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PacBio sequencing since 2012

Courtesy of Pacific Biosciences of California, Inc., Menlo Park, CA, USA



Throughput evolution at NSC
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PacBio sequencing at NSC

Sequel IISequelRS

2012 – Atlantic cod, fungi, bacteria
2013 – Atlantic cod, Atlantic salmon, fungi, bacteria
2014 – Northern pike, nine-spine stickleback, whale shark, Azara's night monkey, black tamarin, 
fungi, bacteria, amplicons
2015 – Atlantic cod, Arctic charr, banana, wrasse, coral, Leishmania, IsoSeq, amplicons, bacteria, 
sequence capture (gDNA, cod-fishes)
2016 – Lake whitefish, grayling, wrasse, rasberry, plaice, banana, bacteria, amplicon
2017 – Atlantic cod, coastal cod, polar cod, Arctic cod, capelin, bigeye tuna, sparrow, flatworms, 
pelagic tunicates (low DNA input), bacteria, yeast, amplicons
2018 – Wahoo tuna, burbot, nematodes, golden root, Drosophila, sequence capture (gDNA, 
human), flatworm, bacteria, amplicons, mtDNA (no amplification)
2019 – Puffin, green algea, Arabidopsis, fungi, bacteria, amplicons
2020 – Spiders, haddock, carp, snowy owl, green lacewing, green-head ant,                                  
Atlantic cod, fungi, cDNA capture (cDNA, human), amplicons, bacteria
2021 – Lamprey, seahorses, green lacewing,                                                                                           
human, cDNA capture (RNA, human), amplicons, bacteria
2022 – spiders, mammals, plants, mosses, fish, amplicons, 
bacteria, small insects (ultra low DNA input)

RS II



Short read vs long read sequencing

Low/Ultra-Low DNA input protocols available

Low amount of DNA



Long reads can span repeats

Why long reads?

Complete genomes (small genomes)

Complete genomes (large genomes)
Contig Type

# Polished 

Contigs

Maximum 

Contig

Length

N50 Contig 

Length
L50

Sum of 

Contig 

Lengths

Primary 

Contigs 698 29,198,342 12,301,043 20 684,461,580



Draft vs reference quality genome



Draft vs reference quality genome II

EBP-Nor sequencing of reindeer from Svalbard:
• 30x PacBio HiFi reads
• 50x Arima Hi-C reads

Assembly
Reinsdyr hap1                          

(incl X and Y chromosomes)
Reinsdyr hap2

# scaffolds 1395 1291

Total scaffold length: 2.97 Gb 2.82 Gb

Contig N50: 22.48 Mb 25.53 Mb

Scaffold N50: 69.83 Mb 64.92 Mb

Largest scaffold: 157.94 Mb 119.78 Mb

Scaffolds placed in chromosomes (%) 89.22% 82.25%

BUSCOs percentage complete 96.3% 94.1%

BUSCOs complete 8883 8686

BUSCOs single 8548 8381

BUSCOs duplicated 335 305

BUSCOs fragmented 89 81

BUSCOs missing 254 459

BUSCOs total 9226 9226



Relationship between assembly contiguity and the 
percentage of complete BUSCOs

https://www.nature.com/articles/s41477-021-01031-8



Why long reads?

Phased haplotypes

• Genome assembly

• Shorter regions (for 
example HLA typing)



Why long reads?

Structural variation – the missing heritability, not just SNVs 

Why?



The PacBio sequencing technology

SMRTbell library

Image: Courtesy of Pacific Biosciences of California, Inc., Menlo Park, CA, USA



Measuring DNA methylation



Sequence performance: uniformity

Lack of GC 
content or 
sequence 
complexity bias



HiFi sequencing:

Courtesy of Pacific Biosciences of California, Inc., Menlo Park, CA, USA



HiFi read – long and accurate!



