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COVID-19 virus (SARS-CoV-2) is constantly mutating

• As the COVID-19 virus (SARS-COV-2) spreads, 
it mutates

• Certain mutations render the virus more 
contagious, virulent or capable of evading
the vaccines and antibody-based therapies

• Genome sequencing helps monitor the viral
mutations and the evolutionary dynamics
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Number of Global SARS-CoV-2 Genome Sequences 

(GISAID.org) 3

HIV database

(~23k sequences)

~11.6M sequences

>500x



Number of Global SARS-CoV-2 Genome Sequences 

(GISAID.org) 4

~150x in 18 

months

~2x in 18 months
(“Moore’s Law”)

~75x higher semi-logarithmic slope 

compared to Moore’s Law
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Naming lineages Monitoring circulating lineages Identify newly-introduced strains Predicting fitness of a new strain

Predicting the next mutation Analyze outbreaks and superspreader events Wastewater surveillance

(Obermeyer et al., Science 2022)
(McBroome et al., Virus Evol. 2022)

(Karthikeyan et al., Nature 2022)

(Lemieux et al., Science 2021)(Hallak et al., Nat. Comm Biol. 2022)

(Rambaut et al., Nat. Microbiol. 2020)

(CDC.gov dashboard 2021)



Overview of the UShER Package

• UShER: Phylogenetic placement
• Turakhia et al., Nature Genetics 2021

• matOptimize: Phylogenetic tree optimization
• Ye et al., Bioinformatics 2022

• RIPPLES: Find recombinant sequences using a phylogenomic approach
• Turakhia et al., bioRxiv 2021 (under revision, Nature) 

• matUtils: Command-line tools for rapidly analyzing and interpreting SARS-CoV-2 
mutation-annotated phylogenetic trees
• McBroome et al., Molecular Biology and Evolution (MBE) 2021

https://usher-wiki.readthedocs.io/ 6
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Overview of the UShER Package

• UShER: Phylogenetic placement

• matOptimize: Phylogenetic tree optimization

• RIPPLES: Find recombinant sequences using a phylogenomic approach

• matUtils: Command-line tools for rapidly analyzing and interpreting SARS-CoV-2 
mutation-annotated phylogenetic trees

https://usher-wiki.readthedocs.io/ 8



Phylogenetic analysis using genome sequence data
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SARS-CoV-2 phylogenetics with new sequences
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Approach 1: Re-infer global phylogeny including the new sequences

1. Gather global sequences (GISAID etc.) 2. Add new sequences to MSA (MAFFT etc.)

3. De novo inference of phylogeny (IQ-Tree etc.)

Intractable for 

SARS-CoV-2 scale!



SARS-CoV-2 phylogenetics with new sequences
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Tool Time to place 1K 

samples on 100K tree

Memory required

IQ-TREE 2 6h 9m 120.2GB

Approach 2: Place new sequences on an existing phylogeny

(Placement tool)

Approach 1: Re-infer global phylogeny including the new sequences

(using e2-highmem-16 instance)



(Turakhia et al., Nature Genetics 2021) 12

https://github.com/yatisht/usher

Ultrafast Sample Placement on Existing Trees 
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https://github.com/yatisht/usher


Parallelizing over multiple CPU instances

Devika Torvi, UCSD Bioinformatics undergrad
13

Kyle Smith, UCSD Bioinformatics undergrad



Scaling analysis for placing 100K samples on a 1M-sample tree

Weak Scaling

UShER

vCPU Samples placed Time

64 6.25K 26m 48s

128 12.5K 28m 22s

256 25K 30m 41s

512 50K 33m 36s

1024 100K 37m 07s

14

Strong Scaling



Why is UShER so fast?

For SARS-CoV-2 relative to the highly popular software, IQ-TREE, that has amassed >10K citations
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What makes UShER so fast?

1. Choice of algorithm: maximum parsimony over maximum likelihood

2. Efficient data structure: mutation-annotated tree (MAT)

3. Pre-processing for sequential placement

4. Efficiently parallelizing the placement step

16



1. Choice of Algorithm: MP over ML (10-100x speedup)

Maximum Likelihood (ML) Maximum Parsimony (MP)

(S. Mirarab, UCSD ECE 208) 17



MP and ML trees practically the same for SARS-CoV-2

(Thornlow et al., bioRxiv 2022) |  https://github.com/bpt26/parsimony 18

Bryan Thornlow, 
UCSC -> ROME Therapeutics



MP trees are also easier to analyze & interpret!

Maximum Likelihood Maximum Parsimony
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2. Efficient data structure: Mutation-annotated tree (MAT)

20

“evolutionary compression”



3. Pre-processing for sequential placement: ~50x speedup
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Parallel Fitch-Sankoff

(~18 min for 3M-tree)
Place new sequence S7

Place new sequence S7
Load MAT File

(~20 sec for 3M-tree)

Store as pre-processed 

protobuf file

~200 MB for 3M-tree

~50x speedup

Output MAT

~89 GB for 3M-seqs



4. Efficiently parallelizing the placement step
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S7         [G1449U, C9977A]



But … (greedy) sequential 
placement can lead to suboptimal 
trees occasionally
And suboptimalities could accumulate!
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Overview of the UShER Package

• UShER: Phylogenetic placement

• matOptimize: Phylogenetic tree optimization

• RIPPLES: Find recombinant sequences using a phylogenomic approach

• matUtils: Command-line tools for rapidly analyzing and interpreting SARS-CoV-2 
mutation-annotated phylogenetic trees

https://usher-wiki.readthedocs.io/ 24



Tree optimization programs can help ameliorate 
suboptimal placements
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• Use tree re-arrangement (NNI, SPR, TBR etc.)

