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Analyzing host-microbe interactions is essential for understanding how microbiota changes
disrupt host homeostasis. Here, we present a protocol for predicting host-microbe protein-
protein interactions and their downstream effects using MicrobioLink. We describe steps for
setting up the environment, installing software, and preparing human transcriptomic and
bacterial proteomic data. The protocol outlines procedures for predicting protein-protein
interactions through domain-motif interactions, integrating multi-omic datasets to map
downstream effects, performing network analyses to identify key regulatory pathways, and
visualizing multi-layered networks for systems-level data interpretation.
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SUMMARY

Analyzing host-microbe interactions is essential for understanding how micro-
biota changes disrupt host homeostasis. Here, we present a protocol for predict-
ing host-microbe protein-protein interactions and their downstream effects us-
ing MicrobiolLink. We describe steps for setting up the environment, installing
software, and preparing human transcriptomic and bacterial proteomic data.
The protocol outlines procedures for predicting protein-protein interactions
through domain-motif interactions, integrating multi-omic datasets to map
downstream effects, performing network analyses to identify key regulatory
pathways, and visualizing multi-layered networks for systems-level data interpre-
tation.

For complete details on the use and execution of this protocol, please refer to
Gul et al.” and Poletti et al.?

BEFORE YOU BEGIN

The protocol below describes a detailed step-by-step guideline to predict host-microbe protein-
protein interactions and analyzes their downstream impact on the host cellular signaling network.
Setting up the computational environment is crucial to ensure compatibility and smooth execution
of the MicrobioLink pipeline. Proper configuration of hardware, software, and required packages
minimizes potential errors during the analysis and optimizes performance, particularly when
handling large biological datasets. Further details in the ‘system requirement’ subsection. Addition-
ally, the "downloading and installing the pipeline and the required software’ section outlines steps
for localizing the pipeline and explain the process for setting up the necessary environment. It also
details how to download and install essential software tools.

Note: To effectively visualize networks generated by this analysis, ensure that Cytoscape
version 3.10.2 is installed on your system. Cytoscape will be used to create interactive graph-
ical representations of host-microbe interaction networks, facilitating interpretation of the
results.

Note: For general troubleshooting issues related to software or package unavailability,

missing parameters, empty output files, or directory errors, please refer to the
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"troubleshooting 1, 2, 3, 4, 5, 6, and 7" section at the end of this protocol. This section pro-
vides solutions to common setup and execution problems.

System requirement

MicrobioLink is compatible with Unix/Linux/Windows operating systems. To ensure optimal perfor-
mance, we recommend certain hardware specifications. A minimum of 8 GB of RAM is recommen-
ded, with 16 GB preferred for large-scale analyses, as adequate memory helps prevent slowdowns
or crashes during network analyses. At least 1 GB of free disk space is needed to store input, inter-
mediate, and output files, through larger dataset may require additional storage. Finally, for network
visualization in Cytoscape or other visualization tools, a system equipped with modern integrated
graphics ensures smooth rendering of large or complex networks.

The MicrobioLink pipeline depends on a range of Python libraries and bioinformatics tools for
handling large datasets, performing statistical computations, and visualizing complex networks.
Installing the correct versions of these packages will help avoid compatibility issues and ensure
that the pipeline runs efficiently. For data manipulation and numerical operations pandas
(v.2.2.2), numpy (v.1.26.4), and scipy (v.1.13.1) are essential. MyGene (v.3.2.2) provides fast access
to gene annotations, while omnipath (v.1.0.8) offers the primary knowledge network of protein-pro-
tein interactions, essential for the downstream network analysis. Pyfasta (v.0.5.2) and biopython
(v.1.84) facilitate the handling and processing of FASTA files, which are standard in bioinformatics
for storing protein and nucleotide sequences. Finally, Cytoscape (v.3.10.1) is required for visualizing
the interaction networks generated by the pipeline, allowing users to interpret host-microbe inter-
action patterns and downstream effects visually.

Downloading multi-omic data for the case study
O Timing: 5-60 min (depending on the size of the datasets)

MicrobioLink combines host transcriptomics and bacterial proteomics that enables a more compre-
hensive analysis of host-microbe interactions, linking microbial influence directly to changes in gene
expression and protein function in the host. For the case study, we use public single-cell data from®
and proteomic data derived from Bacteroides thetaiotaomicron extracellular vesicles published by
Gul and colleagues.” All necessary input data for running this protocol are available in the GitHub
repository. (https://github.com/korcsmarosgroup/MicrobioLink2).

Note: Human transcriptomic data provides gene expression profiles, which are crucial for
identifying how microbial interactions might influence gene regulation within the host. The
pipeline uses average gene expression counts from processed single-cell or bulk RNA-seq
data, enabling downstream analysis to focus on potential gene expression changes.

