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Strain-level heterogeneity in metagenomes is
important!

E. coli strain A ]
vopulation “ Strain-mixed What is assembled?
metagenomic reads

(pathogenic?)
Assembly A) only @

E. coli strain B — B) only @
population @

(commensal?) C) both @ @
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Answer: depends on technology + algorithms

Technology Resulting assembly

Short reads One strain (lost information)
(algorithm: SPAdes)

Low-fidelity long-reads One strain (lost information)
(algorithm: metaFlye)

High-fidelity long-reads Both strains
(algorithm: hifiasm or metaMDBG)
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Introduction:
Haplotyping and phasing
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Computational goal:
reads — strain-level “haplosets”

Output: Assembly
“hapl ” or
Input: strain-mixed aplosets haplotypes
(metagenomic) reads e (allele sequence)
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Main idea: computational phasing (haplotyping)

SNP
alleles
Index reads with "heterozygous"” SNPs
—o—e-
— _eo—o— o O o—Oo0—o0

0—e—o0 —0—0— —o0——o0
—0—o0 —o—o—
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. Call SNPs

Whole genome with mapped reads
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using SNPs + read-linkage

------- » Output: cluster reads by SNPs

Input: metagenomic reads +
"reference genomes" or assembly

Alignment




Contributions (Shaw and Gounot et al. 2024)

* (1) Floria: read clustering (phasing) algorithm from alignments + SNPs
e Written in Rust; documentation + conda install

* (2) Floria-PL: end-to-end pipeline (fastq -> assemblies)
* Written in Snakemake - integrating floria

# / floria - metagenomic read-based strain phasing €) Edit on GitHub

floria - metagenomic read-based strain phasing

Introduction
Quick start floria is a software package for strain-level phasing of metagenomic sequencing samples.
Tutorials

Given a BAM and a VCF file, floria clusters reads into strain-level clusters. Floria can
Usage: input and output information
Utility scripts and visualization + Works with short or noisy Iong reads (preferably long)
How-to-guides « Phase metagenomic reads or single genome reads

. Mulnthreaded takes minutes per contig/genome
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Floria-PL: pipeline integrating floria

A Floria-PL

[ Multiple input types possible |

(Short reads) [Long reads]

N

Option 1: Automatic Option 2: " ” -
reference genome Strain-oblivious «<———— Generate “reference” genomes (profiling or assembly)
identification metagenome assembly

.

For each reference genome
o or the w hole assembly

Map reads to genomes + call variants

4 )
Read mapping
& variant calling
i I I |
i l, New algorithm: floria |
E Fll Generate haplosets from BAM + VCF i

UNIVERSITY OF FUEEED haplo.type
assembly (optional)
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Floria: read clustering by optimization + network flows

A Floria-PL
| Multiple input types possible |
_}(B)Form a DAG with read sets as nodes and
[Shorl reads] [Long reads] edges weighted by shared reads
P W—aﬁ*—l—wj_k ol ]
Default
Option 1: Automatic Option 2: 30—:- 3:}
reference genome Strain-oblivious A K
identification metagenome assembly
For each reference genome ¥
o or the w hole assembly

Get new coverage flow by minimizing flow "f"

. . . B8) Obtain haplosets (strain-specific
4 ) against shared reads "w" through LP (5) Obtain paths by removing paths with ©) P (strain-sp
: ) - ——  » read sets) by aggregating reads
Read mapping . o N o maximal minimum flow through DP on DAG th
& variant calling (4) arg min ;- gy, 2 w(e) — fle) over paths

} 40— —407 irﬁ—r— o] a0 a5 | —o—e 00— OO0 o —o o

—o—e 00 —o0o—=e O ° oo

Floria Z? > P P -
l 30—1‘ 7 iﬁﬁ —30—» —23—»—1—30— —-o0—0—0 e—oe—o0
Phased haplotype \ / \ —eo—e—0 ——o0—

assembly (optional)
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A Floria-PL

| Multiple input types possible |

[Shorl readsJ [Long reads)

