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Unlock the promise of genomics 
through PacBio sequencing
Single Molecule Real-time Sequencing Analysis Overview
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From Sample to SMRT Sequencing

From viruses to vertebrates Isolate DNA or RNA Generate SMRTbell libraries

Prepare sequencing reactionUse PacBio Sequel Systems to 
sequence genomes, transcriptomes, 

and epigenomes

SMRT Cells contain millions 
of zero-mode waveguides 

(ZMWs)
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Single Molecule, Real-Time (SMRT) Sequencing

Nucleotide incorporation kinetics 
are measured in real time

SMRTbell templates enable 
repeated sequencing of 

circular template with real-
time base incorporation

SMRT Cell 8M
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PacBio sequencing detects methylation in native DNA

Flusberg et al. (2010) Nature Methods 7: 461–465.
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PacBio sequencing detects methylation in native DNA

Flusberg et al. (2010) Nature Methods 7: 461–465.
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indicates base identity

Kinetics impacted by base 
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Measuring 5mC methylation with DNA sequencing

WGS

bisulfite conversion

WGBS WGS

A C G T A C G T A T G T A C G T A C G T A 5mC G T

short read sequencing – 2 libraries

genome epigenome complete genome
+ epigenome

HiFi sequencing – 1 library
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What are HiFi reads?
HiFi reads are produced using circular consensus sequencing (CCS) on PacBio long-read systems.
HiFi reads provide base-level resolution with 99.9% single-molecule read accuracy.
HiFi reads are unbiased, no DNA amplification, least GC content and sequence complexity bias

Start with high-quality 
dsDNA

Prepare SMRTbell
libraries

Anneal primers and 
bind DNA polymerase

Circularized DNA is sequenced 
in repeated passes

Polymerase reads are trimmed 
of adapters to yield subreads

Consensus and methylation 
status are called from subreadsHiFi read

>99.9% accuracy 
Up to 25 kb
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PacBio HiFi reads combine long read lengths with high accuracy

1 Pass → ~90% accuracy
2 Passes → ~96% accuracy
3 Passes → ~99% accuracy

HiFi read
(99.9% accuracy)

Predicted read quality for CCS reads with different numbers of passes for
a GIAB HG002 human sample. (CCS data generated using SMRT Link
v8.0 CCS analysis application.)
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Cutoff Q20 – 99%
Mean accuracy Q30 – 99.9%
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ONT’s Q20+ chemistry vs HiFi

“Q20+” overlaid with typical HiFi results: No comparison on quality.
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Include 5mC calls in CpG motifs
If selected, kinetic signatures of cytosine bases in CpG motifs will be automatically analyzed to identify the presence of 5mC during on-instrument CCS 
(Sequel IIe system only) or during CCS analysis in SMRT Link

• Default setting = YES when specifying ‘HiFi Reads’ or ‘Custom’ application 
types

• 5mC detection is automatically performed on-instrument with the Sequel IIe 
system and in SMRT Link with the Sequel II system (data outputs are the 
same for both methods)

• 5mC calls are output in hifi_reads.bam as BAM standard MM and ML 
tags and can be easily visualized in IGV

• Processing and storage requirements are minimal:
• File size increase is ~5%

• On-instrument processing time for Sequel IIe systems is ~10 minutes

• Kinetics are not retained in the CCS analysis output by default, but they can 
optionally be retained as well.

• 5mC calls require a CpG context and symmetrical methylation (i.e., does 
not detect hemi-methylated sites)

• Though trained on human data, 5mC detection has been demonstrated to 
work on non-human data (e.g., plants (Maize)).

• 5mC consensus calling and other tools planned for a a future SMRT Link 
version.  

• For guidance on command line tool options for 5mC analysis, please 
contact your local PacBio support team or PacBio Technical Support

Example 5mC data set:  https://downloads.pacbcloud.com/public/dataset/HG002-CpG-methylation-202202/

Hypomethylation at 
transcription start sites

Example IGV plot demonstrating 5mC detection in HiFi reads for a human HG002 sample.
Hypomethylation at active transcription start sites can be easily visualized (unpublished data).

unmethylated

methylated

https://software.broadinstitute.org/software/igv/
https://www.pacb.com/support/technical-support/
https://downloads.pacbcloud.com/public/dataset/HG002-CpG-methylation-202202/
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Representation of 5mC CpG data uses BAM format standard

https://samtools.github.io/hts-specs/SAMtags.pdf

Standard library prep, no extra compute, negligible data footprint, and standardized representation

MM:Z:C+m,5,12,0
ML:B:C,204,89,26

30 GB for 
SEQ + QUAL

Sequel IIe system hifi_reads.bam

+5% for 
methylation

Supported in IGV 2.10

https://samtools.github.io/hts-specs/SAMtags.pdf
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Also available as off-instrument analysis

https://github.com/PacificBiosciences/primrose 

Output kinetics tags from Sequel IIe system and run primrose software or SMRT Link workflow

Run design

TGTTTAGACTCCGTAATTACTCGCCTAGGAATTCTCAAGGGCACAATCAG

fi:B:C,22,70,24,12,10,21,16,8,45,5,31,16,12,9,12,2

fp:B:C,18,45,21,10,22,33,9,9,62,13,9,57,23,6,29,15

ri:B:C,17,30,9,12,9,7,16,17,26,16,8,19,94,5,14,14

rp:B:C,28,26,10,24,20,25,18,11,16,18,4,9,39,34,17

primrose <bamIn> <bamOut>

Mm:Z:C+m,4,12,16,4,16,19,44,10,11,4

Ml:B:C,249,4,247,177,210,228,245,244,100,246

Kinetic tags
on-instrument

https://github.com/PacificBiosciences/primrose
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IGV supports coloring reads by methylation annotation

Haplotype 1

Haplotype 2

Allele-specific methylation
(imprinting)

Supported in IGV 2.10
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Hypermethylation induced by pathogenic repeat expansion

Myotonic dystrophy due to DMPK repeat expansion
Tomi Pastinen, 
Children’s Mercy 
Kansas Citychr19:45,765,480-45,774,126 (8.6 kb)
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HiFi 5-base sequencing: a complete genome & epigenome

✓ Genome-wide

✓ 1 library + 1 sequencing run

✓ Long reads = phasing

✓ Uniform coverage

✓ High mappability

A
C
G
T

+ 5mC
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Complete and accurate long-read sequencing
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Sequel IIe system output files 
& data structure 
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Sequel IIe System on-instrument CCS and demultiplex analysis

Sequel IIe System computer hardware enables on-instrument circular consensus sequencing (CCS) read 
generation and barcode demultiplexing analysis during runs

Run 1, SMRT Cell 1 Run 1, SMRT Cell 2 Run 2, SMRT Cell 1Sequencing

CCS + Demux Analysis 1 CCS + Demux Analysis 2 CCS + Demux Analysis 3Data Processing

• On-instrument CCS and barcode demultiplexing analysis occurs in parallel with sequencing data collection to minimize 
overall sequencing run times

LIBRARY 
CONSTRUCTION SAMPLE SETUP RUN DESIGN INSTRUMENT SETUP 

& RUN START PRIMARY ANALYSIS
ON-INSTRUMENT
CCS & BARCODE 

DEMUX ANALYSIS

SECONDARY 
ANALYSIS

• A new sequencing run can be started while CCS data analysis from the preceding sequencing run is ongoing
• For a SMRT Cell movie collection yielding 30 Gb of HiFi (≥Q20 CCS) data, the typical on-instrument CCS analysis time is 

approximately 8 hours
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hifi_reads.bam data file properties

* Note: Users can optionally specify in SMRT Link Run Design to include polymerase kinetics information (for secondary epigenetics analysis) in the hifi_reads.bam or
reads.bam file – however, BAM file size is 5X larger if kinetics information is included.

By default, the Sequel IIe System on-instrument CCS (OICCS)* analysis workflow outputs a hifi_reads.bam

• A standard Run Design performs on-instrument CCS analysis without including low-quality 
reads and generates a hifi_reads.bam output file and transfers it to the network server. 

• hifi_reads.bam contains only HiFi reads (≥QV 20 CCS).
• After transferring to the storage server, the hifi_reads.bam file can be used directly as 

input for downstream analysis using SMRT Analysis or other third-party analysis tools that 
expect ≥QV 20 data

• Refer to Sequel II and IIe Systems: Data Files (102-144-100) for further technical details 
regarding the contents of the hifi_reads.bam file 

On-instrument CCS analysis workflow for standard (default) run designs 

Nu
m
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r o

f R
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ds

OICCS

hifi_reads.bam

Storage / SMRT 
Link ServerUpload 

Run 
Design Downstream 

Secondary 
Analysis

(Default)

Read Length (bp)

Read Length Distribution

Example Run QC read length distribution plot for a standard
run design without including low-quality reads in the OICCS
output.

https://www.pacb.com/wp-content/uploads/Sequel_II_and_IIe_Data_Files.pdf
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File and directory structure output by the Sequel IIe System
Example default file and directory structure output by the Sequel IIe system for each SMRT Cell transferred to 
network storage

<your_specified_output_directory>/r64012e_211206_183753/1_A01/
|--m64012e_211206_183753.baz2bam_1.log
|--m64012e_211206_183753.ccs.log
|--m64012e_211206_183753.ccs_reports.json
|--m64012e_211206_183753.ccs_reports.txt
|--m64012e_211206_183753.consensusreadset.xml
|--m64012e_211206_183753.hifi.reads.bam
|--m64012e_211206_183753.hifi.reads.bam.pbi
|--m64012e_211206_183753.sts.xml
|--m64012e_211206_183753.zmw_metrics.json.gz
|--m64012e_211206_183753.transferdone

• In this example, r64012e_211206_183753 is a directory containing the output files associated with one sequencing 
run

• 64012e is the instrument ID number
• 211206_183753 is the run date, in YYYYMMDD format, and time, in UTC format

• The main run directory includes a subdirectory for each movie collection (SMRT Cell) associated with a sample well – in 
this case, 1_A01. Each subdirectory contains data output files of interest.

