Anopheles (2018, 2019)Aedes (2016)

Muhammad Mahdi Karim
Wikipedia Jim Gathany, Wikipedia

� Multiple single-
animal DNA preps

� Customer Site
Crossing Scheme

Matthews, Dudchenko, Kingan et al. 2018

Genomic DNA Preps



What else is new at PacBio?



-Collaboration with Scott Geib at USDA
-Spotted Lanternfly (Lycorma delicatula)
-Genome size 2.4 Gb
-Size Selected (15 kb) library

SEQUEL II RUN ON INSECT SAMPLE

Sequencing Platform Sequel 1M Sequel II 8M
N Cells 10 1

Total Yield 99.9 Gb 131. 6 Gb

Unique Molecular Yield 64.2 Gb 82.4 Gb

Subread Length Mean 11,583 bp 14,724 bp

Assembly Size 2.39 Gb 2.45 Gb

Contig N50 1.39 Mb 1.33 Mb

CC BY-SA 3.0
https://commons.wikimedia.org/w/index.php?curid=279717

1 million ZMWs
SMRT Cell 1M

8 million ZMWs
SMRT Cell 8M

Sequel System Sequel II System



-Continued Collaboration with Sanger (Mara Lawniczak and 
Matt Berriman)
-Barcode and pool Low DNA Input samples

MULTIPLEXING ON 8M

Mara Lawniczak Matt Berriman



CIRCULAR CONSENSUS SEQUENCING (CCS)

Eid et al. 2009 Science

Double-stranded DNA

Ligate adapters

Anneal primer and bind 
DNA polymerase

Sequence

Generate
consensus read

(HiFi read)

Subreads
(passes)

Subread errors

Sequel 3.0 chem increases read lengths



CIRCULAR CONSENSUS SEQUENCING (CCS)

Double-stranded DNA

Ligate adapters

Anneal primer and bind 
DNA polymerase

Sequence

Subreads
(passes)

Subread errors

Sequel 3.0 chem. increases read lengths

Generate
consensus read

(HiFi read)



HIFI READS FROM CCS ARE LONG AND ACCURATE

Read 
length

Read 
accuracy

Genome 
characterization

NGS 300 bp 99.9% single nucleotide 
variant, indel

PacBio 
CLR >20 kb 89.0% structural variant, 

assembly

PacBio 
CCS 10-20 kb 99.8% comprehensive

NGS
PacBio CLR

PacBio CCS
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Gene

Short-read 
technologies:

Reads 
spanning 

splice 
junctions

Insufficient Connectivity
Splice Isoform Uncertainty

mRNA isoforms

PacBio’s
Iso-Seq
solution:

Full-length cDNA Sequence Reads
Splice Isoform Certainty – No Assembly Required

ISO-SEQ METHOD: FULL LENGTH RNA SEQ WITH PACBIO



ISO-SEQ FOR GENOME ANNOTATION

-Iso-Seq 3 Updates:
-~20% more genes recovered per SMRT Cell
-Much faster runtime, improved stability 
-Unified support for demultiplexing



RESOURCES

-SMRTbell Express Template Prep Kit 2.0:
- https://www.pacb.com/products-and-services/consumables/

-Low DNA Input Protocol
- public release 3-5 weeks

-FALCON Assembler
- https://github.com/PacificBiosciences/pb-assembly

-Where can I get PacBio sequencing?
- https://www.pacb.com/products-and-services/service-providers/

-Kingan et al. 2019 Genes
- https://www.mdpi.com/2073-4425/10/1/62

-Wenger et al. 2019 biorXiv
- https://doi.org/10.1101/519025

@drsarahdoom

https://www.mdpi.com/2073-4425/10/1/62
https://doi.org/10.1101/519025
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