Note: The endpoint file provides a focus for the analysis by defining the target genes that the
pipeline seeks to connect to bacterial proteins, with the aim of exploring which signaling path-
ways may be perturbed to influence these specific genes. The endpoint file can contain genes
that are differentially expressed between conditions (p-value < 0.05) along with their fold
change values. In this case, MicrobioLink identifies signaling pathways potentially impacted
by bacterial interactions that could influence differential gene expression. Alternatively, the
endpoint file may include a list of genes derived from a single condition. For example, it could
contain genes encoding secreted ligands described in inflamed condition. In this case,
MicrobioLink assesses how bacterial interactions might influence cellular communication
mediated through these secreted ligands.

Note: Bacterial proteomics includes proteins from the bacterial proteome, representing the
microbial components that may interact with host proteins. The pipeline accepts either a
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list of bacterial UniProt IDs or a UniProt Proteome (UP) ID, which allows the pipeline to down-
load and analyze the complete proteome of a bacterial strain. The UP option is particularly
useful for large-scale analyses where all potential proteins from a specific bacterial strain
are of interest. Analyzing these interactions across bacterial strains provides insights into
the broader effects of microbes on host cellular processes, including both pathogenic and
probiotic effects.

Downloading and installing the pipeline and the required software
O Timing: 1-2 h

Main steps for downloading and installing the pipeline and required software.

1. Download Anaconda (recommended).
Note: Anaconda is a widely used package and environment manager that simplifies the instal-
lation and management of required software packages. Details on installation are described

here: https://docs.anaconda.com/free/anaconda/install/index.html.

Alternatives: If users cannot use the Conda environment, proceed directly with Python envi-
ronment setup as described below.

2. Download the Microbiolink pipeline from GitHub (https://github.com/korcsmarosgroup/
MicrobioLink?2).
a. Download the zip archive and extract it, or use the git-clone command:

>git clone https://github.com/korcsmarosgroup/MicrobiolLink2.git

Note: Ensure that the microbiolink_env.yml file, which specifies required packages, is located
within the workflow folder of the repository. This file will facilitate the automatic installation of
compatible software versions within the environment.

3. Set up the environment
a. Using Anaconda (recommended).
i. To create a Conda virtual environment with the required packages, navigate to the down-
loaded MicrobioLink2 directory and execute the following commands:

>cd MicrobioLink?2

>conda create --name microbiolink --file workflow/microbiolink_env.yml

Note: Before the environment initiation, it is essential to have Conda installed on the system,
details are described in Step 1.

Optional: For users unable to use Conda, create a Python environment using ‘venv’ and
install each package individually using pip, packages are listed in the ‘workflow/
microbiolink_env.yml':

>python3 -m venv microbiolink_env

STAR Protocols 6, 103570, March 21, 2025 3
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4. Activate the environment:

a. Using Anaconda (recommended).

STAR Protocols

i. Open the Anaconda terminal by going to the "Environments" — select the appropriate envi-

ronment and click "Open Terminal".

>conda activate microbiolink

Optional: For users unable to use Conda, use the following command in Terminal/Command

Line to activate the virtual environment:

>source microbiolink_env/bin/activate # On Windows :

‘microbiolink_env\Scripts\activate"

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Deposited data

Human single-cell RNA-seq data (processed)

Kong et al.”

https://github.com/korcsmarosgroup/MicrobioLink2/
tree/main/case_study_input/input/human_protein

Bacterial proteomics Gul etal. https://github.com/korcsmarosgroup/MicrobioLink2/
tree/main/case_study_input/input/bacterial_protein

Software and algorithms

Pandas v.2.2.2 PyData https://pandas.pydata.org; RRID:SCR_018214

Numpy v.1.26.4 Harris et al.* http://www.numpy.org; RRID:SCR_008633

Scipy v.1.13.1 Virtanen et al.” http://www.scipy.org/; RRID:SCR_008058

Mygene v.3.2.2 Wu et al.® RRID:SCR_018660

OmniPath v.1.0.8 Turei et al.” https://omnipathdb.org/

Gget v.0.28.6
Pyfasta v.0.5.2
Biopython v.1.84

Luebbert et al.®
https://pypi.org/project/pyfasta/0.2.9/

Cock et al.”

https://github.com/pachterlab/gget
https://github.com/brentp/pyfasta
http://biopython.org; RRID:SCR_007173

Python v.3.9 Python https://www.python.org/; RRID:SCR_008394
Cytoscape v.3.10.1 Shannon et al.'” https://cytoscape.org; RRID:SCR_003032
Other