Default

N

Step 1: local clustering

Option 1: Automatic
reference genome
identification

Option 2:
Strain-oblivious

metagenome assembly

For each reference genome
o or the w hole assembly

-

~

Read mapping

& variant calling

|

Floria

|

Phased haplotype

assembly (optional)
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(1) Segment contigs into blocks and index (2) Partition reads for each block by optimizing _:«_;:3 Form d sets as nodes an
reads with SNPs MEC objective; obtain "local” strain count | yared rea
Rt >
R e S S N | : T
—o0—0— ! CTo—— — 4 - 5—
s RiE=; : \
e, B | e T
o—eo—o0— | o—0o— e —o ' | ——0— —o Iil ! p
L —o—o —a—a— ' P —o—=e | ! N
A —a ! e mmmmmmmmmmmmmmaeaaa- ' —30—> —x <30
B g . < N\
Whole genome with mapped reads ! ! E \ g
i I ]
1 1 g ; — 00— i \A
LI }I “““-} O i
1 — "
V| —e—e— 1 !
. —a— —o0—0— .
g g g g
FEY . D L (6) Obtain haplosets ( ain-specifi
(2) Obtain paths by removing paths with G .
— biai the | .I I n¢ . ) » read sets) by aggregating read
maximal minimum flow through DP on D i
over paths
- 40—>  —d40—»] —a5—> o o—e—0 —0— —0 o _g
' ' —e—e——o0—10— —Oo—8 -~ == —e—e—
o o—0 ] e —
—a—8- o—o—0 )
— —» — — »> —-—a—=o o—a—
o9 0O o—o
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(1) Segment contigs into blocks and index (2) Partition reads for each block by optimizing

reads with SNPs > MEC objective; obtain "local" strain count
SRR EEEE R TR L EEEE LR R TR R TR S PR >

oo [ e S ;

— oo o—o0—0 | v 0—5—ic - ——0— 0| . _
ool0o_o o | o ° —o—— P 0 | » 9 | Two strains
—o—o—o0to- —o——o e—e—38 ° | [ —O o—eo—o| o

o—e—0— | —e—0— —o—o- X . | —0—0— —0 o—o0 CO”apSEd

—0—=0| —e—o— ! L —0—0 | | O | '

A — @ | | e

-~ — —— |

Whole genome with mapped reads ! ! —o—o0— .

1 ] _0_5. :

> —e » —o :

I ——0— :

I . . . 1

1. Clustering objective: minimum error correction (MEC) score
 NP-Hard (Lancia et al., 2001)

* Floria: beam search heuristic
» often used in Natural Language Processing (NLP)

2. # of strains? — iteratively cluster until MEC score plateaus
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A Floria-PL

| Multiple input types possible |

[Shorl readsJ [Long reads)

Default

N

Step 1: local clustering

Option 1: Automatic
reference genome
identification

Option 2:
Strain-oblivious

metagenome assembly

For each reference genome
o or the w hole assembly

-

~

Read mapping

& variant calling

|

Floria

|

Phased haplotype

assembly (optional)
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(1) Segment contigs into blocks and index (2) Partition reads for each block by optimizing _:«_;:3 Form d sets as nodes an
reads with SNPs MEC objective; obtain "local” strain count | yared rea
Rt >
R e S S N | : T
—o0—0— ! CTo—— — 4 - 5—
s RiE=; : \
e, B | e T
o—eo—o0— | o—0o— e —o ' | ——0— —o Iil ! p
L —o—o —a—a— ' P —o—=e | ! N
A —a ! e mmmmmmmmmmmmmmaeaaa- ' —30—> —x <30
B g . < N\
Whole genome with mapped reads ! ! E \ g
i I ]
1 1 g ; — 00— i \A
LI }I “““-} O i
1 — "
V| —e—e— 1 !
. —a— —o0—0— .
g g g g
FEY . D L (6) Obtain haplosets ( ain-specifi
(2) Obtain paths by removing paths with G .
— biai the | .I I n¢ . ) » read sets) by aggregating read
maximal minimum flow through DP on D i
over paths
- 40—>  —d40—»] —a5—> o o—e—0 —0— —0 o _g
' ' —e—e——o0—10— —Oo—8 -~ == —e—e—
o o—0 ] e —
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A Floria-PL
| Multiple input types possible |