• Three step process:
• (Split tree into subtrees/sectors)

• Identify profitable tree rearrangement moves 
in each sector

• Apply non-conflicting profitable moves in each 
sector, with a tie-breaking strategy for conflicts

• (Merge sectors to optimized full tree)

• Some programs maintain several tree copies 
(applying different moves in each copy)

Parsimony=12

Parsimony=10



matOptimize (ours) outperforms TNT for SARS-CoV-2

(Cheng Ye, UCSD ECE undergrad) 26

SPR radius = 3



Innovative optimizations in matOptimize
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Previous approaches Ours (matOptimize)



Innovative optimizations in matOptimize

• More space-efficient and optimization-friendly 
MAT format

• Separate profitable move search and application 
phase to achieve high parallelism
• Supports multi-node parallelism with MPI

• Modified Gladstein’s incremental update method 
to calculate change in parsimony score resulting 
from a move

• Novel search space pruning

(Ye et al. Bioinformatics 2022) 28



Multi-node scaling of matOptimize

Strong Scaling Weak Scaling

vCPU Source nodes explored Time

64 39789 10m 45s

128 79577 11m 54s

256 159154 11m 51s

512 318308 11m 58s

1024 636616 11m 30s

29
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Online matOptimize produces phylogenies most similar 
to ground truth on simulated SARS2 data

(Thornlow et al., bioRxiv 2022) 31

Bryan Thornlow 



There is another spooky mechanism 
through which the virus evolves …

It’s called Recombination

32



Overview of the UShER Package

• UShER: Phylogenetic placement

• matOptimize: Phylogenetic tree optimization

• RIPPLES: Find recombinant sequences using a phylogenomic approach

• matUtils: Command-line tools for rapidly analyzing and interpreting SARS-CoV-2 
mutation-annotated phylogenetic trees

https://usher-wiki.readthedocs.io/ 33



Viral Recombination

(Simon-Loriere et al., Nature Microbiology 2011) 34

recombinant parents

recombinant

breakpoint

=



Recombination may lead to drastic jumps in fitness!

Sequence evolution by single mutations v/s 
recombination Fitness landscape

(Pesce et al., RSTB 2016) 35



Deltacron & some other recombinants are real!

https://www.nbcnews.com/science/science-news/deltacron-hybrid-variant-coronavirus-rcna20103 36



RIPPLES orders of magnitude faster using phylogenomic insights

(Turakhia et al., bioRxiv 2021) 37

~50 min for 1M-sample treeAnalyzed on 1K SARS-CoV-2 seqs



Innovative optimizations in RIPPLES

Previous approaches Ours (RIPPLES)
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RIPPLES discovers >600 recombination events!

(Turakhia et al., bioRxiv 2021) 39

• >600 unique SARS-CoV-2 recombination 
events discovered from a 1.6M sample 
phylogeny!

• ~2.7% sequences have a detectable recombinant 
ancestry

• This is the largest recombination study to our 
knowledge

• With our latest RIPPLES software (ripples-
fast), we can infer recombinants from a 
~10M SARS-CoV-2 mutation-annotated tree 
in ~2 hours!

Cheng Ye



Recombination breakpoints are elevated in the SARS-
CoV-2 Spike protein region

(Turakhia et al., bioRxiv 2021) 40



Overview of the UShER Package

• UShER: Phylogenetic placement

• matOptimize: Phylogenetic tree optimization

• RIPPLES: Find recombinant sequences using a phylogenomic approach

• matUtils: Command-line tools for rapidly analyzing and interpreting SARS-CoV-2 
mutation-annotated phylogenetic trees

https://usher-wiki.readthedocs.io/ 41



matUtils: Toolkit to rapidly query and interpret MATs

(McBroome et al., MBE 2021) 42

Subcommand Arguments Description

annotate --clade-to-nid (1: 19A, 3: 

19B)

Assigns clades to nodes

extract --clade 19B Extract subtree based on clade, mutation, branch length and other conditions

uncertainty --find-epps Output sample placement uncertainty metrics, for e.g., number of equally 

parsimonious placements 

introduce --population-samples (D: USA, 

E: USA, F:USA)

Identify internal nodes corresponding to introduction of  one or more infection 

clusters in a geographic region of interest

summary N/A Output basic statistics of a MAT



matUtils: Toolkit to rapidly query and interpret MATs

(McBroome et al., MBE 2021) 43

Subcommand Arguments Description

annotate --clade-to-nid (1: 19A, 3: 

19B)