Read accuracy comparison between different 
sequencing platforms:  

Courtesy of Pacific Biosciences of California, Inc., Menlo Park, CA, USA



Sequel II/IIe applications

With one 8M SMRT cell you can: 

• Produce reference quality assemblies
for genomes around 1 Gb – HiFi reads
(10- to 15-fold HiFi read coverage per 
haplotype)

• Produce reference quality assemblies
for genomes up to 500 Mb – Ultra-
Low DNA input (5-20 ng DNA)

• Sequence up to 96 microbes



Library prep for reference quality assemblies

Courtesy of Pacific Biosciences of California, Inc., Menlo Park, CA, USA

gDNA

Fragmentation
(88% > 10kb)

Library

Final, size selected library



Whole genome sequencing

What about hybrid approaches?



HiFi assembly of large genomes - redwood

Courtesy of Pacific Biosciences of California, Inc.

BUSCO does not 
work well in 
conifers due to 
very long introns



HiFi sequencing data available





Sequel II/IIe applications

• With two 8M SMRT Cells you can 
call SNVs, InDels, and SVs in a 3 Gb 
genome

• ≥15-fold HiFi read coverage of a 
human genome 



Sequel II/IIe applications

Output: 2-4 M full length reads
• One human transcriptome per 8M SMRT Cell
• Multiplex up to 12 samples
• Single-Cell Iso-Seq:

• 1000 unique reads/ single cell for 3000 
cells

• 10 000 unique reads/ single cell for 300 
cells

cDNA capture - project for identification of novel isoforms/ splice sites of 35 genes (input: total RNA)



Intact (un-sheared) RT-PCR products initially generated using a third-party single-cell 
preparation system used as input.



Sequel II/IIe applications

With one 8M SMRT cell you can: 
• Characterize up to 96 samples using full-length 16S rRNA with strain level resolution

(8000 reads per sample)
• Generate near-complete assemblies of high-complexity sample(s) (e.g. gut 

microbiome) - up to 4 communities per 8M SMRT cell



Metagenomics: 16S rRNA

• Study of mock community made up of 
23 bacterial and 3 archaeal species and 
microbial community in Sakinaw Lake.

• Conclusion: Comparison with V4 iTag, 
using PacBio sequencing enables more 
accurate phylogenetic resolution of 
microbial communities and predictions 
on their metabolic potential.



Sequel II/IIe applications – targeted sequencing

When targeting >50 kb genomic 
regions – use probe-based capture 
using DNA oligo hybridization. 
Protocols available for:
• IDT xGen Lockdown probes
• Nimbelgen SeqCap EZ

No-amplification targeted sequencing using 
CRISPR/Cas9 system:

• Challenging regions for PCR 
amplification (repeat expansions, 
low complexity regions)

• No PCR bias
• Preserves epigenetic modification 

signals 



PacBio applications at NSC

• de novo sequencing of prokaryotic
and  eukaryotic organisms –

• Multiplexing up to 96 bacterial
samples 

• Mostly HiFi library prep and 
sequencing for large genomes

• Sequencing of full-length
transcriptomes – IsoSeq

• Multiplexing up to 12 samples for 
genome annotation

• Targeted sequencing – amplicons
and sequence capture

post@sequencing.uio.no
https://www.sequencing.uio.no/

mailto:post@sequencing.uio.no
https://www.sequencing.uio.no/


Examples of species 
sequenced at NSC



Largest ongoing project: EBP-Nor

NORWAY 
EBP-Nor



  KSP21PD 

A Norwegian Earth BioGenome initiative - the initial Launch phase (EBP-Nor1.0) 