Code to reproduce the analysis

Computer with Mac/Linux/Windows operating
system and internet access

At least 8 GB RAM (16 GB preferred),

> 1 GB free disk space

Anaconda environment for package
management (optional)

This publication
N/A
N/A

https://docs.anaconda.com/free/
anaconda/install/index.html

https://github.com/korcsmarosgroup/MicrobioLink2/
tree/main/workflow

N/A

N/A

https://www.anaconda.com/; RRID:SCR_025572

STEP-BY-STEP METHOD DETAILS

All parts of the MicrobioLink pipeline can be run from the terminal with the necessary command-line

argument defined by each script. Each parameter is defined with a specific help message, providing

users with guidance on the expected format and purpose of the argument. Example usage of each
step is shown using files from the provided GitHub repository (“case_study_input/input” and

“case_study_output/output” folders), allowing users to follow along with a real use case. The
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following sections include step-by-step instructions and visual examples to ensure users can accu-
rately format their inputs and avoid common errors.

Preparing input files for the MicrobioLink pipeline
O® Timing: 10-20 min (depending on the size of data)

To ensure accurate predictions of host-microbe interactions and downstream effects, input files
should be carefully prepared and formatted to meet the requirements of the pipeline. Below, we
outline the preparation steps for each input file.

1. Z-score filtering for human transcriptomic data (z-score_filter_terminal.py).

Note: This step involves filtering gene expression data to reduce noise by excluding lowly ex-
pressed genes. Filtering gene expression data to exclude genes below a set Z-score threshold
ensures that only genes with relatively high expression levels are included in the analysis. This
script takes bulk or single-cell gene expression data in normalized average expression count
matrix format as input.

Note: The script performs log2 transformation, filters out lowly expressed genes based on
z-score cut-off, and outputs the filtered results into a CSV file.

Optional: This step may be skipped if the user does not want to filter lowly expressed genes,
or if the necessary filtering has already been performed.

a. Run the script with the necessary command-line arguments.

>cd MicrobioLink2/workflow

>python z-score_filter_ terminal.py --input_file ‘‘case_study_input/input/human_trans-
criptomics/colon_BEST4_enterocyte_CD.csv’’ --output_file ‘'‘case_study_input/input/human_
transcriptomics/enterocyte_colon_CD_zscore.csv’'’ --zscore -3

Note: The parameter "~input_file" is required and is used to specify the path for the input CSV
file that contains the gene expression data in the first column (gene symbol or UniProt) and
normalized average expression counts in subsequent columns (Figure 1).

Note: The parameter "—output_file" is required to specify the name and path for the output
CSV file where filtered results will be saved.

Note: The "-zscore" parameter is used to set a Z-score cut-off for filtering out lowly expressed
genes in the dataset. If this parameter is not provided, it defaults to —3."" By adjusting this
parameter, users can control the threshold for filtering based on gene expression levels.
The parameter expects a numeric value (e.g., =3, —2.5, —1), typically representing the num-
ber of standard deviations below the mean expression level, with higher values filtering out
more genes.

Note: Z-score filtering only works well for data with a normal distribution. If the data does not
follow normal distribution, the least 10% of expressed genes may be excluded from the anal-

ysis. It is the user’s responsibility to assess this.

2. Obtain the human protein FASTA file (get_human_fasta.py).

STAR Protocols 6, 103570, March 21, 2025
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Input Output
RNA.Enterocytes.BEST4 RNA.Enterocytes.BEST4

AL627309.1 0 AL627309.1 NaN

AP006222.2 0.000025306 AP006222.2 NaN
ANO9 0.379739119 7-score filter ANO9 5.246936721
LINC00115 0.010401411 Log2 transformation LINC00115 0.05677925
NOC2L 0.213502335 — NOC2L 4.416179943
HES4 1.283803517 HES4 7.004280608
I1SG15 2.041222221 I1SG15 7.673289442
AGRN 0.273513752 AGRN 4.773541467

Normalized gene count Log2-based gene count

Figure 1. Transformation of normalized gene counts to Log2-based values with Z-score filtering

Note: This step retrieves protein sequences for human genes in FASTA format. This file is
essential for the protein interaction predictions, as it provides the sequences used to identify
domain binding motifs and predict host-microbe interactions.

Note: The script offers a filtering for membrane-based or secreted proteins that is crucial when
analyzing host-microbe interactions involving extracellular bacteria, as their interactions with

the host typically occur through the cell membrane.

a. Run the script with the necessary command-line arguments.

