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<

Reads  <  Contigs <  Genome 

<



• Cannot tell which sequences belong to which organism

• Binning methods are inaccurate, hard to reproduce

• No way to track plasmids / viruses / antibiotic resistance

• Missing lots of organisms that are not in databases 

The problem with shotgun metagenomics



Lieberman-Aiden, et. al. Science, 2009

Genomes are packaged into 3D structures



Proximity Ligation (Hi-C) captures 
the 3D structure of chromosomes 
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Lieberman-Aiden, et. al. Science, 2009



Proximity Ligation captures ultra-long 
genomic contiguity

• Proximity in 3D is correlated with genomic distance

• Can be used to: 

• Scaffold and phase a genome of any size

• Find rearrangements



Using Hi-C to assemble chromosome-scale genome scaffolds

Burton, et al. Nature Biotech, 2013

Proximity-Guided Assembly™ :

• Clustering contigs into chromosome groups
• Ordering and orienting the contigs in scaffolds

Un-scaffolded	con gs	 A er	Hi-C/PGA	



• Human (Burton et al. 2013 Nature Biotech)

• Goat (Bickhart et al. 2017 Nature Genetics)

• Stickleback (Peichel et al. 2017 Heredity)

• Amaranth (Lightfoot et al. 2017 BMC Biology)

• Firefly (Fallon et al. 2017 BioRxiv)

• Black raspberry (Jibran et al. 2018 Hort. Res.)

• Clownfish (Lehmann et al. 2018 BioRxiv)

• Sugar beet (Funk et al. 2018 Plant J)

• Malaria Mosquito (Ghurye et al. 2018 BioRxiv)

• Cannabis (McKernan et al. 2018 OSF)

• Cannabis (Grassa et al. 2018 BioRxiv)

• E. festucae (Winter et al. 2018 PLoS Genetics)

• Honeybee (Wallberg et al. 2018 BioRxiv)

• Aphid (Chen et al. 2018 BioRxiv)

• T. inflatum (Olarte, et al. 2019 BMC Genomics)

• Bee mites (Techer et al. 2019 BioRxiv)

• …more from other labs…

Hi-C becomes a routine tool in eukaryotic
genome assembly



Kronenberg, et. al., BioRxiv 2018; In collaboration with Sarah Kingan, Pacific Biosciences

FALCON-Phase: Combining SMRT and Hi-C data to 

generate fully phased genome assemblies.



Normal

Yardimci and Noble, Genome Biol, 2017

Cancer

Proximo™ yields high-res 
karyotype/SV data

• Rapid

• Scalable

• No special machine

• Works on any 
sample type



Simultaneous CNV and SV delineation in AML cells 



Any sequences that interact by Proximity must 
have originated from the same cell 



Shotgun sequencing



Proximity ligation chemically 
links DNA inside the same cells

Connects metagenome
sequences 



Proximity-Guided Metagenome
Assembly (ProxiMeta™)

Crosslink intact cells to capture intra-
cellular interactions

Isolate and sequence crosslinked
junctions

Use proximity connections to 
deconvolute metagenome



Burton JN, Liachko I et al, G3 (2014)

Reference-quality pro- and eu- karyotic genomes from 
mixed populations

Draft assembly:
Size = 135.2 Mbp
Contig N50 = 17.3 Kb

Error rate <1%



Burton JN, Liachko I et al, G3 (2014)

Reference-quality pro- and eu- karyotic genomes from 
mixed populations



3D modeling of genomes directly 
from mixed populations

Kluyveromyces lactis

Nelle Varoquaux

*Dark spots in the middle of each chromosome are centromeric regions.

Barzel and Kupiec, 2008



Assembly of a hybrid yeast from a beer metagenome

Heil, Burton, Liachko, et al., Yeast, 2017



Assembly of a hybrid yeast from a beer metagenome

Heil, Burton, Liachko, et al., Yeast, 2017



Laura Sycuro, Andrew Wiser, Fredricks lab, Fred Hutch

• ProxiMeta clustering of assembly containing all three read sets (N50 ~= 17 
kb) yielded >20 high quality draft genomes with >95% core gene groups and 
N50 >20 kb.

• Least abundant species yielding a high quality genome was represented at 
0.2% RA in the combined read set.

• Eight of the high quality genomes came from novel and/or previously 
unsequenced species (starred).

• PGA successfully segregated some strains that differed vastly in protein 
sequence identity.