0. Relevance to the call 

This application describes the establishment of a national node of the Earth BioGenome Project, with the 
implementation of activities as described in the strategy document ‘Establishing a national initiative for Earth 
BioGenome Norway (EBP-Nor)’1 - referred to in this particular call. EBP-Nor, the national node, will sequence 
all eukaryotic species in Norway in three stages. This application covers the first phase (Launch), where the 
national network (of universities, research institutes and non-research organisations) and competences are 
established and developed. Here we present plans for sequencing and assembling a limited number of 
species. The establishment of a Norwegian EBP-project — which implies gathering the competence at our 
major universities (UiO, NMBU, UiB, NTNU, Uni Nord, UiT), SINTEF and a few selected relevant governmental, 
ideal and private non-academic organisations (Norwegian Environment Agency, The Life Science Cluster, REV 
Ocean, ArcticZymes; Fig. 1) — represents a major leap forward for a future genomic catalogue of all 
eukaryotic biodiversity in Norway (and the world - together with the EBP and other related initiatives such 
as Darwin Three of Life, Vertebrate Genomes Project). EBP-Nor will have vast implications for understanding 
biodiversity and ecosystems as well as being a gold-mine for future biotechnology, medicine and drug 
development, bioproduction and many other research and industry questions. Even though the number of 
reference genomes generated during this first stage is limited (around 100 genomes), the impact for 
bioprospecting, natural products, enzymes are representing a stepping stone to addressing fundamental and 
applied biological questions. The project will utilise and collaborate with several “infrastructural” and 
national initiatives supported by the Research Council of Norway (RCN). ELIXIR Norway (see support letter), 
which has a strong activity ongoing on data management (BioMedData & CONVERGE projects) and marine 
genomics, will be a key collaborator. Furthermore, the national initiative Digital Life Norway (DLN; see 
support letter), which has established a national platform that includes the same universities as EBP-Nor and 
the research institute SINTEF - for computational biology and biotechnology, will be central to running the 
national coordinating activities of EBP-Nor. DLN has for more than a 5-year period built up a national network 
and a communication platform that will be crucial to EBP-Nor.  

 

1. Excellence 

1.1 State of the art, knowledge needs 
and project objectives 
Biodiversity is increasingly threatened by 
human-related activities, directly and 
indirectly, which ultimately imperils both the 
global food supply and other biological 
resources that we depend upon. Therefore, 
understanding and preserving species and 
ecosystems are global imperatives for human 
survival and prosperity. Each organism and 
each species on the planet has a unique 
"blueprint" encoded by its genome, i.e. its 
total DNA, which contains all the information 
that it needs to survive, interact with its 
environment and reproduce. Knowing and 
understanding the complete DNA sequence 
of all species of life on Earth will not only 
provide fundamental new insights into 

biology and biodiversity, and transform 
our ability to tailor conservation of life, 
but also deliver a comprehensive view of 
nature’s toolkit for future biotechnology 

Figure 1. Overview of the partners (academic: UiO, NMBU, UiB (and ELIXIR), 
NTNU, Uni Nord, UiT (and ELIXIR); non-academic: REV Ocean, Norwegian 
Environment Agency, The Life Science Cluster, ArcticZymes) in the EBP-Nor 
application; geographical distribution and overall roles. See 3.1 and 3.2 for 
division of labour and details about roles. 

Norwegian University 
of Life Sciences 
DNA isolation, Nanopore 

sequencing, bioinformatics

Norwegian University 
of Science and 
Technology 
Sampling, DNA isolation, 

bioinformatics, coordination

Nord University 
Sampling, DNA isolation, 

bioinformatics

University of Oslo 
Coordination, sampling, 

DNA isolation, PacBio 

sequencing, bioinformatics, 

comparative genomics

SINTEF Industry 
Sampling, DNA isolation, 

bioinformatics

The Life Science 
Cluster 
Industry contact, 

outreach, coordination

REV Ocean 
Marine sampling and 

ecosystems

Norwegian 
Environment Agency 
Endangered species, 
sampling, reference group

The Arctic University 
of Norway 
Data management, sampling, 

DNA isolation, bioinformatics, 

marine bioprospecting

ArcticZymes 
Technologies 
Gene mining, bioinformatics, 

enzyme technology

University of Bergen 
Data management, sampling, 

DNA isolation, bioinformatics

The Norwegian EBP initiative
(EBP-Nor)

Planned in 3 phases

Phase 1 2021-2024 (30 million NOK)
 Funded by the Research Council of Norway
 Planned 150 species
 Norwegian and arctic species
 Marine species (sampling competence)
 Coordination with the Nordic countries and

ERGA (and EBP, VGP, DToL etc..)
 Several genomes underway (HiFI, HiC)

Preparation for 2 phase has begun 



The first EBP-Nor genomes are finished

Brook lamprey

River lampreye 25 fungal  species 

4 moss species Svalbard reindeer Snowy owl

In progress: insects (bumble 
bee, lacewing), Atlantic puffin, 
cod and salmon (improved), 
bird cherry (Prunus padus), 
cloudberry ++

https://www.ebpnor.org/

https://www.ebpnor.org/
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