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TWO TOPICS FOR DISCUSSION::

1. Modularization of the transcriptome
2. Applications

○ understanding, discovery, design



Levels 2&3: The need for modularization:
From many variables to few

Biology has a 
hierarchical character

Systems Biology: Constraint-based Reconstruction and Analysis, Cambridge 2015.



Transcriptomics
(expression of all genes)

Anand Sastry

Nat Commun. 2019 Dec 4;10(1):5536. 



Growth of the # of  transcriptomic data sets

mRNA purification methods ready for deployment

Kevin Rychel 



The source signal 
identification 

problem:

Solved with 
algorithms like 
independent 

component analysis 
(ICA)



Independent Component Analysis (ICA)

RNA-seq
Compendium:

Multiple organisms

>200 Source 
Signals
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What is an iModulon?

Expression
Compendium ICA

iModulon = independently 
Modulated group of genes.

Knowledge-enrichment: every 
iModulon has a story

Represents an expression 
“signal,” e.g. associated with a 
transcription factor)



iModulons in action: The E. coli PurR iModulon

Discovery of a novel 
adenosine transporter

Selected conditions
100s more in data set

Comms biol., 4:991 (2021). 

Adapted from Nat Commun. 2019 Dec 4;10(1):5536. 



Data-driven 
iModulon Regulon from 

literature

Metab. Eng. 2020 

92 iModulons

Each iModulon has a story

Microbiol

PNAS 2020 

mSystems 2020 

ogy 2019

MBE 2020 

Nat Commun. 2019 Dec 4;10(1):5536.
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iModulonDB.org: Dashboard 2.0 (has built-in analysis tools)
Projects.html

Immediate understanding of each 
experimental condition

Fnr-1 PPI

Search.html

e.g. STRING e.g. iModulon Phase Plane

Condition-specific and genetic 
perturbations displayedAny pair of iModulons 

and/or genes

Abstract, experimental & control variables

Explained 
variance, PPI, 

operon diagrams, 
regulon recall, 

gene expression 
correlations

Fnr-1 vs Fnr-3

Updated dashboards

“X”: Genetic 
perturbations

C
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tio

ns

Eddie Catoiu

Nucleic Acids Res. 2024 Nov 4:gkae1009. 



What are iModulons good for?
1. Synthetic biology on a new scale: cross-species iM transfer (1). 
2. First-principles based media formulation  (2)
3. Improving heterologous protein expression (3)
4. Understanding cell physiology
5. Deorphanization of the y-ome 
6. DNA transfer processes 

a. Competence (3)
b. We just found a conjugation iModulon 

7. Carbon concentrating mechanisms (CCM) in cyanobacteria (4)
8.8. Soil micrSoil micrSoil microbiomes obiomes obiomes (5)(5)(5)(5)
9. FindFinding BGCs ing BGCs (6)(6)(6)

10.10. Phylogeny: comparatPhylogeny: comparatPhylogeny: comparative iModulon structurive iModulon structurive iModulon structureseses

(1) Nat Commun. 15:2356 (2024), (2) Metabolic Engineering S1096-7176(24)00073-9 (2024), (3) Metabolic Engineering 61:360, (2020), (3) Cell 
Reports 43:112619 (2023), (4) PNAS, 121(38), e2410492121 (2024), (5) mSystems, e0043723 (2023), (6) Advanced Science, 2403912 (2024).



Gene co-regulation 
predicts co-function

Co-expressed genes often are related to 
the same biological process           
(and thus share regulators)

     



Small scale workflow:  
y-Gene mechanistic function revealed within an iModulon

Adapted from Nat Comms. 10: 5536 (2019).

M

+-

Anand Sastry

Discovery of a novel 
adenosine transporter

Comms biol., 4:991 (2021). 

A
PurR-1 Activity correlates 

with PurR expression

Adapted from Nat Comms. 10: 5536 (2019).



• Diagonal –expected
• Off-diagonal – ‘side effects’Carbon utilization iModulons in V. natriegens

TRAP: Tripartite ATP-Independent Periplasmic Transporters
TTT:   Tripartite Tricarboxylate Transporters 

iModulons, TTT and TRAP, are activated under several carbon 
sources, suggesting they could be involved in the uptake of 
broad range of carbons



The newly discovered yjfIJKL operon (contains only y-genes) may be a 
new heat tolerance operon in E. coli

Using computations of 
protein structure to 
generate hypotheses 
about y-gene function 
(temperature stabilization 
of membrane, export of 
misfolded protein, …)

Structures generated by 
QSPACE

Kevin Rychel 

Hot Tale bioRxiv 2024.02.22.581624 QSPACE: doi.org/10.7554/eLife.100485.1



Antibiotic-responsive iModulons reveal AMR mechanisms 
with y-genes (new targets?) in Acinetobacter baumannii

mSystems. 2024 Feb 20;9(2):e0060623

http://paperpile.com/b/SG1usN/o48D


‘Auxiliary’ genes in AMR iModulons can infer improved phenotypes

Donghui Choe

CROSS-SPECIES iMODULON 
TRANSFER

E. coli carrying the Pseudomonas 
aeruginosa AmpC iModulon (7 
genes) confers better ampicillin 
resistance than cells expressing 

beta-lactamase alone.



iModulons reveal basic 
cellular functions in 
Synechococcus:
1) Carboxysome 
2) Carbon 

concentrating 
mechanisms 
(CCMs)

3) photosynthesis
They include the 
identification of 29 
y-genes that are involved 
this these basic cellular 
functions

Yuan Yuan

Yuan et al, Proc. Natl Acad. Sci. U.S.A.  2024; 121:e2410492121. 



MultiModulon functions in V. natriegens: 
Large scale mapping of y-genes in to cellular functions

 

 

Jongoh Shin

189 genes identified in 
three iModulons (two 
known, one y-iModulon) as
competency-associated;

102 of them were y-genes. 

y-genes knocked out and 
classified as essential, 
quasi-essential, or 
non-essential to a functional 
competency state.

Shin et al, Cell Rep. 2023 Jun 6;42(6):112619.



Large-Scale Discovery Opportunity:
Substantial # of y-gene targets from 

iModulon-based annotation

iM-based annotation based on 1035 RNAseq samples 
in E. coli:

961 of 1693 under-annotated genes in iModulons

530 partially-characterized genes (panel A)

431 uncharacterized genes (panel B)

We have a road map for y-gene deorphanization 

M  
T
v

 
T
v

any y-TFs (yneJ, ygeV, ymfT, punR, other LysR-like
Fs) with putative regulons being systematically 
alidated in several studies from our lab



Summary

● The relationship between the molecular makeup of cells and their phenotypic 
functions is hierarchical 

● Bacterial transcriptomes have been modularized using source signal 
extraction algorithms

● These iModulons (sets of genes that are independently modulated)  can be 
knowledge-enriched and thus assigned to a cellular function

● The majority of iModulons identified have y-genes
● Thus, we can now annotate y-genes en mass to cellular functions, that makes 

molecular function much easier to elucidate
● “Presented in a logical order, not necessarily the chronological order”, Jared 

Brodrick