Assigns clades to nodes

extract --clade 19B Extract subtree based on clade, mutation, branch length and other conditions

uncertainty --find-epps Output sample placement uncertainty metrics, for e.g., number of equally 

parsimonious placements 

introduce --population-samples (D: USA, 

E: USA, F:USA)

Identify internal nodes corresponding to introduction of  one or more infection 

clusters in a geographic region of interest

summary N/A Output basic statistics of a MAT



matUtils: Toolkit to rapidly query and interpret MATs

(McBroome et al., MBE 2021) 44

Subcommand Arguments Description

annotate --clade-to-nid (1: 19A, 3: 

19B)

Assigns clades to nodes

extract --clade 19B Extract subtree based on clade, mutation, branch length and other conditions

uncertainty --find-epps Output sample placement uncertainty metrics, for e.g., number of equally 

parsimonious placements 

introduce --population-samples (D: USA, 

E: USA, F:USA)

Identify internal nodes corresponding to introduction of  one or more infection 

clusters in a geographic region of interest

summary N/A Output basic statistics of a MAT



matUtils: Toolkit to rapidly query and interpret MATs

(McBroome et al., MBE 2021) 45

Subcommand Arguments Description

annotate --clade-to-nid (1: 19A, 3: 

19B)

Assigns clades to nodes

extract --clade 19B Extract subtree based on clade, mutation, branch length and other conditions

uncertainty --find-epps Output sample placement uncertainty metrics, for e.g., number of equally 

parsimonious placements 

introduce --population-samples (D: USA, 

E: USA, F:USA)

Identify internal nodes corresponding to introduction of  one or more 

infection clusters in a geographic region of interest

summary N/A Output basic statistics of a MAT



matUtils: Toolkit to rapidly query and interpret MATs

(McBroome et al., MBE 2021) 46

Subcommand Arguments Description

annotate --clade-to-nid (1: 19A, 3: 

19B)

Assigns clades to nodes

extract --clade 19B Extract subtree based on clade, mutation, branch length and other conditions

uncertainty --find-epps Output sample placement uncertainty metrics, for e.g., number of equally 

parsimonious placements 

introduce --population-samples (D: USA, 

E: USA, F:USA)

Identify internal nodes corresponding to introduction of  one or more infection 

clusters in a geographic region of interest

summary N/A Output basic statistics of a MAT



matUtils is fast!

On ~1M-sample SARS-CoV-2 phylogeny:

• ~5 sec to compute summary statistics

• ~5 sec to extract a subtree of specified samples

• ~15 sec to extract mutation paths from root to every 
sample in the tree

•  ~9 sec to resolve all polytomies
• Takes ~37 min using ape

•  ~1 min to identify introductions

(McBroome et al., MBE 2021) 47

Jacob McBroome, UCSC



Real-world impact

48



UShER added to UCSC Genome Browser

https://genome.ucsc.edu/cgi-bin/hgPhyloPlace 49

Rapid cross-referencing 

with 50+ molecular and 

structural biology tracks 

Angie Hinrichs, UCSC

https://genome.ucsc.edu/cgi-bin/hgPhyloPlace


YouTube Tutorials on the UCSC SARS-CoV-2 Genome 
Browser

50https://www.youtube.com/playlist?list=PL5G1tMPaNuswZM4zAkmS6F7q1G-7D-Pl-

https://www.youtube.com/playlist?list=PL5G1tMPaNuswZM4zAkmS6F7q1G-7D-Pl-


Largest SARS-CoV-2 phylogenies
Covered by UCSC news and 

Santa Cruz Tech Beat
Taxonium view of >10M SARS-CoV-2 sample phylogeny

Public version: http://hgdownload.soe.ucsc.edu/goldenPath/wuhCor1/UShER_SARS-CoV-2/ 51

Theo Sanderson, 
Francis Crick Institute



UShER default engine in Pangolin SARS-CoV-2 lineage assigner

https://github.com/cov-lineages/pangolin/ 52

Thanks to:
• Áine O'Toole
• Emily Scher
• Rachel Colquhoun
• Andrew Rambaut

Angie Hinrichs, UCSC



UShER included in the CDC COVID-19 Genomic Epidemiology Toolkit

https://www.cdc.gov/amd/training/covid-19-gen-epi-toolkit.html 53



Delta outbreak analysis at a Calif. elementary school used UShER

54



UShER has been used for outbreak analysis in several parts of 
the world (including LMIC)

55



First flagging of Omicron (B.1.1.529) variant

56https://github.com/cov-lineages/pango-designation/issues/343

Tom Peacock, Imperial College

UShER-based phylogenetic analysis with the first 
Omicron sequences in red



150K+ downloads on bioconda

57https://bioconda.github.io/recipes/usher/README.html



Press coverage

58



Community response

59



60

• Computational Genomics / Bioinformatics

• High-performance computing (HPC)

• GPU / FPGA computing

• Computer Architecture

• Hardware-Software Co-design
• VLSI Design

We are hiring at all levels!

Webpage: https://turakhia.eng.ucsd.edu/

Email: yturakhia@ucsd.edu

https://turakhia.eng.ucsd.edu/
mailto:yturakhia@ucsd.edu
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