>cd MicrobioLink2/workflow

>python get_human_fasta.py --gene_expression

tomics/enterocyte_colon_CD_zscore.csv'’’ --id_type "genesymbol" --sep ", " --location_filter_
list [plasma_membrane_transmembrane plasma_membrane_peripheral] --output_folder ‘‘case_

study_input/input/human_transcriptomics/’’ --output_sequences ‘'‘protein_sequences.fasta’’

‘‘case_study_input/input/human_transcrip-

6

Note: The "~gene_expression" parameter is a required argument that specifies the file path
to the transcriptomics data. The Uniprot or gene symbol IDs must be found in the first column
of the file while corresponding expression values must be placed in the second column (Fig-
ure 2). If the z-score filter is applied then this file is the output of Step 1, otherwise the normal-
ized average gene count matrix (described in the “before you begin” section).

Note: The "-id_type" parameter is a required argument that specifies the type of gene iden-
tifier used in the transcriptomics data file. This parameter restricts input to specific options,
offering only two valid choices: "genesymbol” or "uniprot". By setting choices = ["genesym-
bol", "uniprot"], the program ensures that users select one of these options, avoiding poten-
tial errors in data interpretation.

Note: The "-sep" parameter is a required argument that specifies the field separator

(e.g., ";", "\t", or "|") used in the input file, allowing the program to correctly parse and inter-
pret the data.

STAR Protocols 6, 103570, March 21, 2025
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>sp|A1A5B4|ANO9_HUMAN Anoctamin-9 OS=Homo sapiens OX=9606 GN=ANO9 PE=1 SV=3
MQGEESLRILVEPEGDSFPLMEISTCETEASEQWDYVLVAQRHTQRDPRQARQQQFLEEL

RNA.Enterocytes.BEST4

AL627309.1 NaN RRKGFHIKVIRDQKQVFFGIRADNSVFGLYRTLLLEPEGPAPHAELAAPTTIPVTTSLRI
RIVNFVVMNNKTSAGETFEDLMKDGVFEARFPLHKGEGRLKKTWARWRHMFREQPVDEIR
AP006222.2 NaN NYFGEKVALYFVWLGWYTYMLVPAALTGLLVFLSGFSLFEASQISKEICEAHDILMCPLG
G 5248836701 Obigin DHSRRYQRLSETCTFAKLTHLFDNDGTVWFAIFMALWATVFLEIWKRQRARVVLHWDLYV
ol | WDEEQEEMALQLINCPDYKLRPYQHSYLRSTVILVLTLLMICLMIGMAHVLVVYRVLASA
LINC00115 0.05677925 the human protein || pggsay PR EEQUTTAVWVTGALVHYVTIIMTKINRCVALKLCDFEMPRTFSERESRF
FASTA file TIRFFTLQFFTHFSSLIYIAFILGRINGHPGKSTRLAGLWKLEECHASGCMMDLFVQMAI
Noc2L 4.416179943 IMGLKQTLSNCVEYLVPWVTHKCRSLRASESGHLPRDPELRDWRRNYLLNPVNTFSLFDE
e > 504280608 FMEMMIQYGFTTIFVAAFPLAPLLALFSNLVEIRLDAIKMVWLQRRLVPRKAKDIGTWLQ
VLETIGVLAVIANGMVIAFTSEFIPRVWYKYRYSPCLKEGNSTVDCLKGYVNHSLSVFHT
ISG15 7.673289442 KDFQDPDGIEGSENVTLCRYRDYRNPPDYNFSEQFWFLLAIRLAFVILFEHVALCIKLIA
AWFVPDIPQSVKNKVLEVKYQRLREKMWHGRQRLGGVGAGSRPPMPAHPTPASIFSARST
AGRN 4.773541467 DV Qs Q GRQRLGGVGAGS! SIFSARS
>sp|A6BM72|MEG11_HUMAN Multiple epidermal growth factor-like....
Normalized or log2-based gene count Protein sequences

Figure 2. Downloading FASTA sequences for expressed genes

Note: The "—location_filter_list" parameter allows users to narrow down protein analysis
based on specific cellular locations. This parameter accepts multiple location filters as a
space-separated list. If no filter list is provided, the program will default to None, meaning
no location-based filtering will occur, and all proteins will be included in the analysis.

Note: Options for subcellular location filtering are the following: plasma_membrane_trans-
membrane (proteins located within the plasma membrane and spanning across it) and/or plas-
ma_membrane_peripheral (proteins associated with the peripheral site of the plasma mem-
brane) and/or secreted (proteins that are secreted into the extracellular space). Required
format is separated by space and without quotation marks and brackets. E.g.: [plasma_mem-
brane_transmembrane plasma_membrane_peripheral]. Default: None.