Minimum list of files needed to analyze 
SMRT sequencing data in SMRT link

• .consensusreadset.xml file
• .hifi_reads.bam file
• .hifi_reads.bam.pbi file 
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File and directory structure output by the Sequel IIe System (cont.)
If 5mC CpG Detection is performed, the following additional files are output:

|-- m64012e_211206_183753.5mc_report.json
|-- m64012e_211206_183753.primrose.log

If on-instrument barcode demultiplexing is performed, the following additional files are output: 
|-- bc1001--bc1001/m64012e_211206_183753.bc1001--bc1001.consensusreadset.xml
|-- bc1001--bc1001/m64012e_211206_183753.hifi_reads.bc1001--bc1001.bam
|-- bc1001--bc1001/m64012e_211206_183753.hifi_reads.bc1001--bc1001.bam.pbi
|-- m64012e_211206_183753.barcodes.fasta
|-- m64012e_211206_183753.lima.log
|-- m64012e_211206_183753.lima_counts.txt
|-- m64012e_211206_183753.lima_guess.json
|-- m64012e_211206_183753.lima_guess.txt
|-- m64012e_211206_183753.lima_reports.txt
|-- m64012e_211206_183753.lima_summary.txt
|-- m64012e_211206_183753.unbarcoded.consensusreadset.xml
|-- m64012e_211206_183753.unbarcoded.hifi_reads.bam
|-- m64012e_211206_183753.unbarcoded.hifi_reads.bam.pbi

Note: The undemultiplexed hifi_reads.bam file is 
not transferred, it is partitioned into the file structure 

shown here
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SMRT Link software overview
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Sequel IIe System and Software v12

SMRT Link

Software Download

Sequel IIe System - the only sequencer with highly accurate long reads

• off the box
• Fast time to results, significantly less compute needs, greatly reduced storage
• Lower overall solution cost resulting in more accessible system

SMRT Link – PacBio’s open source SMRT Analysis software suite.

• Support intuitive GUI or command-line interface
SMRT Sequencing Data

on a  Network Server

SMRT Cell 8M

https://www.pacb.com/support/software-downloads/ SMRT Link

https://www.pacb.com/support/software-downloads/
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SMRT Link software overview
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SMRT Link system

Sequel II System

Data Transfer Server SMRT Link

Storage 
Server

Cluster

Sequel IIe System

SMRT Link on AWS Cloud

Multiple features 
On Instrument
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PacBio Software suite and analysis pipeline for SMRT data

- Fully automated analysis

- Efficient integration with LIMS and third-party analysis tools

- User-friendly UI design

- Industry-standard output formats: FASTA, FASTQ, SAM/BAM, VCF

Denovo assembly Improved Phased Assembly (IPA)

Variant Calling DeepVariant + whatshap + pbsv

Structure variant pbsv

Isoform detection Iso-Seq

Single cell isoform MAS-Seq

Metagenome HiFi + Third party tools

16S Full-length HiFi + Third party tools

Datasets including 
example datasets

SMRT Link with 
SMRT Analysis

SMRT Compatible 
Analysis Products
(partner solutions)

pbbioconda
(developmental tools)

SMRT Link on 
AWS Cloud

https://www.pacb.com/connect/datasets/
https://www.pacb.com/support/software-downloads/
https://www.pacb.com/products-and-services/smrt-compatible-products/
https://www.pacb.com/products-and-services/smrt-compatible-products/
https://github.com/PacificBiosciences/pbbioconda
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SMRT Link variant calling analysis application overview
New Variant Calling pipeline featuring DeepVariant

• New Variant Calling pipeline accepts HiFi reads (BAM format) as input and performs read mapping, structural variant-calling using pbsv, 
small variant calling using DeepVariant, and phasing using whatshap

• Use this application to identify single-nucleotide variants, short insertions and deletions, and structural variants for a WGS sample against a 
specific reference genome. 

• Variants are automatically phased and haplotagged

Types of variants

Single nucleotide 
variant

Deletion Insertion Tandem 
duplication

Interspersed 
duplication

Inversion Translocation
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Computer requirements
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Compute requirements Sequel IIe system

Head Node
Cores 32
RAM 64 GB
Local Storage 1 TB SSD/Flash storage

Compute Nodes
Cores (Total) 64
Minimum RAM per slot (1 slot = 1 core) >4 GB
Local Storage 100 GB

Shared Data Storage
Sequencing Data 20 TB a

Analysis Data 40 TB a

Network
10 GbE strongly recommended, 1GbE required b

aStorage is calculated for one Sequel IIe System, assuming 100 human genomes per year at 30-fold coverage, de novo assembly
bConnection between the Head Node and Sequel IIe System

64 x 4 = 256 GB RAM

Server OS: CentOS 7.x and 8.x, and Ubuntu 18.04 and 20.04 64-bit Linux® distributions 
(This also applies to SMRT Link compute nodes.)



31PacBio confidential

SMRT Link GUI overview
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Displays instrument status, SMRT Cell status 
and sequencing ZMW plots for in-progress runs

Calculate annealing / binding / cleanup (ABC) 
RXs for preparing samples for sequencing

Create sequencing run designs and review 
primary sequencing quality metrics

Create projects and group data sets; import / 
delete reference and barcode files

Perform secondary analysis (e.g., de novo 
assembly, full-length RNA transcript analysis)

For more detailed information on SMRT Link modules, see the SMRT Link user guide (102-877-300).

SMRT Link v12.0 core functions and organization
SMRT Link v12.0 enhances many core functions, features a new ‘Instruments’ module and combines Run Design & Run QC into a new ‘Runs’ module 

Access SMRT Link 
using Google Chrome 
web browser (v83+)

https://www.pacb.com/wp-content/uploads/SMRT_Link_User_Guide_v12.0.pdf
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SMRT Link v12.0 Runs module
Creating a new Run Design

To create a new Run Design, click 
on Create New Run on Runs 

module home page to go to Create 
New Run Design page
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SMRT Analysis v12.0 for specifying workflow type 
Data processing workflows are now separated into ‘Analyses’ and ‘Utilities’

• Analysis: An analysis uses applications designed to produce biologically-meaningful results. These analysis applications only
accept HiFi reads

• Data Utilities: Data processing utilities are used as intermediate steps to producing biologically-meaningful results.  Some data 
utilities accept only HiFi reads whereas other data utilities accept only subreads (formerly known as “Continuous Long Reads” in 
previous SMRT Link versions)

only HiFi reads as input
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Analysis applications produce biologically-meaningful results
Analysis applications accept only HiFi reads as input

• Genome Assembly
• Generate de novo assemblies of genomes.

• HiFi Mapping
• Align (or map) reads to a user-provided reference sequence..

• Iso-Seq Analysis
• Characterize full-length transcript isoforms.

• Microbial Genome Analysis
• This combines and replaces the Microbial Assembly and Base Modification Analysis applications in the previous release.
• Generate de novo assemblies of small prokaryotic genomes, optionally identify 6mA and 4mC with associated nucleotide motifs.

• Variants Analysis
• Identify single-nucleotide variants, short insertions and deletions, and structural variants for a single sample against a specific 

reference genome.
• Structural Variant Calling

• Identify structural variants (Default: ≥20 bp) in a sample or set of samples relative to a reference. (support trio analysis)
• Single-cell Iso-Seq

• Enables analysis and functional characterization of full-length transcript isoforms with additional single cell information
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Data Utilities

• 5mC CpG Detection
• Analyze the kinetic signatures of cytosine bases in CpG motifs to 

identify the presence of 5mC. (Sequel II only.)

• Demultiplex Barcodes
• Separate reads by barcode.

• Export Reads
• Export HiFi reads that pass filtering criteria as FASTA, FASTQ and 

BAM files.
• For barcoded runs, you must first run the Demultiplex Barcodes 

application to create BAM files before using this application.

• Mark PCR Duplicates
• Remove duplicate reads from a HiFi reads Data Set created using 

an ultra-low DNA sequencing protocol.

• Trim Ultra-Low Adapters
• Trim PCR Adapters from a HiFi reads Data Set created using an 

ultra- low DNA sequencing library.

The following data utilities accept only HiFi reads as input: The following data utilities accept only subreads as input:

• Circular Consensus Sequencing (CCS)
• Identify consensus sequences for single molecules.

PacBio Data Utilities are used as intermediate steps to producing biologically-meaningful results
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Analysis Applications Data Utilities

SMRT Analysis is HiFi centric
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SMRT Link data management workflow overview

View or Create a Data Set

View or Create a Project

Import or Export Sequence, Reference 
& Barcode Data

Use SMRT Link Data Management to create, view and 
manage SMRT sequencing data sets & projects
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Data Management report

DataSet Overview
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Data Management report

CCS Analysis Report – Summary Metrics
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Data Management report

CCS Analysis Report – HiFi Read Length Summary
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Data Management report

CCS Analysis Report – HiFi Read Quality Summary
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Data Management report

CCS Analysis Report
Distributions explain summary metrics 
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SMRT Link SMRT Analysis workflow overview

Create a New Analysis

Export an Analysis

Import an Analysis

Use SMRT Link SMRT Analysis to perform secondary 
analysis of SMRT sequencing data

Example Secondary Analysis Applications

Refer to the SMRT Link User Guide for detailed information about each analysis 
application (including all parameters and the reports and data output files).

