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Gut Immune markers

_ Bugs as drugs
Pooled Microbe Microbial drug modification
DNA Immune modulation
RNA Microbial products
Protein Microbe friendly drug
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A very Iarge-scale omlcs problem
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ACTGATG

CATCGAT 50 million sequences  50% of species have no
ATGCTAC 300 b h 0

GATCGAT P eac genome: <10% now
CGATCTT from 100s of species mixed

ATCGAAG

e Code takes years to run
or costs $10K/month in
cloud: runs on laptop

Code to search for matches

ATGCATC Re: our AWS bili
gatctac ~ ~300K genomes “_:tezal p
GATCGAT ~5 million bp each leff B~70s and

TTCGATC taik about tnis™
AAATCGA O z017

Getty Images



S
-
NS
Y

4
L

| | e :
7 : y ad o v % TR PR T o Rt e ‘ ‘ ’;: >
". o OR——— ::.-.. SRRSO Dt SRR St =8 . \_‘ 5 R % “ ~

. we e

/)
Z
L

V. i

‘!. - _ . ;A C&v o
y e " . \,- - ‘~ ‘ - -..‘q.
X 1 ke ML - Sl

w4l ™ Ay : 2 . . B

Sequencing

S 'y

Inflamed
Gut

—

—

Pooled Microbe
DNA

Metagenomics Percent Sequences
from Each Microbe




Metagenotyping single nucleotide variants (SNVs)
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Zhao et al. (2022)

ACGCTTC 70%

ACGGTTC 30%

Similar approach for gene copy number variants (CNVs)
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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

Garud & Pollard (2019)
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Challenge
pecies without a genome In the
database are invisible
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Host-associated Metagenomes
Human Skin —H
Human Airways O »—ﬁ
Human Urogenital Tract O o
Human Mouth o -
Human Stool | ——— I T
Laboratory Mouse Stool | {] @
Wild Baboon Stool (o — Human Stool Lifestyle
Marine Metagenomes
Surface Water Layer | -Im—— USA
Dem Layer | {k | © Chlrja Urban
Mixed Layer | Spain
Mesopelagic Zone |{} | © Denmark
Soil Metagenomes Tanzania | |
Temperate Grasslands || seru | . Ryral
Temperate Forest |
TfOpICE:l| Forest [l Sopeciezg-levglodata?;)ase 2gverL%Oe
Rt N
0 20 40 60 80 100
Species-level database coverage
Data: ~8K metagenomes from SRA, EBI, JGI Nayfach et. al (2016)

Analysis: MicrobeCensus (github/snayfach/MicrobeCensus/)
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Host-associated Metagenomes UHGG Resource

Human Skin — Shotgun metagenomes
Human Airways ® HE - 31 countries, 6 continents
Human Urogenital Tract O Q R - Different lifestyles & ages
Human Mouth o -

Human Stool | —— I T

Laboratory Mouse Stool | (I @
Wild Baboon Stool [jo o Human Stool Lifestyle
Marine Metagenomes
Surface Water Layer | HII—— USA
Dcm Layer| Il © China Uiban
Mixed Layer | Spain
Mesopelagic Zone |} | o Denmark 286,799 gut genomes
Soil Metagenomes Tanzania | i 4,644 species
Temperate Grasslands || seru | - Jral i _
Temperate Forest | 81% ot species MAG-only
Tropical Forest || 0O 20 40 60 80 100 50% increase In dlverS|ty
Species-level database coverage : S
Deserts | | | | | l >2K disease associations
0 20 40 60 80 100
Species-level database coverage Nayfe}ch et al (2019)
Data: ~8K metagenomes from SRA, EBI, JGi Nayfach et. al (2016) Almeida et al (2019)

Analysis: MicrobeCensus (github/snayfach/MicrobeCensus/) Also: Culturomics, single-cell
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' MAGs are closing the gap

Host-associated Metagenomes
Human Skln I_'-]" O Adult/Rural @ Adult/Urban @ Infant/Urban
Human Airways O Ho T
Human Urogenital Tract O o Do — PN
Human Mouth o I+ Fiji — !
Human Stool | ——— (I i “"O”g""a y
Laboratory Mouse Stool |1 < St
Wild Baboon Stool o S— Human Stool Litestyle Austria ~
Marine Metagenomes China -
Surface Water Layer | HII—— USA Def;";:: i F
Dcm Layer I.I]| O China Urban Sweden — F
Mixed Layer |] Spain United States — !
Mesopelagic Zone |{} | © Denmark Estonia - F
- Finland — F
Soil Metagenomes Tanzania | i B i
Temperate Grasslands || seru | ) Sweden — |
i )
Temperate Forest United States — I
Tropical Forest || 0 20 40 60 80 100 R
Species-level database coverage
DesertS P g 0 | 20 40 60 0) 20 40 60
| | ﬂ | | | % richness per—sample % abundance per—-sample
0 20 40 60 80 100 from new species from new species
Species-level database coverage
Data: ~8K metagenomes from SRA, EBI, JGI Nayfach et. al (2016) Nayfach et. al (2019)

Analysis: MicrobeCensus (github/snayfach/MicrobeCensus/) Almeida et al (2019)
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Zhao et. al (2022b)
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More Genomes = Good News?

