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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

Bacterial 
genome Phenotype

?
Antibiotic resistance

Metabolism

Growth



Existing methods fail to model bacteria

Protein LMs

DNA LMs

Existing genomic LMs model only a 
small subset of bacterial genomes

>8 TB GPU Mem 

GPU memory required to model 
(forward+backward pass) an E. 
Coli genome using Evo* model. 

* Evo v1, 8k contextSequence 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

Proteins can be 
clustered into groups

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

85-90% 
of the genome is 
protein-coding

across diverse bacteria



Unified representation of bacteria

.MKA… MTE… MLY… MAK… MFE… MTK…MYL…

Translation

We can treat proteins in the genome as tokens

Bacterial 
genome

Positive 
strand gene

Negative 
strand gene

.MAC… .MKW…



Bacteria-specific architecture

They sat on the river bank, watching the water flow by.

MKKRTAIGLAVLGLAALLAQQQQPGPSRR
Amino acid 
sequence

In text - word syntax defines 
the sentence meaning.

In proteins - amino acid syntax 
defines protein function.



Bacteria-specific architecture

Bacterial 
genome

Positive 
strand gene

Negative 
strand gene

In bacteria - protein syntax defines the phenotype.



Modeling whole bacterial genomes with Bacformer
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Predicted 
protein 
family 

(pretraining)

Bacterial 
genome

Proteins’ 
genomic 

coordinates

Bacformer



Pretraining corpus

Metagenomic samples and 
bacterial isolates from 
diverse environments

Diverse bacterial 
genomes
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Bacformer predicts protein-protein interactions (1)

STRING DB interaction type

Zero-shot protein-protein interaction prediction performance across 
interaction types

.

Protein 
sequences

MKA…

MTE…

MFE…

MLY…

MAK

…

B
acform

er

.

Contextualised 
protein embeddings

…

✅

❌

❌

Interaction



Bacformer predicts protein-protein interactions (2)

Pseudomonas aeruginosa 
PAO1 predicted 
interactome phnJ & phnH

ipTM: 0.91
pTM: 0.9



Validating Bacformer with operon prediction

Positive 
strand gene

Negative 
strand gene

0.8 ✅ 0.3 ❌ 0.9 ✅ 0.4 ❌ 0.1 ❌ 0.2 ❌Operon 
membership score

Zero-shot operon membership performance



Bacformer accurately predicts antimicrobial resistance (AMR)

Antimicrobial Resistance (AMR) Prediction

Resistance to ampicillin

B
acform

er

…

Resistance to ceftriaxone

Resistance to gentamicin

…

RegressionBinary



Bacformer accurately predicts antimicrobial resistance (AMR)



Bacformer identifies AMR resistance genes

Bacformer identifies known 
AMR genes with

>95% 
specificity 

In E. coli / ampicillin (drug)

using in silico feature ablation



Bacformer predicts phenotypic traits

Phenotypic traits prediction

…

Metabolism

Carbon source

Growth condition

…
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Understanding the genes driving the phenotypic traits

.

Protein sequences Contextualised protein 
embeddings
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Prot emb 1

Prot emb 2

Prot emb 3

Prot emb 6

…

Prot emb N

Predicted 
phenotype

Importance 
score

Gradient-based attribution

Leiden clustering of sporulation-specific genes

Regulatory 
sporulation 

factors

Structural and 
morphogenetic 

sporulation genes

Metabolism-associated 
proteins

Stress 
response 
proteins



Understanding the genes driving the phenotypic traits

.
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Bacformer generates genomes with diverse protein functions

Bacformer

Desired 
property 

token
Prompt tokens

Generated tokens

Prot. fam. X Prot. fam. YAerobic

Prot. fam. X Prot. fam. YAerobic Prot. fam. Z Prot. fam. S Prot. fam. K…



Bacformer generates genomes with desired properties



Conclusions



Conclusions

● Bacformer produces accurate bacterial genome representations across 
species

● Bacformer exhibits scaling laws with gains as model size increases 

● Genomic organisation in bacteria provides a strong inductive bias

● Bacformer achieves state-of-the-art results on genome to phenotype 
prediction

● Bacformer allows for genome completion
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