Whole 
Genome 
Sequencing

Genome Assembly
Microbial Genome Analysis
Structural Variant Calling

Targeted
Sequencing

HiFi Mapping
SARS-CoV-2 Analysis

RNA
Sequencing Iso-Seq Analysis

Complex 
Populations Minor Variants Analysis

https://www.pacb.com/support/documentation/
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Applications support documentation

Whole genome sequencing applications
• Application brief – Whole genome sequencing for de novo assembly – Best practices (102-193-627)

• Application brief – Microbial whole genome sequencing – Best practices (102-193-601)

RNA sequencing applications
• Application note – MAS-Seq for single cell isoform sequencing (102-326-549)

Metagenomics applications
• Application brief – Metagenomic sequencing with HiFi reads – Best practices (102-193-684)

Targeted sequencing applications
• Application brief – HiFi target enrichment – Best practices (102-193-603)
• Application brief – Targeted sequencing for amplicons – Best practices (102-193-603)

https://www.pacb.com/learn/resources/literature/ and https://www.pacb.com/support/training/

Application notes & best practices guides

• Technical overview – MAS-Seq library preparation using the MAS-Seq for 10x Single Cell 3’ kit (102-829-300)
• Technical overview – Multiplexed amplicon library preparation using SMRTbell prep kit 3.0 (102-395-900)
• Technical overview – Nanobind HT kits for automated HMW DNA extraction (Coming soon)
• Technical overview – Whole genome and metagenome library preparation using SMRTbell prep kit 3.0 (102-390-900)

Application technical overviews

https://www.pacb.com/wp-content/uploads/Application-Brief-Whole-genome-sequencing-for-de-novo-assembly-Best-Practices.pdf
https://www.pacb.com/wp-content/uploads/Application-Brief-Microbial-whole-genome-sequencing-Best-Practices.pdf
https://pacbprod.wpenginepowered.com/wp-content/uploads/Application-note-MAS-Seq-for-single-cell-isoform-sequencing.pdf
https://www.pacb.com/wp-content/uploads/Application-Brief-Metagenomic-Sequencing-with-HiFi-Reads-Best-Practices.pdf
https://www.pacb.com/wp-content/uploads/Application-Brief-HiFi-Target-Enrichment-Best-Practices.pdf
https://www.pacb.com/wp-content/uploads/Application-Brief-Targeted-sequencing-Best-Practices.pdf
https://www.pacb.com/learn/resources/literature/
https://www.pacb.com/support/training/
https://www.pacb.com/wp-content/uploads/Technical-overview-MAS-Seq-library-preparation-using-MAS-Seq-for-10x-Single-Cell-3-kit.pdf
https://www.pacb.com/wp-content/uploads/Multiplexed-amplicon-library-preparation-using-SMRTbell-prep-kit-3.0-training.pdf
https://www.pacb.com/wp-content/uploads/Whole-genome-and-metagenome-library-preparation-using-SMRTbell-prep-kit-3.0-training.pdf
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Technical documentation & training resources

• Brief primer and lexicon for PacBio SMRT sequencing webpage (v12.0)
• PacBio bioinformatics file formats documentation webpage (v12.0)
• SMRT Link v12.0 cloud reference guide (102-978-000) 
• SMRT Link v12.0 release notes (102-877-200)
• SMRT Link v12.0 software installation guide (102-878-100)
• SMRT Link v12.0 user guide (102-877-300)
• SMRT Link v12.0 web services API use cases (102-982-400)
• SMRT Tools v12.0 reference guide (102-978-000)

SMRT Link & other data analysis documentation

https://www.pacb.com/support/documentation/

https://pacbiofileformats.readthedocs.io/en/12.0/Primer.html
https://pacbiofileformats.readthedocs.io/en/12.0/index.html
https://www.pacb.com/wp-content/uploads/SMRT_Link_Cloud_Reference_Guide_v12.0.pdf
https://www.pacb.com/wp-content/uploads/SMRT_Link_Release_Notes_v12.0.pdf
https://www.pacb.com/wp-content/uploads/SMRT_Link_Installation_v12.0.pdf
https://www.pacb.com/wp-content/uploads/SMRT_Link_User_Guide_v12.0.pdf
https://www.pacb.com/wp-content/uploads/SMRT_Link_Web_Services_API_Use_Cases_v12.0.pdf
https://www.pacb.com/wp-content/uploads/SMRT_Tools_Reference_Guide_v12.0.pdf
https://www.pacb.com/support/documentation/
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Assembly Analysis Application

27 June 2023  
彭彥菱 Lynn Peng | Bioinformatics Engineer, Blossombio Taiwan

PacBio 生物資訊教育訓練 基礎班 HiFi 101 Lecture A
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Assembly of the First COMPLETE Human Genome With HiFi Reads

The basis of the first gapless human reference 
genome T2T-CHM13 assembly is a high-
resolution assembly string graph built directly 
from HiFi reads

“In contrast to the first T2T assembly of chromosome 
X—which relied on ONT sequencing to create a 

backbone that was then polished with other 
technologies—we shifted to a new strategy that 

leverages the combined accuracy and length of HiFi 
reads to enable assembly of highly repetitive 

centromeric satellite arrays and closely related 
segmental duplications”

Nurk, S. et al. (2022) https://www.science.org/doi/10.1126/science.abj6987

https://www.science.org/doi/10.1126/science.abj6987
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High-resolution assembly string graph of the CHM13 genome

Nurk, S. et al. (2022) https://www.science.org/doi/10.1126/science.abj6987

“The all-star of this assembly has been PacBio HiFi.”
Adam Phillippy, NIH

https://www.science.org/doi/10.1126/science.abj6987
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T2T-CHM13 Improves Understanding of the Genome 

Gapless assemblies of 22 autosomes, X 
chromosome, and mitochondrial genome

200 million bp of novel sequence

Adds 2,226 paralogous gene copies, 
including 115 predicted to be protein coding

Nurk, S. et al. (2022) https://www.science.org/doi/10.1126/science.abj6987

https://www.science.org/doi/10.1126/science.abj6987
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Build the best reference genomes

Capturing Biodiversity Species Monitoring Plant & Animal Biology
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Mistletoe genome

https://www.darwintreeoflife.org/news_item/2022-the-year-we-built-the-biggest-genome-in-britain-and-ireland/; 
https://www.pacb.com/blog/the-hifi-difference-christmas-edition-big-genomes/

From the Darwin Tree of Life project:

human 
genome

90 Gb genome size 
(30 ´ human genome)

pacb.com/blog

https://www.darwintreeoflife.org/news_item/2022-the-year-we-built-the-biggest-genome-in-britain-and-ireland/
https://www.pacb.com/blog/the-hifi-difference-christmas-edition-big-genomes/
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Hexaploid persimmons (6 ´ 800Mb)
Collaboration with Jeremy Schmutz (HudsonAlpha Institute for Biotechnology) 
& Scott Brainard (Savanna Institute) 

data from 1 SMRT Cell mapped to a primary hifiasm contig

HudsonAlpha Booth # 433
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Why switch to HiFi for de novo assemblies?
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Contiguity

Resolve repetitive regions

High contig n50

HiFi reads for improved assembly

Correctness

Base qv

Phasing accuracy

Completeness

Gene space

Repetitive regions

Compute

Cpu/wall time

Ram

Disk storage
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https://arxiv.org/abs/2008.01237

Dr. Heng Li
Dana-Farber Cancer Institute, Harvard

Hifiasm Propels Hifi to longer contiguity than any other long read technology

https://arxiv.org/abs/2008.01237
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HiFi vs. CLR in human

CHM13 (Vollger et al. 2019)

Data Type CLR HiFi

Coverage 77-fold 24-fold

Contig N50 29.2 29.5

Median Base QV 40.7 45.0

Method FALCON, Arrow Canu, Racon

HG002 Data:
https://bit.ly/2RW1b3I
HG005 Data:

PRJNA540706
30

35

40

45

50

HG002
CLR

HG002
HiFi

HG005
HiFi

Base Quality

-HiFi is as contiguous as CLR
-HiFi is more accurate than CLR

Ph
re

d
Sc

or
e

https://bit.ly/2RW1b3I
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA540706
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COMPUTE: California redwood project

Sequoia sempervirens

Versus ONT + ILM Assembly

https://medium.com/pacbio/a-genome-fit-for-a-giant-sequencing-the-california-redwood-ed722be9e49c

hifiasm
Haoyu Cheng
Heng Li Lab

-6 days wall time
- 64 cores with 512 GB RAM
- ~7,200 CPU hrs asm
- ~46,000 CPU hrs CCS

17 days for entire project:
-sample collection
-library
-sequencing
-assembly

https://medium.com/pacbio/a-genome-fit-for-a-giant-sequencing-the-california-redwood-ed722be9e49c
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Polyploid genomes

Depends on type of polyploidy

Separate subgenomes accurately 
vs. one primary contig and multiple 
haplotigs

Future work to explore, HiFi data 
ideal to separate alleles

https://www.pacb.com/blog/rose/

https://www.pacb.com/blog/rose/
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Generate contiguous assemblies with HiFi

Dataset Drosophila Human

Mode Long Reads HiFi Reads Long Reads HiFi Reads

Size Selection BP >15 kb 19 kb ELF BP >15 kb 15 kb ELF

Coverage 71-fold 20-fold 50-fold 22-fold

Contig N50 (Mb) 3.5 6.5 12.6 30.5

Contiguity is equivalent, if not better using lower coverage HiFi data. This is 
true even for highly repetitive genomes as you can now see minute 

differences between repeats.
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Generate complete and correct assemblies with HiFi

Dataset Drosophila Human

Mode Long Reads HiFi Reads Long Reads HiFi Reads

Assembly Size 0.148 0.150 2.85 2.92
Base pair accuracy 
(Phred/Percentage) Q44 / 99.996% Q50 / 99.999% Q41 / 99.992% Q49 / 99.9987%

BUSCO complete
N=2,799
98.8%

N=2,799
98.9%

N=4,104
94.8%

N=4,104
94.9%

Species-specific 
genes in frame

N=13,947
98.8%

N=13,947
99.5%

N=19,313
96.4%

N=19,313
99.5%

Accuracies approaching Q50 (99.999%)
>99% of genes in frame

More of the genome assembled
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Improved and Phased Assembly (IPA)
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IPA WORKFLOW

Purge 
DupsPolishingLayoutFilteringPhase 

Separation
Fast 

Overlap
Building 
Seq DB

Phased workflow



18

IPA WORKFLOW Is Modular

Polishing can optionally be switched on/off: Fast draft assembly

Purge 
DupsPolishingLayoutFilteringPhase 

Separation
Fast 

Overlap
Building 
Seq DB

Purge 
DupsPolishingLayoutFilteringPhase 

Separation
Fast 

Overlap
Building 
Seq DB

Phased workflow

Haploid workflow
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• Perform CCS analysis on-instrument using the Sequel IIe system or in SMRT Link to generate highly accurate and long 
single-molecule reads (HiFi reads)

• 10- to 15-fold HiFi read coverage per haplotype is recommended for most de novo assembly projects

