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The world runs on and suffers from bacteria

bacterial infections cause...

7.7M deaths

costing us...

$693B

every year




The Problem: mapping genotype to phenotype
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Existing methods fail to model bacteria

GPU memory required to model
(forward+backward pass) an E.
Coli genome using Evo* model.
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Existing genomic LMs model only a
small subset of bacterial genomes

* Evo vl, 8k context

Sequence modeling and design from molecular to genome scale with Evo. Nguyen et al. 2024.



Transfer learning across bacteria

Bacteria share a lot of similarities

across species

Phylum

© Actinobacteria
© Bacteroidetes
@ Chlorobi

@ Cyanobacteria
® Euryarchaeota
© Firmicutes

© Fusobacteria
© Lentisphaerae
® Proteobacteria
© Spirochaetes
® Synergistetes
® Tenericutes

@ Thermi

@ \/errucomicrobia

Proteins can be
clustered into groups

85-90%

of the genome is
protein-coding

across diverse bacteria

Large-scale Discovery of Substrates of the Human Kinome. Sugiyama et al. 2019. PMID:31324866



Unified representation of bacteria
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Bacteria-specific architecture

In text - word syntax defines m . m . m
the sentence meaning. They sat on the river bank, watching the water flow by.
~_

Amino acid

In proteins - amino acid syntax  sequence

NN TN
defines protein function. f—» MKWVLG&AL/L@%RR




Bacteria-specific architecture

Bacterial
genome

Y N D a

I —

_<

_<

Positive Negative
strand gene strand gene

>_

S~ N

4 miml

~

In bacteria - protein syntax defines the phenotype.



Modeling whole bacterial genomes with Bacformer

Bacformer

Bacterial
genome
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Pretraining corpus

Metagenomic samples and
bacterial isolates from
diverse environments

Diverse bacterial
genomes
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Source
B Human
B Animal
B Terrestrial
W Aquatic
M Other

MAG Corpus

1.3 million genomes

225 million contigs |
25,000 species |

70 biomes

3 billion proteins ;
. 5.6 TB protein embeddings
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Bacformer predicts protein-protein interactions (1)
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protein embeddings
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Zero-shot protein-protein interaction prediction performance across
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Bacformer predicts protein-protein interactions (2)

Pseudomonas aeruginosa
PAO1 predicted
interactome

coMp _ 00Mb

phnJ & phnH
ipTM: 0.91
pTM: 0.9

an st

3.0 Mb



Validating Bacformer with operon prediction

Positive Negative
suendsgne sundgene Zero-shot operon membership performance
D s Lo : 4

membership score  0-8 03X 0.9 02X
2
Operon-Membership Score (s;) Model E v
si=¢;-e B, [yona- Ig?Lp EM

{ 1

Species (AUROC)
Escherichia coli (0.771)

0

SIS 0.2 ~— Mycobacterium tuberculosis (0.929)
= g; € [0,1]: Binary score indicating “ Igrand: 11f genes are on the SAME :
operon membership threshold. strand, 0 otherwise. Mycobacteroides ab?cessus (0.885)
°ci= %(l + cos(hy, hisa)): Similarity * Iy 1 if intergenic distance Pseudomonas aeruginosa (0.797)
term based on £;-normalised df < 500 bp, 0 otherwise. - Staphylococcus aureus (0.803)

Bacformer embeddings (h) of genes

i+ 1. 0.

* d;: Intergenic distance between %'0 0.2 Fao |':e Positive F?Iaste 0.8
genes.

s e~/ Exponential decay factor
reducing score with distance.

# A = 500 bp: Length scale constant.



Bacformer accurately predicts antimicrobial resistance (AMR)

AMR binary prediction

Antimicrobial Resistance (AMR) Prediction il

Resistance to amp|C|II|n ;

Resistance to ceftrlaxone

Resistance to gentamicin
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Bacformer accurately predicts antimicrobial resistance (AMR)

E. coli resistance to ampicillin

A. baumannii resistance to gentamicin

S. enterica resistance to tetracycline

AUROC =0.981 AUROC =0.962| | _ AUROC =0.993

00 02 04 06 08 1000 02 04 0.6 08 1000 02 04 0.6 08 1.0
False Positive Rate

AUPRC =0.980 AUPRC =0.989 AUPRC =0.990

00 0.2 04 06 08 1000 0.2 0.4 0.6 08 1000 02 04 06 08 1.0

Recall




Bacformer identifies AMR resistance genes

E. coli resistance to Ampicillin: attributing predictions to proteins
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In E. coli / ampicillin (drug)

using in silico feature ablation



Bacformer predicts phenotypic traits

Phenotypic traits prediction

Phenotypic traits prediction
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Understanding the genes driving the phenotypic traits

Importance
score
=
Predicted
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Understanding the genes driving the phenotypic traits

Importance
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Bacformer generates genomes with diverse protein functions

Desired
property Prompt tokens

token | 1

Prot. fam. X | | Prot. fam.Yl

Bacformer

[Prot.fam. X] [Prot. fam.Y] [Prot.fam. Z] [Prot.fam.s] oo [Prot.fam. K]

| J
Generated tokens

Amino acid metabolism

Antimicrobial resistance |

Bacterial motility
Bacterial toxins
Chaparones

DNA binding
Cytoskeleton

DMNA repairirecombination
Excsome
Glycosyltransferases
Lipid biosynthesis

LPS biosynthesis
Respiration

Peptidases and inhibifors
Japlidoghycan metabolism
Energy production
Defence system

Protein kinases
Ribosome

Ribosome biogenesis
Secretion system
Transcription factors
Transcription machinery
TRNA bi i

Genome generation by protein function

Frequen
100 200 300 400 500 0

cy
50 100 150 200 250

Escherichia coli

Staphylococcus aureus

Two-component system

.
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Bacformer generates genomes with desired properties

Logyq p value

Oxygen requirements

Temperature requirements
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Conclusions

e Bacformer produces I CR Ela T g E Re oo 0 LR G -G h 1S across
species

e Bacformer exhibits T LN & With gains as model size increases

e Genomic organisation in bacteria provides a strong inductive bias

e Bacformer achieves state-of-the-art results on [e[{ale]a s ER N o1 113 1e14Y o L5
prediction

e Bacformer allows for genome completion
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