[Shorl readsJ [Long reads)

N

Default

Step 2: network flows

Option 1: Automatic Option 2:

Strain-oblivious

(2) Partition reads for each block by optimizing
MEC objective; abtain "local” strain count

(1) Segment contigs into blocks and index
reads with SNPs

Bt DR T >

—e—e Lt gy i

—to—o- o ——a —
—o—o— oo '
e, [T R ===
® _—o—0——0 3:_ it 4 P :
—@—@ 00— —O—1—8 o—§ | _ , — o—e o—o—a .
o—e—o— | o oo e [
L —e—e -—eo—o— L ———o—= | :
A —— el il

(3)Form a DAG with read sets as nodes and
edges weighted by shared reads

reference genome P Pomssssmssmosssoooo-g SLTTCELEL EEEE :
identification metagenome assembly Whole genome with mapped reads : :
. __‘§:* e [——— :
-3 » 4 ;
: ——o— — !
! — —a—0— 1
g |
o For each reference genome 4'
or the w hole assembly Get new coverage flow by minimizing flow "f* N
4 _ ) against shared reads "w" throughLP ____ { (2) Obtain paths by removing paths with
Read mapping . maximal minimum flow through DP on DAG
& variant calling (4) arg min g gy, EE lw(e) — f(e)l
(=S
! oo o |
Floria -/ o—0 o—0 S —
| alll '2“75:-’: o2 oo o ° e
Phased haplotype i —o—o0— 0O o—o
assembly (optional)
" J
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(DAG = Directed acyclic graph)

(3) Form a DAG with read sets as nodes
and edges weighted by shared reads ———>

56—>» 40 A <5—)

13 2

30—> /8 30§
12\[/ \[

9 9

By linear programming:
Error!
bad edge arg minfEFlow Z |’U)(6) T f(€)|

eck

f — network flow
w — original weights
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A Floria-PL
| Multiple input types possible |

[Shorl readsJ [Long reads)

N

Default

Step 2: network flows

Option 1: Automatic Option 2:

Strain-oblivious

(2) Partition reads for each block by optimizing
MEC objective; abtain "local” strain count

(1) Segment contigs into blocks and index
reads with SNPs

Bt DR T >

—e—e Lt gy i

—to—o- o ——a —
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A —— el il

(3)Form a DAG with read sets as nodes and
edges weighted by shared reads

reference genome P Pomssssmssmosssoooo-g SLTTCELEL EEEE :
identification metagenome assembly Whole genome with mapped reads : :
. __‘§:* e [——— :
-3 » 4 ;
: ——o— — !
! — —a—0— 1
g |
o For each reference genome 4'
or the w hole assembly Get new coverage flow by minimizing flow "f* N
4 _ ) against shared reads "w" throughLP ____ { (2) Obtain paths by removing paths with
Read mapping . maximal minimum flow through DP on DAG
& variant calling (4) arg min g gy, EE lw(e) — f(e)l
(=S
! oo o |
Floria -/ o—0 o—0 S —
| alll '2“75:-’: o2 oo o ° e
Phased haplotype i —o—o0— 0O o—o
assembly (optional)
" J
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Floria-PL

| Multiple input types possible |

Default

[Shorl readsJ [Long reads)

N

Step 3: Obtaining haploset paths

Option 1

- Automatic
reference genome
identification

Option 2:

Strain-oblivious
metagenome assembly

(1) Segment contigs into blocks and index

reads with SNPs

(2) Partition reads for each block by optimizing
MEC objective; abtain "local” strain count

_______________________________________________________ »
__________________
E i o—a
-}i —© »
L —o—o —a—a— P —o—=e |
A = | S e s m s s s ssms s ssm -

Whole genome \n:with mapped reads

Q)

For each reference genome
or the w hole assembly

-

~

Read mapping
& variant calling

|

Floria

|

Phased haplotype
assembly (optional)