→ 𝑇𝑎𝑟𝑔𝑒𝑡 𝐻𝑖𝐹𝑖 𝐵𝑎𝑠𝑒 𝑌𝑖𝑒𝑙𝑑 = 𝐻𝑎𝑝𝑙𝑜𝑖𝑑 𝐺𝑒𝑛𝑜𝑚𝑒 𝑆𝑖𝑧𝑒 𝐺𝑏 𝑥 𝑃𝑙𝑜𝑖𝑑𝑦 𝐿𝑒𝑣𝑒𝑙 𝑥 [𝑇𝑎𝑟𝑔𝑒𝑡 𝐻𝑖𝐹𝑖 𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑒𝑟 𝐻𝑎𝑝𝑙𝑜𝑡𝑦𝑝𝑒]

E.g., for de novo assembly analysis of a 3 Gb diploid genome:  

Recommended Minimum Target HiFi Base Yield = 3 Gb x 2 x 10 = 60 Gb

• Output data in standard file formats, (BAM and FASTA/Q) for seamless integration with downstream analysis tools

• Can use SMRT Link Genome Assembly analysis application (powered by IPA) or other third-party software for de novo
assembly analysis using HiFi reads:

• Hifiasm

• HiCanu

• Contact PacBio Technical Support (support@pacb.com) or your local Bioinformatics Field Applications Scientist for 
additional information about data analysis recommendations

HiFi WGS data analysis recommendations for large genomes
Using HiFi reads for de novo assembly analysis of large genomes

https://www.pacb.com/products-and-services/analytical-software/smrt-analysis/
https://www.pacb.com/products-and-services/analytical-software/smrt-analysis/
https://github.com/PacificBiosciences/pbbioconda/wiki/Improved-Phased-Assembler
https://github.com/chhylp123/hifiasm
https://github.com/marbl/canu
mailto:support@pacb.com


21

FALCON-Unzip IPA (Phased)

primary haplotigs primary haplotigs

N50 [Mbp] 31.40 0.191 33.75 0.352

Max length 
[Mbp] 110.12 1.62 110.94 2.30

Total length 
[Gbp] 2.95 1.99 3.02 1.85

CPU time [h] 5102 590

8.64x Faster!

Results: long phase blocks in human, high base QV 

HPRC HG002 34x Dataset – Phased workflow with polishing – no “purge_dups”

5102 h

590 h
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Atlantic Bluefin Tuna (0.85%) Red Admiral Butterfly (1.1%)

Results: great haplotig separation

Tuna collaboration with Paul Peluso1, Greg Concepcion1, Jay Ghurye2, Nathan Truelove3 and Barbara Block4, 1PacBio, 2Dovetail Genomics, 
3Monterey Bay Aquarium Research Institute, 4Hopkins Marine Station. Butterfly collaboration with Mara Lawniczak & Mark Blaxter (Sanger 
Institute)

IPA + purge_dups

primary haplotigs

Contig N50 20.12 Mb 4.21 Mb

Assembly size 790 Mb 730 Mb

BUSCO [C] 98.6% 92.8%

IPA + purge_dups

primary haplotigs

Contig N50 12.12 Mb 4.80 Mb

Assembly size 368 Mb 369 Mb

BUSCO [C] 99.3% 97.7%



23

Results: high PHASE accuracy

* Cabanettes F, Klopp C. (2018) D-GENIES: dot plot large genomes in an interactive, efficient and simple way. PeerJ
6:e4958 https://doi.org/10.7717/peerj.4958

Drosophila melanogaster F1 – Phased and polished X

ISO1 A4

Hifiasm
+ purge_dups

IPA
+ purge_dups

primary haplotigs primary haplotigs

N50 [Mbp] 22.55 1.28 13.49 2.42

Max length [Mbp] 28.13 6.81 23.47 12.48

Total length [Mbp] 160.19 149.87 134.19 115.26

Base QV 48.1 47.4 47.97 46.87

Phase accuracy 0.788 0.998 0.826 0.999

BUSCO of primary C:98.5%
S:98.0%,D:0.5%

C:98.7%
S:98.2%,D:0.5%

https://doi.org/10.7717/peerj.4958
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Results: Bug Genomes

https://www.darwintreeoflife.org 
https://github.com/darwintreeoflife/darwintreeoflife.data

Darwin Tree of Life, SANGER 
Testing on real-world samples - butterflies, moths & mosquitoes
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Microbial assembly analysis 
application
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Complete microbial 
genomes 

including chromosomes and 
plasmids

Microbial whole genome sequencing and assembly with HiFi data

High contiguity 

high per-base quality of final 
microbial assemblies

Fast assembly, 

easy to use, no need for 
parameter input/optimization

Complete microbial genomes with ease and confidence
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Short turn-around times

*

Typical time to results for Microbial Assembly analysis is ~20 to 60 minutes*

Minimum compute requirements:
Head Node:

Cores: 32, RAM: 64 GB, 
1 TB local tmp, 256 GB local db_datadir

Compute Nodes: 
Cores: 64, RAM: 4GB per core, 
1 TB local tmp, 256 GB local db_datadir
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Experimental design and 
input data requirements
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HiFi WGS data analysis recommendations small genomes 
(microbial multiplexing applications)

• Perform CCS analysis on-instrument using the Sequel IIe System or in SMRT Link to generate highly accurate and long 
single-molecule reads (HiFi reads)

• 15-fold HiFi read coverage per microbe is recommended for most de novo assembly projects

→ 𝑇𝑎𝑟𝑔𝑒𝑡 𝐻𝑖𝐹𝑖 𝐵𝑎𝑠𝑒 𝑌𝑖𝑒𝑙𝑑 = 𝑀𝑖𝑐𝑟𝑜𝑏𝑒 𝐺𝑒𝑛𝑜𝑚𝑒 𝑆𝑖𝑧𝑒 𝑀𝑏 𝑥 [𝑇𝑎𝑟𝑔𝑒𝑡 𝐻𝑖𝐹𝑖 𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑒𝑟 𝑀𝑖𝑐𝑟𝑜𝑏𝑒]

E.g., for de novo assembly analysis of a 5 Mb microbial genome:  

Recommended Minimum Target HiFi Base Yield = 5 Mb x 15 = 75 Mb

• Output data in standard file formats, (BAM and FASTA/Q) for seamless integration with downstream analysis tools

• Can use SMRT Link Microbial Genome analysis application for de novo assembly and base modification detection 
analysis using HiFi reads:

• Easy to use (no requirement for laborious parameter input/optimization)
• Enables fast and efficient microbial assembly results using HiFi reads (typical time to result is ~20-60 minutes* for analysis of a 96-

plex microbial data set (up to 375 total sum of genome sizes))
• Outputs complete, high-quality microbial genome assemblies (including chromosomes and plasmids)

Using HiFi reads for de novo assembly and base modification detection analysis of microbial genomes

* Minimum Compute Requirements:  Head Node - Cores: 32, RAM: 64 GB, 1 TB local tmp, 256 GB local db_datadir; Compute Nodes – Cores 64, RAM: 4GB per core, 1 TB local 
tmp, 256 GB local db_datadir

https://www.pacb.com/products-and-services/analytical-software/smrt-analysis/
https://www.pacb.com/products-and-services/analytical-software/smrt-analysis/
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WGS sample preparation procedure description
Procedure & Checklist – Preparing whole genome and metagenome libraries using SMRTbell prep kit 3.0
(102-166-600) describes a method for constructing SMRTbell libraries that are suitable for generating HiFi 
reads on the Sequel II and IIe systems for WGS and metagenomic shotgun sequencing applications.

PacBio Documentation (102-166-600)

APPLICATIONS
WHOLE GENOME SEQUENCING
De Novo assembly & variant detection
Microbial assembly
Shotgun metagenomics

Procedure Highlights
• Uses SMRTbell Prep Kit 3.0 (102-182-70) and supports high-throughput processing using 500 ng – 5 µg of input 

genomic DNA amounts
• We recommend starting with ≥1 μg of input DNA per SMRT Cell 8M (or ~3 µg for up to a 3 Gb WGS sample to enable 

running 3 SMRT Cells 8M)

• Multiplexing of samples can be performed using SMRTbell barcoded adapter plate 3.0 (102-009-200)

• Recommend shearing high-quality gDNA using a Megaruptor 3 System (Diagenode)
• 15 kb – 18 kb target insert size for large (plant / animal / human) genomes
• 7 kb – 12 kb target insert size for small (microbial) genomes
• 7 kb – 12 kb target insert size for shotgun metagenomic samples

• 4.5-hour workflow time to process up to 8 samples from shearing to size selection (6 hours for 24 samples)
• Time difference is from DNA shearing, which can be performed in sets of 8 samples.
• Excludes time needed for DNA sizing QC analysis using a Femto Pulse system.