Note: The "—output_folder" parameter is a required argument that designates the folder
where the script will save its output files. The default value is ".", which represents the current
directory, hence if a specific folder path is not provided, the script will save the output files to

the directory from which it was run.

Note: The "—output_sequences" parameter is a required argument that specifies the filename
for saving protein sequences. If no filename is provided, the program will save protein
sequences to a file named " protein_sequences.fasta" in the specified output folder or the cur-
rent directory.

Note: If the script fails to fetch data for one or more UniProt IDs it prints the message "Failed
to fetch data for uniprots: {uniprots}".

Note: The following error message may appear if the mygene package is not installed
properly: ‘AttributeError: partially initialized module ‘charset_normalizer’ has no attribute
'md__mypyc". Further details and solutions for this issue are provided in the “troubleshooting 6"
section.

3. Downloading bacterial proteins with their domain structure (download_bacterial_proteins.py).
Note: This script downloads bacterial protein domain structures from the UniProt database.

These bacterial proteins serve as the microbial component in host-microbe interaction
predictions.

STAR Protocols 6, 103570, March 21, 2025 7
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Q8AST4 UP000001414 Downloading Entry Pfam Gene Names
bacterial proteins

Q8A8T4 |PF01926; engB BT_1083
Q8A2N7 UP000248731 with domain structure £

Q8A2N7 [PF01134;PF13932; mnmG gidA BT_3268
Q8A7W8 | OR | UP000503550 —

Q8A7W8 |PF00440; BT_1406
Q8A7D2 UP000008488

Q8A7D2 |PF04023;PF07664;PF17910;PF02421;PF07670; BT_1592

\Bacterial protein or proteome lisy K Bacterial proteins with domain structure j

Figure 3. Retrieving domain structures for bacterial proteins

a. Run the script with the necessary command-line arguments.

>cd MicrobioLink2/workflow

input/input/bacterial_protein/BT_BEV_domains.tsv’’

>python download_bacterial proteins.py --id_list ‘‘case_study_input/input/bacterial_

protein/OMV_proteins.csv’’ --sep ", " --id_type "Uniprot" --id_column 1 --output ‘'‘case_study_

Note: The "-id_list" parameter is a required argument that specifies the file path to an exist-
ing file containing a list of identifiers either in UniProt or UniProt Proteome (UP) ID format (Fig-
ure 3). Ensure no headers or additional information is included beyond these columns, as
alteration may cause compatibility issues. Using the UP option allows for a more comprehen-
sive analysis of potential microbial interactions across all proteins of a strain, especially useful
in large-scale studies.

Note: The "-sep" parameter is a required argument that specifies the field separator used in
the inputfile, helping the script correctly parse and interpret the data. The argument expects a
single character (e.g., ";", "\t", or "|") representing the separator between fields in the
input file.

Note: The "-id_type" parameter is a required argument that defines the type of identifier
used in the input data - "Uniprot" or "UP".

Note: The "-id_column" parameter is a required argument that specifies the column number
containing the proteome or protein ID within the input file. The argument expects an integer
representing the column number in the input file where the proteome or protein IDs are
located. Python starts to count at 0, therefore the user-provided column number is automat-
ically decreased by one. User provided "—id_column" 1 would refer to the first column.

Note: The "—output" parameter is a required argument that specifies the file path and name
where the program will save its output.

Predicting interactions between human and microbial proteins based on domain-motif
interactions

8

O Timing: 10-20 min (depending on the size of data)

STAR Protocols 6, 103570, March 21, 2025
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This step predicts protein-protein interactions between human and bacterial proteins through
domain-motif interactions (DMls), fundamental points of protein binding and function that enable
precise alignment of complementary structures and facilitate biological processes, allowing proteins
to communicate, modify each other’s activity, or drive signaling events within cells. By focusing on
DMIs involving motifs on disordered protein regions, this approach reduces false positives and
ensures that only flexible interaction surfaces, necessary for binding, are kept.

4. Host-microbe protein-protein interaction prediction (DMl.py).

Note: This script uses structural data, specifically DMIs, to predict interactions between hu-
man and microbial proteins. The analysis is based on in vitro verified DMIs from the Eukaryotic
Linear Motif (ELM) database, which provides validated motif-domain relationships in eukary-
otic proteins (Figure 4).