Human gut microbiome alignment
rate now > 80%

But... new problems arise
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Challenge
Closely related species “compete”
for reads and bias metagenotypes
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CRS = two species
with at least one
pair of genomes

that have average

nucleotide identity
(ANI) 92%-95%

Zhao et. al (2022b

related s

0 Yeut

R e

»
y

>

Acidobacteriales Treponem atacez?_e

epta
F,ireuulaleSBryobacteraceae
Phycisphaerales Spirochaetia
Borreliaceae

Blastocatellia

Marinisomatale:
Brocadiaceae
Phycisphaerae

Thermodesulfovibrionales
Campylobacterales

Syntrophales
Desulfuromonadales

Thermoanaerobaculia

Nitrospirales Planctomycetota

Holophagae

Desulfobacterales Campylobacteria

Acidobacteriota

monadia

Desulfu

Geob e

Kiritimatiellae A8 T hermodestlfobacteria

Desulfobulbal
Pedosphaerales o 4 Ss

Chthoniobacterales, AkllernBritia
Verrucomicrobiae

bacterota-Nitrospirota

eae
et%ylacidiphilaceae
PR Verrucomigrobiota

Acidimicrobiales Rubrobacteraceae

Atopebiaceae

Coriobae
Acidimicrobiia

Solirubrobacterales

Nanopelagicales .
— omycetia

Streptomycetales
bacteriales

Bifidobacteriaceae

ctino etales
,

Exiguobacterales

) Brevibacillale
Thermoactinomycetales

YanobdcCteria

Alicyclobaci S _

7 p
Bacillale /
Bacillales B

Paenib ae Ny

NBRC-103111

atales
Vampirovibrionia
Staphylococeg: Bacillales_H

Chlorobiales

teroidota

Bacillales_D
actd i S

Strept@toccaceae

Bacillales

%gabacte Balneolales

F ormidesmia}ﬁ
Cyanaobaeteriia

Fi

Ignavibactefia Thermoahaefobacte

UBA10030
Cyanobacteriales

Micracoleaceae

Thermosynechococcaceae

AKYH767
Coleofasciculacede Bacteroidia
0slocaceae  pnodothermales

AKYH767-A

Cytophagale Weel

laceae

Flavobacteriaceae

Bacteroidales

Flavob. riales

Chitinophagales

Bacteroidaceae

Eubacteriales

Brachyspirales

Spirechaetota

arinisomatota

icutes A

ceae

Caldicellulosiruptoracgae

Christensenellales \

’ . A

pecies are com

- ,

Synergistales

piraceae

Tepidiformaceae
Anaerolineae

Dehalococcoidia -
Bdellovibrionaceae

Dehalococcoidales Deferribacterales
Polyangiales

; GemmatimonadalesElusimicrobia
Fibrobacteraceae
Myxococcales

MSB=5A5 g

Chloroflexota

Petrotogales

Bdellovibrionota

Deinococcales

Gemmatimonadetes Thermotogales

Fimbriimonadia /= Bacteriovoracaceae

WOR-3
Fibrobacterota
Chlamydiales

Myxo€occota
Veillonellales

Negativicutes

Zixibacteria

Thermotogota

Gemmatimonadota

Deinococcota Desulfovibrionales

Chlamydiota birmicutes
Desulfobacterota_|  aquificae
Aquificota
obacteriota Halanaerobiia drobacterales
Vibrionaceae
eriaceae
6bacteriales

deriales

ax

Pseudomol

Enterobacteriaceae
jthomonadales
Vlocogeales

/ menticolaceae

Salinisphaeraceae

Beggiatoaceae

eobacteria A
Nevskiales
Ectothiorhodospirales  Nitrococcales

Pro

Francisellales
Mariprofundageae

Rickettsiales Cardiobacteriales Thiotrichaceae

FlrmICUteS B Acidithiobacillaceae . Thiomicrospiraceae
- Beijefinckiaceae

Xanthoba Methyloligellaceae

>raceae
bbiales
acteraceae

Alphapro!f F
1aqales PP
Desulfitobacteriia Aestuariivirgaceae
Desulfotomaculia Pelagibacteraceae
CIO d 'a Azospirillaceae

Rhodospirillale

aulobacteraceae
acl pirales

Maoorellia icavibrionaceae

Kiloniellales Rhizobiaceae_A

Clostridiales

Oscillospirales
Ruminococcaceae

\

Tissierellales

.

.