• WGS SMRTbell libraries can be size-selected using AMPure PB Beads without the need for third-party equipment

https://www.pacb.com/wp-content/uploads/Procedure-Checklist-Preparing-Whole-Genome-Sequencing-Libraries-using-SMRTbell-Prep-Kit-3.0.pdf
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Example performance
https://downloads.pacbcloud.com/public/dataset/2021-11-Microbial-96plex/

https://downloads.pacbcloud.com/public/dataset/2021-11-Microbial-96plex/
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Sample preparation workflow Microbial species Genome size 
(bp)

GC content 
(%)

Microbial genome 
complexity Barcode names

Acinetobacter baumannii AYE 3,960,239 39.35 Class 3 bc2001 / bc2025 / bc2049 / bc2073
Bacillus cereus 971 5,430,163 35.29 Class 1 bc2002 / bc2026 / bc2050 / bc2074
Bacillus subtilis W23 4,045,592 43.5 Class 1 bc2003 / bc2027 / bc2051 / bc2075
Burkholderia cepacia UCB 717 8,569,621 66.6 Class 3 bc2004 / bc2028 / bc2052 / bc2076
Burkholderia multivorans 249 7,008,277 66.68 Class 3 bc2005 / bc2029 / bc2053 / bc2077
Enterococcus faecalis OG1RF 2,739,503 37.75 Class 1 bc2006 / bc2030 / bc2054 / bc2078
Escherichia coli H10407 5,393,109 50.71 Class 1 bc2007 / bc2031 / bc2055 / bc2079
Escherichia coli K12 MG1655 4,642,522 50.79 Class 1 bc2008 / bc2032 / bc2056 / bc2080
Helicobacter pylori J99 1,645,141 39.19 Class 1 bc2009 / bc2033 / bc2057 / bc2081
Klebsiella pneumoniae BAA-2146 5,780,684 56.97 Class 2 bc2010 / bc2034 / bc2058 / bc2082
Listeria monocytogenes Li2 2,950,984 37.99 Class 1 bc2011 / bc2035 / bc2059 / bc2083
Listeria monocytogenes Li23 2,979,685 38.19 Class 1 bc2012 / bc2036 / bc2060 / bc2084
Methanocorpusculum labreanum Z 1,804,962 50.5 Class 1 bc2013 / bc2037 / bc2061 / bc2085
Neisseria meningitidis FAM18 2,194,814 51.62 Class 3 bc2014 / bc2038 / bc2062 / bc2086
Neisseria meningitidis Serogroup B 2,304,579 51.44 Class 1 bc2015 / bc2039 / bc2063 / bc2087
Rhodopseudomonas palustris CGA009 5,459,213 64.9 Class 3 bc2016 / bc2040 / bc2064 / bc2088
Salmonella enterica LT2 4,950,860 52.24 Class 1 bc2017 / bc2041 / bc2065 / bc2089
Salmonella enterica Ty2 4,791,947 52.05 Class 1 bc2018 / bc2042 / bc2066 / bc2090
Staphylococcus aureus Seattle 1945 2,806,348 32.86 ¾ bc2019 / bc2043 / bc2067 / bc2091
Staphylococcus aureus USA300_TCH1516 2,872,915 32.7 Class 1 bc2020 / bc2044 / bc2068 / bc2092
Streptococcus pyogenes Bruno 1,844,942 38.48 ¾ bc2021 / bc2045 / bc2069 / bc2093
Thermanaerovibrio acidaminovorans
DSM6589 1,852,980 63.78 Class 1 bc2022 / bc2046 / bc2070 / bc2094

Treponema denticola A 2,842,721 37.87 ¾ bc2023 / bc2047 / bc2071 / bc2095
Vibrio parahaemolyticus EB101 5,146,979 45.33 Class 1 bc2024 / bc2048 / bc2072 / bc2096

- 24 different microbes; each ligated independently 
to 4 different barcodes for 96-plex

Microbial genome assembly complexity
Class I – Have few repeats except for the rDNA operon sized
5 to 7 kb

Class II - Class II genomes have many repeats, such as
insertion sequence elements, but none greater than 7 kb.

Class III - Contain large, often phage-related, repeats >7 kb.

Experiment design

Class I                    Class II                     Class III 

Example sequencing performance for a 96-plex microbial WGS library 
prepared with SMRTbell prep kit 3.0

https://genomebiology.biomedcentral.com/articles/10.1186/gb-2013-14-9-r101
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Example sequencing performance for a 96-plex microbial WGS library 
prepared with SMRTbell prep kit 3.0 (cont.)
Barcode demultiplexing results

§ All 96 barcodes detected 
§ Mean # of barcoded HiFi reads per microbe is ~18,000
§ Mean HiFi base coverage per microbe is 36-fold (Range is 19- to 63-fold)
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Example sequencing performance for a 96-plex microbial WGS library 
prepared with SMRTbell prep kit 3.0 (cont.)
HiFi de novo assembly results – assembled chromosomes

§Achieved 1 Contig / 
Chromosome for 92 
out of 96 assemblies

§For all 96 microbes, 
chromosomal 
assemblies were 
complete and of the 
expected sizes

Microbial assembly statistics from a 96-plex pool of bacteria relevant to food safety and human health. These data were generated on the Sequel II system and assembled with the fully automated HiFi-
based Microbial Assembly application in SMRT Link using the default parameters, without any manual curation. Download and explore the data yourself.

https://downloads.pacbcloud.com/public/dataset/2021-11-Microbial-96plex/
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Example sequencing performance for a 96-plex microbial WGS library 
prepared with SMRTbell prep kit 3.0 (cont.)
HiFi de novo assembly results – representative assembly accuracies

With HiFi data and the 
Microbial Assembly 
application in SMRT Link, 
genome assemblies are 
consistently >99.99% 
accurate
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Analysis workflow overview
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HiFi microbial assembly workflow

Assemble high-quality microbial chromosomes and plasmids
High contiguity, high per-base quality of final microbial assemblies
Fast assembly, easy to use, no need for parameter input/optimization

HiFi microbial assembly workflow stages

Base 
modification 

detection

Graph-based 
mapping

Ori-c rotation & 
prep for NCBI

Filter plasmid 
contigs

Plasmid 
assembly

Mapping
and

filtering

Chromosomal 
assembly
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Ori-c rotation

Task: find origin of replication, header and 

file formatting
Method: GC-skew for origin of replication 
detection

HiFi microbial assembly workflow stages

Base 
modification 

detection

Graph-based 
mapping

Ori-c rotation 
& prep for NCBI

Filter plasmid 
contigs

Plasmid 
assembly

Mapping
and

filtering

Chromosomal 
assembly
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Analysis results guide
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SMRT Analysis report

Polished Assembly



42

SMRT Analysis report

Polished Assembly
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SMRT Analysis report

Data

>ctg.s1.000000F shifted_by_bp:-1218400/3943308
TCAATTGTGAATAACTTTTTGCACATCCTGTGGATAAATTATCACATAAACTTATCCACAATCCATAAAGACAATAAAAACAGAGTTA
TCAACAGTTCAAATATATGTTTTTTAAATTTAAAACTGTGAAATCCACAAGAAAAGTCCACACTAATAAGAATAAATTTAAATTTTAA
AATTTGAATTTATTTAATAGGGCTGATCCAAATTGTGGATAACTAAAAAATATGAATTTAAATTCAAATATACCAAATCAAAACCAAC
TTCACATCAAGGTTTGTTGGTAAGTATGTAAATAAGAAGTGTATATCTTAAAAGTCTTAATAAAAATAAACAATTACTTTGTGCATAA
CTTTTAAATAAGAAAAATAGGCTAAATATAAAGAGAAGATAAAAAGTTAAAAATTTGACTTAAATACAAAACTTTCACGGTTTTTCAT
TGACAGCGTAAACATTGCACAATAAAATCGCGGACCTTTATAGAAAGATCATTTTTGGGAGTTTCGATATGAAACGTACTTTCCAACC
ATCTGAATTAAA

Final Polished Assembly: The final polished assembly with applied oriC rotation, in FASTA format.

Final Polished Assembly
[ analysis-A_baumannii_AYE_bc2001 -45009-p_ctg_oric.fasta ]

>ctg.s1.000000F [topology=circular][completeness=complete]
TCAATTGTGAATAACTTTTTGCACATCCTGTGGATAAATTATCACATAAACTTATCCACAATCCATAAAGACAATAAAAACAGAGTTA
TCAACAGTTCAAATATATGTTTTTTAAATTTAAAACTGTGAAATCCACAAGAAAAGTCCACACTAATAAGAATAAATTTAAATTTTAA
AATTTGAATTTATTTAATAGGGCTGATCCAAATTGTGGATAACTAAAAAATATGAATTTAAATTCAAATATACCAAATCAAAACCAAC
TTCACATCAAGGTTTGTTGGTAAGTATGTAAATAAGAAGTGTATATCTTAAAAGTCTTAATAAAAATAAACAATTACTTTGTGCATAA
CTTTTAAATAAGAAAAATAGGCTAAATATAAAGAGAAGATAAAAAGTTAAAAATTTGACTTAAATACAAAACTTTCACGGTTTTTCAT
TGACAGCGTAAACATTGCACAATAAAATCGCGGACCTTTATAGAAAGATCATTTTTGGGAGTTTCGATATGAAACGTACTTTCCAACC
ATCTGAATTAAA

Final Polished Assembly: The final polished assembly with applied oriC rotation and header adjustment 
for NCBI submission, in FASTA format.

Final Polished Assembly for NCBI
[ analysis-A_baumannii_AYE_bc2001 -45009-assembly.rotated.polished.renamed.fsa ]
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Case Study Sharing
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Case sharing: Microbial WGS via single technology
PacBio HiFi Noisy long reads + NGS

Coverage 40X 69X (ONT), 34X (ILMN)

Contig N50 5.47 Mb 2.1 Mb

Number of contigs 5 47

Run time 8 min 22 min

Assembler Flye Unicycler
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Sample ID Number of reads CCS Reads Length 
Mean (mapped) Contig number Sum of Contig Lengths (bp) Circular

Sample1 228,521 7,752 1 7,164,774 Y

Sample2 134,703 9,914 1 6,517,161 Y

Sample3 117,743 8,936 1 6,307,073 Y

Sample1 Sample2 Sample3

Complete sequence the closed genomes
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Downstream Applications
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Useful tools for further analysis

Genome Annotation
• Kbase: http://kbase.us/
• Prokka: https://github.com/tseemann/prokka
• RAST: http://rast.theseed.org/FIG/rast.cgi

Comparative Analysis
• QUAST: http://quast.sourceforge.net/quast
• MUMMER: http://mummer.sourceforge.net/
• Assemblytics: http://assemblytics.com/

Visualization
• Ribbon: http://genomeribbon.com/
• IGV: https://igv.org/
• BUSCO: https://busco.ezlab.org/

Other Genome Assembly tools
• FLYE: https://github.com/fenderglass/Flye
• Unicycler: https://github.com/rrwick/Unicycler
• Ciclator: https://sanger-pathogens.github.io/circlator/
• Canu(including Trio Binning Assembly):

• https://github.com/marbl/canu
• https://canu.readthedocs.io/en/latest/quick-start.html

• hifiasm: https://hifiasm.readthedocs.io/en/latest/index.html

http://kbase.us/
https://github.com/tseemann/prokka
http://rast.theseed.org/FIG/rast.cgi
http://quast.sourceforge.net/quast
http://mummer.sourceforge.net/
http://assemblytics.com/
http://genomeribbon.com/
https://igv.org/
https://github.com/fenderglass/Flye
https://github.com/rrwick/Unicycler
https://sanger-pathogens.github.io/circlator/
https://github.com/marbl/canu
https://canu.readthedocs.io/en/latest/quick-start.html
https://hifiasm.readthedocs.io/en/latest/index.html
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Proksee

Paper: https://academic.oup.com/nar/advance-article/doi/10.1093/nar/gkad326/7151341?login=false
Tools Link: https://proksee.ca/

https://academic.oup.com/nar/advance-article/doi/10.1093/nar/gkad326/7151341?login=false
https://proksee.ca/
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Documentation
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Application Brief: Microbial 
whole genome sequencing –

Best Practices (BP101-
013020)

Summary overview of 
application-specific sample 

preparation and data analysis 
workflow recommendations

Documentation

Procedure & Checklist –
Preparing whole genome and 
metagenome libraries 
using SMRTbell prep kit 3.0 (102-
166-600)
Technical documentation 
containing sample library 
construction and sequencing 
preparation protocol details

SMRT Link User Guide – Sequel 
Systems (102-278-200)
Technical documentation 
describing how to use SMRT Link 
software. SMRT Link is the web-
based end-to-end workflow 
manager for Sequel Systems. 

