
METAGENOME SEQUENCING WITH 
HIFI READS — BEST PRACTICES

Highly accurate long reads – HiFi reads – with single-molecule resolution make Single 
Molecule, Real-Time (SMRT®) sequencing ideal for full-length 16S rRNA sequencing, 
metagenome profiling, and metagenome assembly.
• Determine community composition at the species or 

strain level with competitively priced full-length 16S 
sequencing 

• Identify 6–8 full-length genes in every HiFi read with 
efficient, cost-effective metagenomic profiling 

• Generate up to 20 high-quality metagenome-assembled 
genomes (MAGs) per multiplexed human fecal sample 
with just 4 Gb of HiFi data

• Leverage epigenomic data to associate contigs and 
plasmids from closely related strains

Achieve standout metagenome assemblies:

• 65–85 HQ-MAGs per sample with ~17 Gb data; 
many are single contig

• 299 HQ-MAGs in total across 4 samples

• ~35 single contig MAGs per sample, 141 total

• ~143 unique species/strains, ~86 genera

HiFi metagenomics
Precise species profiling, more functional annotations, more high-quality MAGs, and more circular MAGs, even at lower coverage

The proportion of 16S sequences from each bacterial genus that cannot be identified at the species level varies significantly depending on which variable region is used. Since 
the human gut can harbor a broad diversity of bacterial clades, only full-length sequences (V1-V9) can provide unbiased resolution of all the species that may be present.¹

With up to 9 complete genes per HiFi read, PacBio data provides rich functional 
information; nearly every read contributes to your understanding of the biological 
functions present in your microbial community.²

The unique combination of long read lengths and high accuracy overcomes many 
challenges involved with metagenome assembly such as distinguishing closely 
related strains in the same sample and yielding single contig MAGs. Analysis of 
four human gut microbiome samples from The BioCollective.3 High quality  
MAGs = >70% completeness, <10% contamination, <10 contigs.

Full-length 16S rRNA sequencing
Species-level phylogenetic resolution

16S gene copy variants reflect strain-level variation. Clustering
of 16S sequences into OTUs has historically served two purposes.
First, it has removed minor artifactual sequence variants due to
PCR amplification and sequencing errors when collapsing
sequences into groups. Second, it has collapsed legitimate
sequence variants that exist between closely related bacterial taxa.
Although the latter may not always be desirable, it stands to
reason that you cannot distinguish between bacterial taxa whose
16S sequences vary at a rate that is lower than the error
encountered on a particular sequencing platform.

Recently, advances in CCS have dramatically improved error
rates of long-read sequencing platforms. At the same time,
computational methods have made it possible to distinguish

between legitimate vs. artifactual sequence variation. These
technological and methodological advances mean researchers
now have the potential to perform high-throughput sequencing
that can accurately detect single-nucleotide variants across the
entire 16S gene.

Although it is tempting to assume that single-nucleotide
variants may represent distinct, closely related taxa, we caution
against this overly simplistic interpretation due to the fact that
many bacterial genomes contain multiple polymorphic copies of
the 16S gene12–14. We performed PacBio CCS sequencing of a
36 species bacterial mock community (Supplementary Table 3
and Supplementary Fig. 4) to demonstrate (i) that the 16S
sequence of many bacteria varies between operons within the
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Fig. 1 In-silico comparison of 16S rRNA variable regions. a Shannon entropy across the 16S gene based on the alignment of a single representative sequence
for each known species present in the Greengenes database. Sequences were aligned against a single reference 16S gene for Escherichia coli K-12 MG1655
(NCBI Gene ID 947777). Gray panels depict variable regions defined by commonly used primer-binding sites (Supplementary Table 1). Variable regions
considered in this study are shown as red lines (bottom). b Proportion of sequences for each variable region that could not be identified to species level
when classifying each sequence against the reference database from which it was derived at a confidence threshold of 80% (RDP classifier). c Trees based
on taxonomy of sequences present in the in-silico database. The same tree is provided for each variable region. The color of each branch reflects the
proportion of sequences within each clade that could not be identified to species level. d The number of OTUs created when clustering sequences for each
variable region at 99% sequence similarity. Dashed line indicates the number of unique sequences (>1% different) in the original database. Source data are
provided as a Source Data file
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of 16S sequences into OTUs has historically served two purposes.
First, it has removed minor artifactual sequence variants due to
PCR amplification and sequencing errors when collapsing
sequences into groups. Second, it has collapsed legitimate
sequence variants that exist between closely related bacterial taxa.
Although the latter may not always be desirable, it stands to
reason that you cannot distinguish between bacterial taxa whose
16S sequences vary at a rate that is lower than the error
encountered on a particular sequencing platform.
Recently, advances in CCS have dramatically improved error

rates of long-read sequencing platforms. At the same time,
computational methods have made it possible to distinguish

between legitimate vs. artifactual sequence variation. These
technological and methodological advances mean researchers
now have the potential to perform high-throughput sequencing
that can accurately detect single-nucleotide variants across the
entire 16S gene.
Although it is tempting to assume that single-nucleotide