BB B8

UNIVERSITY OF

% TORONTO

(3)Form a DAG with read sets as nodes and
edges weighted by shared reads

| s }—4 45— |

LS 3

KSD_"
12

v

Get new coverage flow by minimizing flow "f

against shared reads "w" through LP

{4) arg Injn‘ftii"!rm.' E

ecE
e
30— Z.? 3

w(e) — fle)]

il

e

s

(5) Obtain paths by removing paths with

maximal minimum flow through DP on DAG

| a0 a0 a5 |

—23—r|_—30—>
[ ] ]

I

(6) Obtain haplosets (strain-specific

—— > read sets) by aggregating reads

over paths
——0— o—e——0— ——0— —0—
——
o—e—0—0 o o > o
—— ——0—0—0 —o0——
- —o—0
—-o—o—=0 [_o_:::—c\
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Largest minimum flow path

(via dynamic programming - DP)

40—

—4°7|Z|<45—>

=
o
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e
N
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Largest minimum flow path
(via dynamic programming - DP)

—40—> 40—> 45—>
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Disconnected
components

—40—>

40—>

45—>

30—

—23—>

/

T
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Disconnected
components

—40—>

40—>

45—>

30—

—23—>

/

T

30—>
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——40—>

(6) Obtain haplosets (strain-specific read sets)
by aggregating reads over paths

45—>

30—>

40—>

—23—>

UNIVERSITY OF
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30—>

0—0—0—0— —O0—0- —0—0—
—0—0— —0O o—o —o——
o—o0— o—e—9

H* "/
—0 o —o0—o0—
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Step 3: trim flow graph to obtain haplosets

A Floria-PL

| Multiple input types possible |

(1) Segment contigs into blocks and index (2) Partition reads for each block by optimizing (3)Form a DAG with read sets as nodes and
— —>

[Short rea dsJ [L ong rea dsJ reads with SNPs MEC objective; obtain "local" strain count edges weighted by shared reads
ot TTTTTeT e . T T T E T T EEEEE }
L e mmmmmmma——a o= e -ersecccccscccccscssscccmccaen- 1
—0—0— . ! ! b F—> 4
-—o—o _._._"_3 ° 3_—._ - }i _og ° . E =Ej ; ”
Default |—e—e—0—10— —O0—1—8 o—_: - : —e— i—t_. o—e—wo| | L
- - - - ' [l ;g n
Option 1: Automatic thlon_ 2 A L —0—% -—oe——o0— A _;ﬁ'— _________________________________ ; 30—> 8 5
reference genome Strain-oblivious 3 = B ey : N
identification metagenome assembly Whole genome with mapped reads ! ! ' 12
o __‘g__k —0—— :
LI } : - ""'} : :
: —o0—o0— e !
] - . . L]

v

o For each reference genome
Get new coverage flow by minimizing flow "f

or the w hole assembly

a _ h against shared reads "w" through LP > (5) Obtain paths by removing paths with (6) S;Ztg':eT:)pLOS:ts iztrZ![ri‘nsF’r‘Z;';'g
Read mapping ) maximal minimum flow through DP on DAG i ¥ agg thg 9
& variant calling (4) arg min g gy, EE lw(e) — fe)| over paths
—o0—e o0o—o0—o0- -0 o —o
| B i s—{_] [ oo oo F—s—{ | [T T Tt v

Floria / — P -
2

l 30— 7::390 R0 23 30— . ee e = T e—e—o

Phased haploty . —o—o— —o—o—
sosonty e N m - [ [
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Benchmarking results
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Benchmarking: simulated metagenome

Synthetic metagenomes:
* 40 common gut species
* 1-5 strain genomes per species
 Synthetic noisy nanopore reads (88% identity)
 Random strain coverages between [5,25]
Comparison against:
1. metaFlye — metagenome assembler (Kolmogorov et al. 2020)
2. Strainberry — strain assembler (Vicedomini et al. 2021)




Assembly benchmarking

Floria-PL

[ Muttiple input types possible |

(o) (s

Kraken to
identify ref.
genomes

Option 2:
Strain-oblivious
metagenome assembly

~

For each reference genome
O or the w hole assembly

Minimap (- )
o L
Longshot |
Flye or
wtdbg2 _

% \_ >
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Lo

Floria 14 " =

* X

*

*

* " * "