SMRT Tools Reference Guide 
(102-278-500)
Technical documentation 
describing command line tools 
included with SMRT Link. These 
tools are for use by 
bioinformaticians working with 
secondary analysis results.

https://www.pacb.com/wp-content/uploads/Application-Brief-Microbial-whole-genome-sequencing-Best-Practices.pdf
https://www.pacb.com/wp-content/uploads/Application-Brief-Microbial-whole-genome-sequencing-Best-Practices.pdf
https://www.pacb.com/wp-content/uploads/Procedure-Checklist-Preparing-Whole-Genome-Sequencing-Libraries-using-SMRTbell-Prep-Kit-3.0.pdf
https://www.pacb.com/wp-content/uploads/Procedure-Checklist-Preparing-Whole-Genome-Sequencing-Libraries-using-SMRTbell-Prep-Kit-3.0.pdf


54

Public data
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4 cells: 2 cells 20kb and 2 cells 15kbp
• ~34x coverage
• https://github.com/human-

pangenomics/HG002_Data_Freeze_v1.0

Public HiFi data

HG002 Human Pan-Genome Reference Consortium

https://github.com/human-pangenomics/HG002_Data_Freeze_v1.0
https://github.com/human-pangenomics/HG002_Data_Freeze_v1.0
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• 5 HiFi datasets
• https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA530776

Public HiFi data

CHM13 data from the HiCanu preprint

https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA530776
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Public HiFi data

HG002
15 kb + 20 kb library
6 SMRT Cell 8M
Data: PRJNA586863

Oryza sativa indica MH63
17 kb + 24 kb library
2 SMRT Cell 8M
Data: PRJNA573706

Drosophila melanogaster F1
19 kb + 24 kb library
2 SMRT Cell 8M
Data: PRJNA573706

X
ISO1 A4

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA586863
https://www.ncbi.nlm.nih.gov/sra/PRJNA573706
https://www.ncbi.nlm.nih.gov/sra/PRJNA573706
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Public HiFi data

https://www.biorxiv.org/content/10.1101/2020.05.04.077180v1

https://www.biorxiv.org/content/10.1101/2020.05.04.077180v1
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RNA dysregulation in cancer

Pan et al. RNA Dysregulation: An Expanding Source of Cancer Immunotherapy Targets.  Trends in Pharmacological Sciences, 2021.
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Alternative splicing is fundamental in producing diversity of proteins in the 
human body

• >95% of genes undergo alternative splicing
• Cells express ~4 isoforms per gene
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Splicing events that affect protein function Cancer-specific switches in isoform expression

Cancers display aberrant isoform regulation

Example:  The Bcl-x protein has two isoforms
• Bcl-xS (short isoform) is expressed in normal cells
• Bcl-xL (long isoform) is overexpressed in cancer cells, 

promotes cancer progression and resistance to chemotherapy.

Alternative transcripts are more dominantly expressed in cancer 
tissues than in normal tissues.

Normal tissue Cancer
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Isoforms are important source of novel cancer biomarkers and drug targets

Cancer-specific isoforms have been shown 
to be actionable biomarkers and are an 
untapped source of drug targets for 
oncology.

The vast majority of cancer-specific isoforms 
remain unknown.
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Short read sequencing Long read sequencing

Long-read sequencing provides complete view of cancer transcriptome

Short-read sequencing can only assemble ~20 to 40% of 
human transcriptomes

PARTIAL view of cancer transcriptomes

PacBio’s long-read sequencing offers superior 
isoform discovery power

COMPLETE view of cancer transcriptomes
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Iso-seq identifies thousands of novel isoforms in breast cancer samples

Two-third of identified isoforms are novel 
(NNC+NIC)

Proportion of novel isoforms is  ~2-fold 
higher in tumor vs normal samples. 

67

31

2
142,514 splice isoforms detected

Novel isoforms

Known isoforms

Other (antisense, intronic)
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Alternative splicing affects important functional domains in oncogenes

Novel isoform increase in oncogenes Complex splicing regulation in

ERBB2/HER2 oncogene 

Effects on important functional domains

30%

70%

Percent of novel isoforms 
with affected conserved 

domains

35%

65%

Percent of novel isoforms with 
predicted protein localization 

effects

Veiga, et al.  A comprehensive long-read isoform analysis platform and sequencing resource for breast cancer.  Sciences Advances, 2022.
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Example – gastric cancer

• Gastric cancer is the 3rd leading cause of cancer death

• Tumor morphology gives limited guidance 

• Molecular methods (sequencing) can better help subtype GC 

https://genomebiology.biomedcentral.com/articles/10.1186/s13059-021-02261-x

https://genomebiology.biomedcentral.com/articles/10.1186/s13059-021-02261-x
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Example – gastric cancer

>60% Iso-Seq transcripts are novel Alternative promoters change CDS

~25% genes have multiple promoters

Majority of novelty comes from use of an 
alternative first exon (AF)

AFs can change the encoded protein

https://genomebiology.biomedcentral.com/articles/10.1186/s13059-021-02261-x

https://genomebiology.biomedcentral.com/articles/10.1186/s13059-021-02261-x
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Linking novel promoters to potential clinical outcomes

https://genomebiology.biomedcentral.com/articles/10.1186/s13059-021-02261-x

Iso-Seq data identifies novel promoter in ARID1A 

Two novel (NIC) transcripts use a novel promoter that truncates the first 384 aa; it is associated with poor survival outcome.
In contrast, the known (FSM) transcript uses a known promoter and is not significantly associated with poor survival. 

https://genomebiology.biomedcentral.com/articles/10.1186/s13059-021-02261-x
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Advantages of the Iso-Seq method

The Iso-Seq method 
generates highly 
accurate full-length 
reads for bulk and 
single-cell transcriptome

No transcript assembly required

Full-length isoforms from 5’ to 3’ end

Can be used for

• genome annotation

• novel isoform discovery

• fusion gene finding

• differential isoform expression analysis
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Iso-Seq workflow is an end-to-end solution

www.pacb.com/iso-seq

Library prep

1 DAY

SMRT sequencing

1 DAY

Data analysis

1 DAY

http://www.pacb.com/iso-seq
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What can you get with 1 SMRT cell worth of Iso-Seq data?

Dataset: UHRR-2021 (contains ~10 SMRT Cell 8M data)
Dataset: Alzheimer Brain

SMRT sequencing

1 DAY

FL reads Unique 
genes

Unique 
transcripts

UHRR ‘19 4,734,362 16,328 183,689

Alzheimer 
Brain 4,277,293 17,670 162,290

1 SMRT Cells 8M yields up to 4 million 
full-length reads

Each full-length read is a full-length 
transcript – no assembly required

In human whole transcriptome, >100k 
unique isoforms can be observed

https://downloads.pacbcloud.com/public/dataset/UHRRisoseq2021/
https://downloads.pacbcloud.com/public/dataset/Alzheimer2019_IsoSeq/
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Isoform characterization: A meal of its own

PacBio genome + Iso-Seq

PacBio Iso-Seq only

Existing ref genome
3 tissues

Existing ref genome
19 samples total

Existing ref genome
3 tissue x 3 conditions

Existing ref genome
2 yeast strains

Existing ref genome
3 bears x 3 tissues 

x 2 conditions

Existing ref genome
10 rice cultivar RNA

1 PacBio genome
1 RNA tissue

1 PacBio genome
1 individual
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PacBio is the main technique of the VGP project

https://vertebrategenomesproject.org/phase-one

The analysis pipeline of the 
Vertebrate genomes projects (VGP)

https://vertebrategenomesproject.org/phase-one
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Transforms HiFi reads Into high-quality, full-length isoforms

Iso-Seq Analysis

Gene CGene BGene A

M
ap

 a
nd

 c
ol

la
ps

e
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Iso-Seq Analysis mid-level workflow

Map & 
collapseClusterRefineDemultiplexconsensus

Transforms HiFi reads
Into high-quality, full-length isoforms
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Iso-Seq Analysis workflow

Iso-Seq analyzes QV20 reads from hifi_reads.bam.