variants may represent distinct, closely related taxa, we caution
against this overly simplistic interpretation due to the fact that
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(NCBI Gene ID 947777). Gray panels depict variable regions defined by commonly used primer-binding sites (Supplementary Table 1). Variable regions
considered in this study are shown as red lines (bottom). b Proportion of sequences for each variable region that could not be identified to species level
when classifying each sequence against the reference database from which it was derived at a confidence threshold of 80% (RDP classifier). c Trees based
on taxonomy of sequences present in the in-silico database. The same tree is provided for each variable region. The color of each branch reflects the
proportion of sequences within each clade that could not be identified to species level. d The number of OTUs created when clustering sequences for each
variable region at 99% sequence similarity. Dashed line indicates the number of unique sequences (>1% different) in the original database. Source data are
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16S gene copy variants reflect strain-level variation. Clustering
of 16S sequences into OTUs has historically served two purposes.
First, it has removed minor artifactual sequence variants due to
PCR amplification and sequencing errors when collapsing
sequences into groups. Second, it has collapsed legitimate
sequence variants that exist between closely related bacterial taxa.
Although the latter may not always be desirable, it stands to
reason that you cannot distinguish between bacterial taxa whose
16S sequences vary at a rate that is lower than the error
encountered on a particular sequencing platform.
Recently, advances in CCS have dramatically improved error

rates of long-read sequencing platforms. At the same time,
computational methods have made it possible to distinguish

between legitimate vs. artifactual sequence variation. These
technological and methodological advances mean researchers
now have the potential to perform high-throughput sequencing
that can accurately detect single-nucleotide variants across the
entire 16S gene.
Although it is tempting to assume that single-nucleotide

variants may represent distinct, closely related taxa, we caution
against this overly simplistic interpretation due to the fact that
many bacterial genomes contain multiple polymorphic copies of
the 16S gene12–14. We performed PacBio CCS sequencing of a
36 species bacterial mock community (Supplementary Table 3
and Supplementary Fig. 4) to demonstrate (i) that the 16S
sequence of many bacteria varies between operons within the
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From DNA to resolved microbial communities

Information in this document is subject to change without notice. PacBio assumes no responsibility for any errors or omissions in this document. 
Certain notices, terms, conditions and/or use restrictions may pertain to your use of PacBio products and/or third party products. Refer to the applicable 
PacBio terms and conditions of sale and to the applicable license terms at http://www.pacb.com/legal-and-trademarks/terms-and-conditions-of-sale/. 
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Learn about metagenome sequencing: 
pacb.com/microbial-pop

Full-length 16S rRNA sequencing
High-resolution, cost-effective 

screening for microbial community 
studies

Metagenome profiling
Unbiased compositional and 
functional characterization of 

microbial communities

Metagenome assembly
Generation of complete or near-

complete genome assemblies from 
microbial populations

Library preparation4

Prepare 
SMRTbell® 
template

Follow full-length 16S rRNA protocol5 
with recommended primers or use 

Shoreline Complete StrainID or 
Complete V1-V9 kits for DNA extraction 

and PCR amplification7

Create 10 kb libraries for HiFi metagenomics6

Multiplexing and library automation supported

SMRT sequencing with the Sequel® II or Sequel IIe system

Yield
1.6 kb HiFi reads 10 kb HiFi reads

A 10-hour movie collection generates
up to 3.5 million >Q20 reads

A 30-hour movie collection generates  
up to 2.9 million >Q20 reads

Scale 
throughput*

Resolve up to 192 communities per 
SMRT® Cell 8M for $8/sample†

Multiplex up to 48 
communities per SMRT 

Cell 8M for $85 / sample for 
taxonomic or  

functional profiling†

Multiplex 4 samples per SMRT Cell 
8M for $350 each to generate up to 35 

high-quality MAGs per sample†

Data analysis tools available through SMRT® Analysis or PacBio® DevNet

SMRT 
Analysis

Circular consensus sequencing (CCS) analysis produces  
HiFi reads through multiple observations of single circularized templates

De novo assemble high-quality 
metagenomes to high consensus 
accuracies >99.999% (Q50) with 

hifiasm-meta, metaFlye,  
or HiCanu.8,9,10

Tertiary 
analysis

Analyze 16S data with either Shoreline 
Biome SB Analyzer7, DADA211, QIIME212, 

microbiomehelper13, One Codex14, 
EZBiome15, or with our GitHub-posted 

pipeline16

Study metagenome 
compositions and  

functions using DIAMOND 
and MEGAN-LR with our 
GitHub-posted pipeline  

or BugSeq17,18,19

Assemble high-quality MAGs from 
HiFi assemblies with our streamlined, 

GitHub-posted pipeline using 
minimap2, MetaBAT2, CheckM,  

and GTDB-Tk18

* Read lengths, reads/data per SMRT Cell 8M and other sequencing performance results vary based on sample quality/type and insert size.
† Prices, listed in USD, are approximate and may vary by region. Pricing includes library and sequencing reagents run on a Sequel II or IIe system and does not include instrument 

amortization or other reagents.
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