Note: The script utilizes external libraries and modules, such as pyfasta and re, to process and
analyze biological sequence data and interaction predictions between human and microbial

proteins.
Input
Entry Pfam Gene Names
Q8AST4  [PF01926; engB BT_1083
Q8A2N7 |PF01134;PF13932; mnmG gidA BT_3268
Q8A7W8 |PF00440; BT_1406
Q8A7D2  |PF04023;PF07664;PF17910;PF02421;PF07670; BT_1592

with d

Bacterial p

>sp|A1A5B4|ANO9_HUMAN Anoctamin-9 OS=Homo sapiens OX=9606 GN=ANO9 PE=1 SV=3
MQGEESLRILVEPEGDSFPLMEISTCETEASEQWDYVLVAQRHTQRDPRQARQQQFLEEL
RRKGFHIKVIRDQKQVFFGIRADNSVFGLYRTLLLEPEGPAPHAELAAPTTIPVTTSLRI
RIVNFVWWMNNKTSAGETFEDLMKDGVFEARFPLHKGEGRLKKTWARWRHMFREQPVDEIR
NYFGEKVALYFVWLGWYTYMLVPAALTGLLVFLSGFSLFEASQISKEICEAHDILMCPLG
DHSRRYQRLSETCTFAKLTHLFDNDGTVVFAIFMALWATVFLEIWKRQRARVVLHWDLYV
WDEEQEEMALQLINCPDYKLRPYQHSYLRSTVILVLTLLMICLMIGMAHVLVVYRVLASA
LFSSSAVPFLEEQVTTAVVWTGALVHYVTIIMTKINRCVALKLCDFEMPRTFSERESRF
TIRFFTLQFFTHFSSLIYIAFILGRINGHPGKSTRLAGLWKLEECHASGCMMDLFVQMAI
IMGLKQTLSNCVEYLVPWVTHKCRSLRASESGHLPRDPELRDWRRNYLLNPVNTFSLFDE
FMEMMIQYGFTTIFVAAFPLAPLLALFSNLVEIRLDAIKMVWLQRRLVPRKAKDIGTWLQ

ELM identifier

Interaction Domain Id

Interaction Domain Name

ELME000321|CLV_C14_Caspase3-7

imotif

(Caspase cleavage

(Caspase-3 and Caspase-7
cleavage site.

[DSTE][*P][*DEWHFY
(CIDIGSAN]

ELME000172|CLV_MEL_PAP_1

[Prophenoloxidase-activating

lactivation site

(PAP) cleavage site
(ILVIXX-R--{FV]-[GS]-X).

[ILV]..RIVFI[GS].

ELM motif classes

VLETIGVLAVIANGMVIAFTSEFIPRVVYKYRYSPCLKEGNSTVDCLKGYVNHSLSVFHT Hostemicrob
KDFQDPDGIEGSENVTLCRYRDYRNPPDYNFSEQFWFLLAIRLAFVILFEHVALGIKLIA ost-microbe Human (e S S o Bacteria
AWFVPDIPQSVKNKVLEVKYQRLREKMWHGRQRL protein-protein UniProt UniProt
bv interaction prediction

015455  |LIG_CtBP_PxDLS_1 233 240|PF00389 Q8A2E4
>sp|A6BM72|MEG11_HUMAN Multiple epidermal growth factor-like....

9UHWS  |DOC_PP1_RVXF_1 39| 46|PF00149 BAB67

Human FASTA sequences Q LAY 28 o 9
075051 LLIG_CtBP_PxDLS_1 1202 1207|PF00389 QBA2E4
Interaction Domain

Description ) :
L All potential host-microbe
CLV_NRD_NRD_1 PF00675 |Peptidase_M16 (Peptidase family M16) protein-protein interactions
CLV_PCSK_FUR_1 PF00082 Peptidase_S8 Subtilase family
ELM domain-motif interactions
EL! F D Regex

Figure 4. Integrating bacterial protein domains with human protein motifs to predict host-microbe protein-protein interactions
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a. Run the script with the necessary command-line arguments.

>cd MicrobioLink2/workflow

>python DMI.py --fasta_file ‘‘case_study_input/input/human_transcriptomics/protein_se-
quences.fasta’’ --elm_regex file ‘‘case_study_input/input/elm /elm classes_2020.tsv’’
-motif_domain_file ‘‘case_study_input/input/elm /elm_interaction_domains.tsv’’ --bacterial_
domain_file ‘‘case_study_input/input/bacterial_protein/BT_BEV_domains.tsv’’ --output_file

‘‘case_study_output/output/HMI/BT_enterocyte_cd_prediction_output_usecase.csv’’

Note: The "—fasta_file" parameter is a required argument that specifies the path to a FASTA
file containing human protein sequences, downloaded in Step 2.

Note: The "—elm_regex_file" parameter is a required argument that specifies the path to a file
containing motif regular expressions from the ELM database. The input file should be in .tsv
format. ELM Identifiers are required to be in the second column, while Regex information is in
the fifth column. The required table is provided in the GitHub repository or can be down-
loaded directly from the ELM database: http://elm.eu.org/elms/elms_index.tsv.