Map & 
collapseClusterRefineDemultiplexconsensus
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Iso-Seq Analysis workflow

Map & 
collapseClusterRefineDemultiplexconsensus

Utilizes demultiplex barcoding algorithm (LIMA) with special `--isoseq` mode
Full length reads have 5’ and 3’ cDNA primers, which are removed by LIMA
DON’T USE DEMULTIPLEX BARCODES APPLICATION

https://github.com/PacificBiosciences/barcoding
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Iso-Seq Analysis workflow

Map & 
collapseClusterRefineDemultiplexconsensus

If your sample has poly(A) tails, use `--require-polya` to filter for FL reads that have a poly(A) tail 
with at least 20 base pairs and remove the identified tail (GUI - turn off on advanced parameters )

FLNC reads: CCS reads with 5’ and 3’ cDNA primers, polyA tail, and concatemers removed



23

Iso-Seq Analysis workflow

Map & 
collapseClusterRefineDemultiplexconsensus

- High Quality (HQ): 
QV≥20 and ≥2 FLNC read support
- Low Quality (LQ): 
QV <99% and < 2 FLNC read support

Two FLNC reads are considered the same isoform if:
A) <100 bp difference in 5’ start
B) <30 bp difference in 3’ end
C) <10 bp in internal gap, no limit on number of gaps



24

Iso-Seq Analysis workflow

Map & 
collapseClusterRefineDemultiplexconsensus

Gene CGene BGene A

M
ap

 a
nd

 c
ol

la
ps

e

• Align to reference genome
• Remove redundancy
• pbmm2
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Iso-Seq terminology

NAME ABBR EXPLANATION

Full-Length Reads FL Reads CCS reads with 5’ and 3’ cDNA 
primers removed

Full-Length, Non-Concatemer
Reads FLNC Reads

CCS reads with 5’ and 3’ cDNA 
primers, polyA tail, and concatemers 
removed

High-Quality Isoforms HQ Isoforms Polished transcript sequences with 
predicted accuracy ≥99% & ≥2 FLNC 

Low-Quality Isoforms LQ Isoforms Polished transcript sequences with 
predicted accuracy <99% & ≥2 FLNC 
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Primer/barcode set required – demultiplexing step 

Primer Set : 
Specify a primer sequence file in FASTA format to identify cDNA primers for removal. The primer sequence 
includes the 5’ and 3’ cDNA primers and (if applicable) barcodes. 

Primer IDs must be specified using the suffix_5p to indicate 5’ cDNA primers and the suffix_3p to indicate 3’ 
cDNA primers. The 3’ cDNA primer should not include the Ts and is written in reverse complement
Each primer sequence must be unique. 

Multiplex Samples:
For multiplexed datasets, Iso-Seq Analysis reports and graphs now include isoforms per barcode in 
addition to the total number of isoforms across all barcodes.

If barcodes were used, they should be included. 
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Primer set required – demultiplex step- multiplex samples 

bc1001_5p

CACATATCAGAGTGCGGCAATGAAGTCGCAGGGTTGGGG

>bc1002_5p

ACACACAGACTGTGAGGCAATGAAGTCGCAGGGTTGGGG

>bc1001_3p

GTACTCTGCGTTGATACCACTGCTTCGCACTCTGATATGTG

>bc1002_3p

GTACTCTGCGTTGATACCACTGCTTCTCACAGTCTGTGTGT

https://www.pacb.com/smrt-science/smrt-sequencing/multiplexing/

Barcoded Adapters
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Iso-Seq analysis artifacts
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Types of library artifacts

Type Cause & phenotype Detected
By iso-seq analysis?

TSO Artifacts C: TSO acting as a primer
P: TSO on both ends YES

RT Artifacts C: Did not add TSO
P: Missing TSO on 5’ end YES

Artificial Concatemers
C: Insufficient SMRT adapter
P: cDNA primers in middle of 
read

YES

PCR chimera C: PCR amplification
P: Fusion of two transcripts NO

RT switching
C: Secondary structure
P: new intron with non-
canonical junctions

NO
(SQANTI can with mapping)

Intrapriming
C: dT priming off A-stretch
P: genomic (A)s downstream of 
3’

NO
(SQANTI can with mapping)
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Types of library artifacts - representation

5’ Primer ATGGG 3’ Primer

Full-Length (not artifact):

RT Artifact:    EXAMPLE: recent customer who forgot to add TSO.  

(TTTT)n

(AAAA)n

Artificial Concatemers:

3’ Primer(TTTT)n3’ Primer (AAAA)n

Transcript 

Transcript 

5’ Primer ATGGG Transcript A 3’ Primer(AAAA)n 5’ Primer Transcript B 3’ PrimerATGGG

PCR Chimeras:

5’ Primer Transcript A Transcript B 3’ Primer

RT Artifact:

5’ Primer(TTTT)n5’ Primer Transcript 

TSO Artifact:

ATGGG (TTTT)nCCCAT

ATGGG

The “NC” (non-artificial-concatemer) in FLNC

The “FL” in FLNC
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Iso-Seq v3 will detect TSO & RT library artifacts 
and result in few FL reads

To determine which kind of artifacts it is:

1. Manually inspect the CCS fasta sequences

2. Inspect the LIMA report for hints
FILE: <job>/tasks/barcoding.tasks.lima-
0/lima_output.lima.summary

ZMWs input (A) : 486997
ZMWs above all thresholds (B) : 369009 (76%) # of FL
ZMWs below any threshold  (C) : 117988 (24%) # of NFL

ZMW marginals for (C):
Below min length              : 950 (1%)
Below min score : 0 (0%)
Below min end score           : 37824 (32%)
Below min passes : 301 (0%)
Below min score lead          : 0 (0%)
Below min ref span : 26830 (23%)
Without adapter               : 301 (0%)
Undesired 5p--5p pairs : 16991 (14%)
Undesired 3p--3p pairs : 84015 (71%)
Undesired no hit : 301 (0%)

Troubleshooting artifacts

Reasons for nFL (Same read can have multiple 
reasons; sum can be over 100%)
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Downstream analysis
Third party tools
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SQANTI3: Quality control transcriptomes

Tardaguila, M. et al. SQANTI: extensive characterization of long read transcript sequences for quality control in full-length transcriptome 
identification and quantification. 1–31 (2017). doi:10.1101/118083
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SQANTI 3: isoform categorization

Tardaguila, M. et al. (2018) SQANTI: extensive characterization of long read transcript sequences for quality control in full-length transcriptome 
identification and quantification. Genome Research, 28:396-411.

https://genome.cshlp.org/content/28/3/396.long
https://genome.cshlp.org/content/28/3/396.long
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Bulk Iso-Seq, Alzheimer brain Bulk Iso-Seq, UHRR

Transcript distribution is highly sample-dependent
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HiFi sequencing delivers the most comprehensive and highest quality data for 
microbial genomics 
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Full-Length 16S Pipeline Overview
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16s rRNA sequencing is a culture-free method to identify and compare bacterial 
diversity from complex microbiomes or environments 

Fukuda K, Ogawa M, Taniguchi H, Saito M. Molecular Approaches to Studying Microbial Communities: Targeting the 16S Ribosomal RNA Gene. J 
UOEH. 2016 Sep;38(3):223-32. doi: 10.7888/juoeh.38.223. PMID: 27627970. 
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Amplicons can Target 16s rRNA and Beyond
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Full Length 16S is crucial for complete taxonomy characterization in the 
human gut, without bias

Johnson JS, et. al. (2019) Evaluation of 16S rRNA gene sequencing for species and strain-level microbiome analysis. Nature Communications. https://doi.org/10.1038/s41467-019-13036-1 

Full V1–V9 region: the only way to resolve ALL the 
clades that may be present in the human gut

• V4: Consistently poor performance

• V1–V2: poor for Proteobacteria

• V3–V5: poor for Actinobacteria

• V1–V3: good results for Escherichia / Shigella

• V3–V5: good results for Klebsiella, 

• V6–V9: good results for Clostridium and Staphylococcus 

Proteobacteria 變形菌門 Actinobacteria 放線菌門 Escherichia 埃希氏菌屬 Shigella 志賀氏菌屬  
Klebsiella 克雷伯氏菌屬 Clostridium 梭菌屬 Staphylococcus 葡萄球菌屬 
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Intragenomic 16S polymorphisms are highly prevalent in the human gut

“Multiple polymorphic 16S copies are not an inconvenience to be overlooked, rather they 
will enable the 16S gene to be used in strain-level microbiome analysis”

Johnson JS, et. al. (2019) Evaluation of 16S rRNA gene sequencing for species and strain-level microbiome analysis. Nature Communications. 
https://doi.org/10.1038/s41467-019-13036-1 

349 of 381 cultured 
isolates from the gut 
microbiome of the healthy 
individuals have 
intragenomic SNPs
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More reads are classified to species and genus level with PacBio full-length 
16S sequencing compared to V4 and synthetic long-read full-length 16S

8

97% sequences assigned
to genus level using PacBio vs. 
LoopSeq at 87% and V4 at 44%

99.7% sequences assigned
to species level using PacBio vs. 
LoopSeq at ~31% and V4 at ~15%

Yu, et. Al (2022) Effects of Waterlogging on Soybean Rhizosphere Bacterial Community Using V4, LoopSeq, and PacBio 16S 
rRNA Sequence. DOI: https://doi.org/10.1128/spectrum.02011-21

https://doi.org/10.1128/spectrum.02011-21


9Lefoulon, Truchon, et. al. (2021) Greenhead (Tabanus nigrovittatus) Wolbachia and Its Microbiome: A Preliminary Study. Microbiology Spectrum. 
https://doi.org/10.1128/Spectrum.00517-21 

• “Our data show that Illumina data analysis 
provides a less effective taxonomic profiling 
than PacBio data analysis, with a high 
percentage of unclassified reads at the order 
and genus levels.” 

• “Ultimately, while Illumina short-read 
sequencing is effective in microbiome 
analysis at a higher taxonomic level, long-
read analyses show much greater power for 
in-depth classification.”