New genomes and strains from a 
bacterial vaginosis sample



Reference-quality genomes from mixed populations



In collaboration with Herminia Loza-Tavera, Ayixon Sanchez-Reyez

Novel, high-completeness genomes from diverse samples



In collaboration with Herminia Loza-Tavera, Ayixon Sanchez-Reyez

Novel, high-completeness genomes from diverse samples
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In collaboration with Titus Brown, Herminia Loza-Tavera

Stewart et al., Nature Communications, 2018

High numbers of high-quality, novel genomes directly 
from rumen samples



In collaboration with Titus Brown, Herminia Loza-Tavera

High numbers of high-quality, novel genomes directly 
from rumen samples

Stewart et al., Nature Communications, 2018



Plasmids/viruses are key players in the 

microbiome

• Plasmids/Phage transmit AMR (Anti-
microbial resistance)

• Plasmids often transmit 
pathogenic/toxic genes (ex. Anthrax)

• Virtually impossible to connect AMR 
and mobile elements with host 
strains using normal NGS

• Need a method that can directly link 
plasmids/viruses to hosts.

Furuya and Lowy, Nat Rev Micro 2006

Luna et. al., J Clin Microbiol. 2006 Jul; 44(7): 2367–2377



Highly complex wastewater community

Stalder et al., 2019, ISME J

GENOMES

AMR 
GENES PLASMIDS



Linking the ‘Mobilome’ to the Microbiome

Stalder et al., 2019, ISME J

Genomes Antibiotic resistance genesPlasmids
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~1200 PAGs

396 host-ARG assn

83 plasmid-host assn

58 integron-host assnB
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Stalder et al., 2019, ISME J



Tracking viral-host association in metagenomes

Marbouty et al., Science Advances 2017 Stalder et al., ISME J, 2019



Bacteriodetes

Clostridia

Actinobacteria

ex: Where is crAssphage?



Combining long reads and ProxiMeta in a 
complex microbiome context

Bickhart et al., Genome Biology, 2019



Connecting ARGs and 
viruses to their hosts

Bickhart et al., Genome Biology, 2019

*188 Novel viruses and host interactions 
discovered from one rumen sample



Sneak Peek…



CheckM uses core gene 
content to QC MAGs

Scrambled genomes are 
often called as High-
Quality MAGs

ATCC synth community 
genomes  randomly 
scrambled

The limitations of metagenomic binning



ProxiMeta data provides a direct orthogonal 
datatype to QC metagenome bins

Inter-cluster

Intra-cluster

intra
inter

Correctly binned: =

intra
inter

Scrambled: =



High Completeness 

PAGs

High Completeness

MAGs
High Completeness 

PAGs

High Completeness

MAGs

Fecal Microbiome Rumen Microbiome
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True PAGs MAGs 25% 

shuffled 

100% 

shuffled 

ATCC	synthe c	community	

Proximity-assembled genomes are more 
accurate than MAGs

*High-completeness MAGs demonstrate low intra-cluster enrichment values, 
indicating high degree of error



Can we get the best of both worlds?

Metagenomic Binning Proximity Ligation



1. Compute overlaps between HiC and 
non-HiC bins 2. Generate connectivity network of contig 

clusters

Non-HiC bin

HiC bin

3. Supervised algorithm to hierarchically 
de-convolve network

4. Export final set of bins

Gherman Uritskiy



Applying ProxiWrap™ to highly complex 
wastewater sample

*ProxiWrap yields more high quality genomes than metaBAT2 (binning) or 
ProxiMeta (Hi-C)

Gherman Uritskiy



Applying ProxiWrap to highly complex 
wastewater sample

Sequences added and removed by 
ProxiWrap

Improving intra-cluster 
connectivity



High-confidence MAG 
(high inter-contig Hi-C 

connectivity)

MAG Completion Contamination Connectivity

bin.73 100% 4.2% 88.3%

bin.7 95.8% 2.7% 68.8%

bin.35 98.6% 0.3% 3.2%

bin.111 71.8% 5.7% 0.01%

Low-confidence MAG 
(low inter-contig Hi-C 

connectivity)

Gherman Uritskiy

ProxiWrap™ significantly improves MAG 
completion and provides estimates of MAG validity 



Genomes, Strains, Mobile Elements

• No culturing

• No binning/de-replication

• No a priori information

• No HMW-DNA

• No special machinery

Proximity-Guided Metagenome Assembly™



New 8-pack kits,  ANALYSIS INCLUDED
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