Note: The "-motif_domain_file" parameter is a required argument that specifies the path to a
file containing motif-domain interaction data from the ELM database. The input file should be
in .tsv format. ELM Identifiers are required to be in the first column, while associated Pfams
should be in the second column. The required table is provided in the GitHub repository or
can be downloaded directly from the ELM database: http://elm.eu.org/interactions/as_tsv.

Note: The "-bacterial_domain_file" parameter is a required argument that specifies the path
to a file containing bacterial protein domain information. The input file contains Pfams in the
second column separated by semicolon. The required file is automatically generated by the
"get_bacterial_domain_structure.py" script, details are described in Step 3.

Note: The "-output_file" parameter is a required argument that specifies the filename and
path where the script will save its output file. The header of the output file will be automatically
generated as "# Human Protein; Motif; Start; End; Bacterial domain; Bacteria Protein".

Note: If the user is not using Python 3.9, the following error message may appear: 'Error:
cannot import name ‘Mapping’ from ‘collections”. Further details and solutions for this issue

are provided in the “troubleshooting 5" section.

5. Quality control of interactions based on target motif location (idr_prediction.py).

IUPred

Energy matrices
Histograms

- e p - o N

Human . h Bacteria Interface composition Human . ) Bacteria

UniProt Motif Start Stop Domain UniProt UniProt Motif Start Stop Domain UniProt

015455 |LIG_CtBP_PxDLS_1 233 240/PF00389 Q8A2E4 Q9UHW9 |DOC_PP1_RVXF_1 39 46|PF00149 Q8AB67
uality control

Q9UHWS DOC_PP1_RVXF_1 39 46|PF00149 Q8AB67 Q Y Q08174 |DOC_PP1_RVXF_1 932 940/PF00149 Q8AB67

of interactions

075051 |LIG_CtBP_PxDLS_1 1202 1207|PF00389 Q8A2E4 I Q86X29 |CLV_PCSK_FUR_1 631 6.

All potential host-microbe Filtered host-microbe

K protein-protein interactions J K protein-protein interactions /

Figure 5. Applying IUPred disordered region filter to refine host-microbe protein-protein interactions

@

6/PF00082 Q8A0Y2

10 STAR Protocols 6, 103570, March 21, 2025


http://elm.eu.org/elms/elms_index.tsv
http://elm.eu.org/interactions/as_tsv

STAR Protocols

Note: This step applies a quality control filter, using the IUPred pipeline,'” to exclude interac-
tions where the motifs are located outside disordered regions or within globular domains of
the host protein, as these interactions are less likely to be biologically significant'? (Figure 5).

a. Run the script with the necessary command-line arguments.

>cd MicrobioLink2/workflow

>python idr_prediction.py --hmi_prediction ‘‘case_study_output/output/HMI/BT_enterocy-

te_cd_prediction_output_usecase.csv’’ --fasta_file ‘‘case_study_input/input/human_tran-
scriptomics/protein_sequences.fasta’’ --resources ‘‘case_study_input/input/’’ --results
‘‘case_study_output/output/’’ --output ‘'‘case_study_output/output/HMI/IUPred/BT_entero-
cyte_

idr_cd_usecase.csv'’

Note: The "~hmi_prediction" parameter is a required argument that specifies the path to an
existing file containing host-microbe interaction prediction data. The file delimiter must
be ”;”, human UniProt IDs must be in the first column, while motif name, start, and stop infor-
mation must be in the second, third, and fourth columns. This structure is automatically gener-
ated by the DMI.py script, described in Step 4.

Note: The "—fasta_file" parameter is a required argument that specifies the path to a FASTA
file containing human protein sequences (Step 2).

Note: The "-resources" parameter is a required argument that specifies the path to a folder
containing resources needed by the program (see in Notes). This directory should be a valid,
accessible path where the user has ‘write’ permission.

Note: The "-results" parameter is a required argument that specifies the path to the folder
where the program will save its output results. This directory should be a valid, accessible
path where the user has "write’ permission.

Note: The "—output" parameter is a required argument that specifies the file name and path
where the program will save its outputs. The header of the output file will be automatically
generated as "# Human Protein; Motif; Start; End; Bacterial domain; Bacterial protein”.

A CRITICAL: The script imports an external script named iupred2a.py. It is included in the
GitHub repository (‘workflow/IUPred’ folder), and it should be placed in the same folder
as the idr_prediction.py script.

A CRITICAL: The script needs special data required for the disordered region prediction,
such as energy matrices and histograms. These files, located in the Github repository
(‘case_study_input/input/iupred_data’ folder), contain data essential for I[UPred predic-
tion of disordered regions in protein sequences.