18%

47%

Full-length 16S sequencing yields more in-depth taxonomic classification 
than short read V4
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HiFi reads can identify 16S polymorphisms 

Johnson JS, et. al. (2019) Evaluation of 16S rRNA gene sequencing for species and strain-level microbiome analysis. Nature. 
https://doi.org/10.1038/s41467-019-13036-1 
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16S Data Analysis Workflow Recommendations

1. Perform CCS analysis on-instrument (Sequel IIe system only) or in SMRT Link to generate 
highly accurate (≥Q20) single-molecule long reads (HiFi reads)Generate HiFi reads

3

1

Demultiplex barcodes2
2. Demultiplex barcodes on-instrument (Sequel IIe system only) or in SMRT Link to separate 

HiFi reads by sample barcode
• Barcode FASTA files for demultiplexing can be downloaded from PacBio’s Multiplexing website

3. Analyze 16S data using DADA2 or Qiime2

An example HiFi read data set for a MSA-1003 mock community  
sample is available for download from PacBio (Link)

Tertiary data analysis using either
DADA2 or Qiime2 

https://www.pacb.com/products-and-services/analytical-software/
https://www.pacb.com/multiplexing/
https://pubmed.ncbi.nlm.nih.gov/31269198/
https://docs.qiime2.org/2022.2/
https://programs.pacb.com/l/1652/2023-06-08/43zdsc?_gl=1*1yay48n*_ga*NDUzNzc1MTEwLjE2MjUyMDkxOTM.*_ga_TSCERCM0J4*MTY4Njg5OTE5MC4zMzIuMS4xNjg2ODk5MTkwLjAuMC4w
https://pubmed.ncbi.nlm.nih.gov/31269198/
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For Full-Length 16S Analysis

- PacBio CCS produced multiple distinct 16S sequences per bacterial genome 
- 16S sequences appear in integer ratios that reflect their copy number 

https://benjjneb.github.io/dada2/ 

Callahan, BJ et. al. (2018) High-throughput amplicon sequencing of the full-length 16S rRNA gene with single-nucleotide resolution.
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Denoising and clustering

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. DADA2: High-resolution sample inference from Illumina amplicon data. Nat 
Methods. 2016 Jul;13(7):581-3. doi: 10.1038/nmeth.3869. Epub 2016 May 23. PMID: 27214047; PMCID: PMC4927377.

OTU (Operational Taxonomic Units)
ASV (Amplicon Sequence Variants)
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Denoising and clustering

Callahan, et al. The ISME Journal, 2017. QIIME 2 Cancer Microbiome Intervention Tutorial

A) Bulk sample PCR B) Amplicon HTS C) Sequence

Quality
Control

Q-score filtering,
Trimming, chimera 
removal etc.

Clustering
Centroids

ex 97% similarity

D) OTUs

OTU（Operational Taxonomic Units）

Bio.
Inf.
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Denoising and clustering

Callahan, et al. The ISME Journal, 2017. QIIME 2 Cancer Microbiome Intervention Tutorial

Haplotypes
Denoising

Bio.
Inf.A) Bulk sample PCR B) Amplicon HTS

Clustering
Centroids

ex 97% similarity

D) OTUs

OTU（Operational Taxonomic Units）

C) Sequence Bio.
Inf.

100% similarity
ASV（Amplicon Sequence Variants）
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Example workflow: 192-plex 16S amplicon library preparation using barcoded 
gene-specific primers

• MSA-1003 is a controlled, pre-defined, standardized reference material that can 
help with metagenomic analysis protocol development optimization, verification, 
and quality control

• 20 Strain Staggered Mix Genomic Material (ATCC MSA-1003) 
https://www.atcc.org/products/all/MSA-1003.aspx

• MSA-1003 sample is a mock microbial community that mimics mixed 
metagenomic samples

• MSA-1003 sample comprises genomic DNA prepared from fully sequenced, 
characterized, and authenticated ATCC Genuine Cultures that were selected by 
ATCC based on relevant phenotypic and genotypic attributes, such as Gram 
stain, GC content, genome size, and spore formation

• For the example data shown in this presentation, replicate MSA-1003 samples 
were processed in parallel to generate a 192-plex pooled 16S SMRTbell library 
using barcoded gene-specific primers and SMRTbell express template prep kit 
2.0

% MSA-1003 component

0.18 Acinetobacter baumannii (ATCC 17978)

1.80 Bacillus cereus (ATCC 10987)

0.02 Bacteroides vulgatus (ATCC 8482)

0.02 Bifidobacterium adolescentis (ATCC 15703)

1.80 Clostridium beijerinckii (ATCC 35702)

0.18 Cutibacterium acnes (ATCC 11828)

0.02 Deinococcus radiodurans (ATCC BAA-816)

0.02 Enterococcus faecalis (ATCC 47077)

18.0 Escherichia coli (ATCC 700926)

0.18 Helicobacter pylori (ATCC 700392)

0.18 Lactobacillus gasseri (ATCC 33323)

0.18 Neisseria meningitidis (ATCC BAA-335)

18.0 Porphyromonas gingivalis (ATCC 33277)

1.80 Pseudomonas aeruginosa (ATCC 9027)

18.0 Rhodobacter sphaeroides (ATCC 17029)

0.02 Schaalia odontolytica (ATCC 17982)

1.80 Staphylococcus aureus (ATCC BAA-1556)

18.0 Staphylococcus epidermidis (ATCC 12228)

1.80 Streptococcus agalactiae (ATCC BAA-611)

18.0 Streptococcus mutans (ATCC 700610)https://www.atcc.org/products/all/MSA-1003.aspx

MSA-1003 Mock Community Sample Description

https://www.atcc.org/products/all/MSA-1003.aspx
https://www.atcc.org/products/all/17978.aspx
https://www.atcc.org/products/all/10987.aspx
https://www.atcc.org/products/all/8482.aspx
https://www.atcc.org/products/all/15703.aspx
https://www.atcc.org/products/all/35702.aspx
https://www.atcc.org/products/all/11828.aspx
https://www.atcc.org/products/all/BAA-816.aspx
https://www.atcc.org/products/all/47077.aspx
https://www.atcc.org/products/all/700926.aspx
https://www.atcc.org/products/all/700392.aspx
https://www.atcc.org/products/all/33323.aspx
https://www.atcc.org/products/all/BAA-335.aspx
https://www.atcc.org/products/all/33277.aspx
https://www.atcc.org/products/all/9027.aspx
https://www.atcc.org/products/all/17029.aspx
https://www.atcc.org/products/all/17982.aspx
https://www.atcc.org/products/all/BAA-1556.aspx
https://www.atcc.org/products/all/12228.aspx
https://www.atcc.org/products/all/BAA-611.aspx
https://www.atcc.org/products/all/700610.aspx
https://www.atcc.org/products/all/MSA-1003.aspx
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PacBio 16S Sequencing Faithfully Represents a Known Mock Community 
Sample

Download and explore this 16S HiFi dataset further

MSA-1003 SAMPLE DESCRIPTION
20 Strain Staggered Mix Genomic Material (ATCC® MSA-1003™) 

https://www.atcc.org/products/all/MSA-1003.aspx

16S ANALYSIS OF THE MSA-1003 MOCK COMMUNITY

Yield of >99% accurate 16S reads  
matches the expected composition 

of the MSA-1003 mock community  sample

Full-length (V1-V9) 16S amplicon samples were pooled at 96-Plex and sequenced on a single SMRT Cell 8M (Sequel II System Chemistry 2.0). 
PacBio results shown in bar graph reflect the average abundance values derived from the pooled MSA-1003 replicate samples.

GC content ranging from 30 ~ 69% can be identified

https://github.com/PacificBiosciences/DevNet/wiki/16S-Data-Set-Sequel-II-System-2.0-Release
https://www.atcc.org/products/all/MSA-1003.aspx


18https://github.com/PacificBiosciences/pb-16S-nf

pb-16-nf overview

SILVA, GTDB and RefSeq + RDP 

Compatible with : Conda, Singularity, Docker

Languages: Nextflow

https://github.com/PacificBiosciences/pb-16S-nf
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Results from pb-16-nf pipeline

HTML report provides useful metrics and visualizations

Important outputs are in QIIME-compatible format and 
TSV format for easy importing

Outputs documentation: 
https://github.com/PacificBiosciences/pb-16S-
nf/blob/main/pipeline_overview.md

https://github.com/PacificBiosciences/pb-16S-nf/blob/main/pipeline_overview.md
https://github.com/PacificBiosciences/pb-16S-nf/blob/main/pipeline_overview.md
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Results from pb-16-nf pipeline
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Results from pb-16-nf pipeline
• HTML report provides useful metrics and visualizations

• Important outputs are in QIIME2-compatible format

and TSV format for easy importing

• Outputs documentation:

https://github.com/PacificBiosciences/pb-16S-nf

https://github.com/PacificBiosciences/pb-16S-nf

krona.qzv

https://github.com/PacificBiosciences/pb-16S-nf/blob/main/pipeline_overview.md
https://github.com/PacificBiosciences/pb-16S-nf
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Results from pb-16-nf pipeline
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Analysis PacBio HiFi Mock Community 16S Data with QIIME 2 view

https://github.com/PacificBiosciences/pb-16S-analysis/wiki/Analyzing-PacBio-HiFi-Mock-Community-16S-Data-with-QIIME-2

Phylogeny analysisRarefaction plot

Taxonomy bar plot
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How does it perform? (32 CPUs)

Sample types Number of 
samples

Number of FL 
Q20 reads 
(FL%)

Total 
ASVs

Reads in 
ASVs

Classified 
species 
ASVs

Classified 
species 
reads

Pipeline run 
time

Pipeline 
max 
memory

Oral1 891 8.3m 5417 5104663 
(62%)

87% 91% 2.5h 34 GB

Gut2 192 2.2m 1593 996965 
(45%)

96% 99% 2h 30 GB

Animal gut3 192 16.7m 17293 10623342 
(65%)

67%* 81% 13h 87 GB

Animal gut3 192 2.2m (99.3%) 10917 1789875 
(83%)

70% 79% 5.5h 30 GB

Wastewater 
full4

33 2.14m 11462 1969683 
(92%)

39%* 63% 12h 47 GB

Wastewater 
10k/sample5

33 326k 3974 265137 
(82%)

44%* 65% 4.6h 23 GB

1. Data downloaded from SRA PRJDB12588, primers already trimmed.
2. Data downloaded from SRA PRJNA774819, primers already trimmed.
3. Customer collaboration dataset
4. Downloaded from SRA PRJNA846349, reads are Q30 filtered by author.
5. Downloaded from SRA PRJNA846349, reads are Q30 filtered by author. Down-sampled to 10k reads per sample.

* Using MiDAS wastewater database increases classified species and reads to 85% for full dataset and 91% for down-sampled dataset
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Mock Community HiFi Data available for download

• Full-length 16S Data Set
https://github.com/PacificBiosciences/DevNet/wiki/16S-Data-Set-Sequel-II-System-2.0-Release

• pb-16S-nf
https://github.com/PacificBiosciences/pb-16S-nf

https://github.com/PacificBiosciences/DevNet/wiki/16S-Data-Set-Sequel-II-System-2.0-Release
https://github.com/PacificBiosciences/pb-16S-nf
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