"

.

pf€robacteriaceae

CF obacteriaceae
gceae, I Alcanivoracaceae

udomonadaceae
Cellvibrionaceae

Marinomonadaceae

Nodes

1.00
415  — 550

17.30

t

ith CRS

2200

eSS W

71.70 4940

pecies coun

298.00 8780

of spec

—_—
(O
~
o
o
S

1240.00

O

Z 5140.00 19800



L B

Read competition in dense lineages
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Read competition in dense lineages
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Average nucleotide identity of closest relative in database (%)
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Mitigation strategies help...

But can we do better by avoiding
alignment?




GT-PRO strategy works for metagenomés,

genomes contlgs unassembled reads

(O ) / K o)
/ Species without
I \ Gut bacteria / pecies W.I od
. enough high-

\ quality genomes

\ J / \\
-

Whole genome . -
\sequence coIIection/ pecies selection
/ Representative genome \

i
I
)

____________________________

Pairwise Z]NI Whole genome alignment
\ Representative identification and SNP calling /
Maast : : : : . .
Compression > bzip2, rapid exact matching https://github.com/zjshi/gt-pro

Shi et al. (2021) Prefix filter, Suffix array, Colex sort https://github.com/zjshi/Maast



https://github.com/zjshi/gt-pro
https://github.com/zjshi/Maast
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Unique k-mers beat alignment at
known SNVs

But current approach only works
on SNVs discovered in genomes



Challenge
How to align and call variants in so
many genomes?




i Maast fast variant dlscovery from genomes

Intraspecific Pairwise genomic Tag genome
genomes distances distances
DynaCC
A
B
Non-tag genomes Genome clusters Tag genomes Centroid genome/
| \ I

https://github.com/zjshi/Maast
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Shi et al. (2022)
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Genome redundancy offers solution

™
S

v
\

%4

No.of clusters - o @) 1000 ‘ 2000 . 3000

Alistipes putredinis Agathobacter rectalis ?

6000 -
3,646 genomes 5,214 genomes Q)
(7))
0 46 clust 2,650 clust
£ clusters ’ clusters
o 4000 -
% o]
> ® ®
o ® @
o
Z 2000 - ) . ® ~ @ @
: G ® ® © @
o O 0@ ® @ | @0 .. o o © Q ® .. . | @ ONo s ® .
! ‘ ® @ ? ) ? ’ ! .‘ ° e Te @
[e®Tee| | 01001 0907 0007 | | 1+%0 @] [@T0Ts 7007 |@oq | o® o 1T, 2217 1%0 1111, 10019,0%00 1142111111110 02 el (#1111 0r000t0]92:9/9®|| oPeq]®,,;
OOO0O000 OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO'—P'—'r-v—v-v-v-v-v-v-v—v-v-v-v—v-v-v-v-v-v-v-v-v-v-v-v-v- AN [q¥ [q¥[4V] [QV [N [aV (4N [q¥[q V(4N (¥ [qV [qNIapTaplapTaploplaplaplaploploploplopioplapion s is ooy <<

00
OOWOOOOOOOOOOO%OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO%OOOOOOOO

R i e e e e e e e e e e e e e e e e e e e e e e e e i e e e e e e e e e el e e el e e e e e e e e e el e e e e e e e e e e e i e e e e e i e e e e i e e e it D e e e D e e e D i e e i e e e i e e e e D e el e i e e e e i e e e e e e e e e e e e e e e e e e e e e e et e e e i e e e i S el e el

Species

Shi et al. (2022)



\ L

Maast: fast variant discovery from genomes
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Shi et al. (2022)
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~Maast: fast variant discovery from genomes
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Maast: fast variant discovery from genomes

X N - p
Y N g

. -, . - W~

v aw p .

-

‘v

L -~
N -
. “om

. N » &
. A

s

P
Intraspecific Pairwise genomic Tag genome H
genomes distances distances el
° B Mouse
1
[] A I Rhesus_monkey
@ < — Q-
® A H @
Non-tag genomes Genome clusters Tag genomes Centroid genome Cortrent
, T

AN |
\; b\ B As

Y
Ji| —
o B

AR
. ] 'A“ M A
SNP Consensus Multiple whole- . OC
\ catalcl)gue N genome 5enome alignmentJ SA
Disease
|| Diseased
. Control

3,068 H. pylori strains

Also: 37,096 SARS-CoV-2 strains

https://github.com/zjshi/Maast Shi et al. (2022)
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Tag genomes speed up variant
discovery and improve accuracy

Sequencing effort should focus on
new lineages not redundant ones




Future Prospects

P ateg|es beyon hort-read _,:t, |
- faster genome graph algorlthms
- probabilistic read mapping

- read-to-read comparisons (reference databases for
iInterpretation)

- long reads / haplotypes

* Jools that use reference databases need to be flexibly
Implemented so that the algorithms and database can be
taillored to the community




F Futu re Prospects

O just problem r bacterie

- CRS and redundant genomes in some Ilneages 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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