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A very large-scale ‘omics problem 
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50 million sequences 
300 bp each 
from 100s of species mixed

ATGCATC

GATCTAC

GATCGAT

TTCGATC

AAATCGA

Code to search for matches

Re: our AWS bill 
“Let’s call up 
Jeff Bezos and 
talk about this” 
Oct 2019

Getty Images

~300K genomes 
~5 million bp each

: <10% now

: runs on laptop

Problems we solved 

• 50% of species have no 
genome 

• Code takes years to run 
or costs $10K/month in 
cloud 

• Closely related species 
confound alignment and 
bias downstream 
statistics : mitigated
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Metagenotyping single nucleotide variants (SNVs)

       

Garud & Pollard (2019)

Using Genetic Variation 
• Phenotype associations 

- human traits 

- microbe traits


• Microbiome evolution 
- mutation 

- selection 

- recombination 

- demography / ancestry


• Strain / gene tracking 
• Human evolution  
• Genomic technologies 
• Precision therapies 
• Clinical decision making

Zhao et al. (2022)

Similar approach for gene copy number variants (CNVs)



Challenge 0:   
Species without a genome in the 

database are invisible



Most species had no genome

Nayfach et. al (2016)Data: ~8K metagenomes from SRA, EBI, JGI 
Analysis: MicrobeCensus (github/snayfach/MicrobeCensus/)



But this is changing

Nayfach et. al (2016)
Nayfach et al (2019)

Almeida et al (2019) 


Also: Culturomics, single-cell

UHGG Resource 
Shotgun metagenomes

- 31 countries, 6 continents

- Different lifestyles & ages


286,799 gut genomes

4,644 species

81% of species MAG-only

50% increase in diversity

>2K disease associations

Data: ~8K metagenomes from SRA, EBI, JGI 
Analysis: MicrobeCensus (github/snayfach/MicrobeCensus/)



Nayfach et. al (2016)
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Almeida et al (2019) 

MAGs are closing the gap

Data: ~8K metagenomes from SRA, EBI, JGI 
Analysis: MicrobeCensus (github/snayfach/MicrobeCensus/)

But this is changing



Genome explosion
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More Genomes = Good News? 

Human gut microbiome alignment 
rate now > 80% 

But… new problems arise 



Challenge 1:  
Closely related species “compete” 
for reads and bias metagenotypes 



Closely related species are common

CRS = two species 
with at least one 
pair of genomes 
that have average 
nucleotide identity 
(ANI) 92%-95%
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Read competition in dense lineages

Zhao et. al (2022b)
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Read competition in dense lineages
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Mitigation strategies help… 

But can we do better by avoiding 
alignment?



GTPRO: metagenotyping known SNVs with 
by exact matching to unique k-mers

https://github.com/zjshi/gt-pro 
https://github.com/zjshi/Maast

Compression > bzip2, rapid exact matching 
Prefix filter, Suffix array, Colex sort

Whole genome 
sequence collection Species selection

Selected species 
has 10 or more 
high quality 
genomes

Species with too 
few genomes

Species without 
enough high-
quality genomes

Representative identification and SNP calling
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i. K-mer encoding

ii. Multiple indexing searching 

iii. K-mer compression
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identified as the 
SNPs with the 
most links in the 
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Maast

GT-PRO strategy works for metagenomes, 
genomes, contigs, unassembled reads 

https://github.com/zjshi/gt-pro
https://github.com/zjshi/Maast


GTPRO: 100x faster, more accurate
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Unique k-mers beat alignment at 
known SNVs 

But current approach only works 
on SNVs discovered in genomes 



Challenge 2:  
How to align and call variants in so 

many genomes? 



Maast: fast variant discovery from genomes
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Genome redundancy offers solution

Shi et al. (2022)



Maast: fast variant discovery from genomes

DynaCC

Intraspecific 
genomes

Pairwise genomic 
distances

Genome clusters Tag genomes Centroid genomeNon-tag genomes

Tag genome 
distances

Multiple whole-
genome alignment

Consensus 
genome

Centroid genome

Additional
genomes

Single whole-
genome alignment

SNP-covering 
k-mers

SNP
catalogue

A A C A
G C C G

Genotypes in 
genomes

A C - A
C C G G

A C
- C

Short reads

Sam
ples

a

b

c

d
A - A C
G G C C

A C
G -

S2 S4 S6 S1 S3 S5 

Genotypes in short reads

Samples

Shi et al. (2022)https://github.com/zjshi/Maast

46 clusters

2,650 clusters
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MAF>1%
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3,068 H. pylori strains 
Also: 37,096 SARS-CoV-2 strains



Tag genomes speed up variant 
discovery and improve accuracy 

Sequencing effort should focus on 
new lineages not redundant ones 



Future Prospects
• Strategies beyond short-read aligners are needed, e.g., 


- faster genome graph algorithms

- probabilistic read mapping

- read-to-read comparisons (reference databases for 

interpretation)

- long reads / haplotypes


• Tools that use reference databases need to be flexibly 
implemented so that the algorithms and database can be 
tailored to the community



Future Prospects
• Not just problems for bacterial communities. 


- CRS and redundant genomes in some lineages of 
archaea, eukaryotes, and viruses.


• These challenges affect all bioinformatics methods that 
compare reads to databases, not just metagenotyping.


• Democratizing large-scale bioinformatics is critical!
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