Strainberry 14 z
%
*
*
*
hAetaFIye - t-1.~1IIIIIIIIu’.-r’--4
0 25 50 75 100 125 0 1 2 3 4
Genome aligned (%) D Total events count (log10)

Strainberry -

MetaFlye A

4l

* X ¥ ¥

* % ¥ ¥

N50 (log10, Mb)

50\ 100
CPU time (h)

N A
o -

150 200 250

Event type
B Inversions
[ Relocations
B Translocation

Pipeline steps
Kraken mapping

B Variant calling
Mapping

M Phasing

[l Assembly

Floria phasing time << assembly time!
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Results: real metagenomes
Long read AND short read
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gions Tools Help
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7_CP0O33092,2:3,542,133-3,553,495| Go

b d

Floria allows for visualization — 3-strain E. col

File Genomes View Tracks Re

w | |INZ_CP033092.2

ERR7625380.fasta

11 kb

3,5!

3,548 kb

3,546 kb

] | |

3,544 kb

e B |
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380 _ecoli_ta

Z-Strain E. coli Floria Fhasing
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Longitudinal strain tracking with floria

* 24 longitudinal SHORT-READ gut samples (636 days)

* Dataset from “Metabolic independence drives gut microbial colonization and
resilience in health and disease” by Watson et al. (Genome Biology 2023)

* Run floria = obtain haplosets — track across time
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Line: ha

Two species with
Interesting patterns:

Log2(coverage+1)
FSN
1

N
1

F. intestinalis - stable 5

ploset match across sample

Faecalibacilus intestinalis

T T 1 T 1 T Ll 1 T T 1 T T L 1 1 T 1 T 1 T T T
Days since first sample S
. ample
A. hadrus — transient -
Anaerostipes hadrus mislabel?

Log2(coverage+1)
S (o)}
1 1

N
1

I I I I I 1
o ™M T W 0 O
< <
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% TORONTO Low-abundance strain to h

emergence? Visualize!
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NC 021016.1:2,664,539-2,665,758

[ |
-« 1,221 bp
2,664,600 bp 2,664,800 bp 2,665,000 bp 2,665,200 bp 2,665,400 bp 2,665,600 bp
| | | | | | | | | |
Day 391 - A. hadrus
B e e R —— e — |
10 ; T T
{ ! %
|
i -
|
Day 391 A. hadrus ]
i
6609 I 1 I 1

Day 391 A. hadrus magnified
Haploset 6609

Zoomed in on red
haploset (“6609”):
LOW coverage
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NC_021016.1:2,664,539-2,665,758

- 1,221 bp >
2,664,600 bp 2,664,800 bp 2,665,000 bp 2,665,200 bp 2,665,400 bp 2,665,600 bp
| | | | | | | | | |
6609 . i
10 | ! ] |
Day 39 1 —
ay i | | I
\ ; ! |
| ! .
| - i
Day 391 A. hadrus : {
I I T Il I I
£002 I I TR Il
Day 391 A. hadrus magnified I : : e : : | "
Haploset 6609 1 1 1
I I I
1 A
A 4

Day446[

6694

Day 446 A. hadrus

_____ Day 391 vs 446: Same alleles!

— the same strain

(or a similar new strain)

High coverage haploset




Floria works on e fa -] [rovsaaes Go B « » DO K O |

ancient viral

metagenomes!?

11 1 [V

Strain 1 P I E
From Maxime Borry (Postdoc

at Max Planck for Evo
Anthro): Strain 2

Ancient mixed infection of
hepatitis B (Kocher et al.,
2021, Science) Shared reads

&

UNIVERSITY OF

¥/ TORONTO

9




Output: “haplosets”

Input: strain-mixed
(metagenomic) reads

Conclusion —_—

1 I
—

* Developed floria: a strain-level read clustering (phasing)
algorithm
e Short OR long reads
* <20 min per metagenome
e assembly optional

e Fast, informative, and versatile
e can do strain-level metagenomic assembly...
UNIVERSITY OF * but even more useful for hypothesis generation and data sleuthing
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