Note: The ‘anchor2_energy_matrix’ estimates energy changes in protein interfaces, assisting
in identifying protein regions that are likely disordered using the Anchor2 tool. The 'anchor2_
interface_comp’ complements the energy matrix by containing interface comparison data
needed by Anchor2.

Note: The ‘iupred2_long_energy_matrix’ and ‘iupred2_short_energy_matrix’ predict disor-
dered regions in proteins, tailored for different sequence lengths (long and short).

¢? CellPress
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Note: The 'long_histogram’ and ‘short_histogram’ provide statistical distributions that IUPred
uses to analyze long and short protein sequences.

Note: When running the IUPred function, the script uses "short" as a predefined method type
for IUPred, and ANCHOR modeling is set to True. Further details are described in Meszaros
etal.”?

Downstream signaling modeling
O Timing: 15-30 min (depending on the size of the data)

This step models the downstream signaling pathways influenced by host-microbe protein-protein
interactions, using the interactions identified in Step 5 as perturbation points. By tracing how micro-
bial factors alter entire host cellular networks, including gene regulation, immune responses, and
cellular communication, this analysis reveals the cascading effects underlying complex host
responses and disease mechanisms. Using the TieDIE (Tied Diffusion Through Interacting Events)
tool,"* it identifies specific paths connecting bacterial targets to shifts in gene expression and
cellular functions.

6. Preparing input files for the TieDIE analysis (tiedie_input_processing.py).

Note: TieDIE requires specific input files to map the potential downstream effects of microbial
interactions on host cellular signaling pathways. This step involves preparing these files in the
correct formats to ensure that the analysis accurately models the downstream cascade initi-
ated by host-microbe interactions (Figure 6).

Input
RNA.Enterocytes.BEST4
AL627309.1 NaN
AP006222.2 NaN out t
utpu
ANOS 5.246936721
LINC00115 0.05677925
source_gene|target_gene | consensus_ (consensus_{consensus_
source target NN " 5 P
NOC2L 4.416179943 symbol symbol direction |stimulation| inhibition
HES4 7.004280608 Q04206 P25445 RELA FAS TRUE TRUE FALSE
1SG15 7.673289442 P14921 P01033 ETS1 TIMP1 TRUE TRUE FALSE
AGRN 4.773541467 P43268 P01033 ETV4 TIMP1 TRUE TRUE FALSE
P04637 P14635 TP53 CCNB1 TRUE FALSE TRUE
" Preparing
N lized or log2-based t
ormalized or log2-based gene coun input files for
TieDIE c yi

p_val avg_log2FC | p_val_adj

SDR16C5 6.57E-19 |5.33685856 | 1.54E-14 -
TieDIE inputs

REG1A 1.43E-18 | 11.0471335| 3.35E-14

KYNU 1.43E-18 |7.88275907 | 3.35E-14 BADS77 | 1 + P00533 [stimulates>| Q8NET8 014867 | 4.243771 | +
000548 1 + PODP23 |stimulates>| Q8TD43 015105 | -1.7660186 | -
Differentially expressed genes
(endpoint file) 014672 | 19 | + PODP25 |stimulates>| Q8TD43 015119 | -2.8722642 | -
i 043184 | 10 + PODP24 |stimulates>| Q8TD43 015516 | 2.4038801 | +
Hurnan Motif Start Stop Domain Bac_terla
UniProt UniProt
Q9UHWS9 |DOC_PP1_RVXF_1 39| 46|PF00149 Q8AB67
Q08174 |DOG_PP1_RVXF_1 932 240[PF00149 QBAB67 upstream.input pathway.sif downstream.input
Q86X29 [CLV_PCSK_FUR_1 631 636|PF00082 Q8A0Y2
Filtered host-microbe protein-protein i

Figure 6. Integrating transcriptomic data with the predicted host-microbe interactions to prepare the input files for the TieDIE analysis
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a. Run the script with the necessary command-line arguments.

>cd MicrobioLink2/workflow

>python tiedie_input_processing.py --transcriptomics_file ‘‘case_study_input/input/human_-
transcriptomics/enterocyte_colon CD_zscore.csv'’’ --value_column 2 --sep_transcriptomics ";"

--endpoint_file ‘‘case_study_input/input/human_transcriptomics/Enterocytes BEST4_degs_fc05.

csv’'’ --sep_endpoint ", " --endpoint_pvalue_column 2 --endpoint_pvalue_column 3 --hmi_prediction_
file ‘‘case_study_output/output/HMI/IUPred/BT_enterocyte_idr_cd_usecase.csv’’ --output_
dir ‘‘case_study_output/output/’’ --upstream_input_filename ‘'‘usecase_upstream.input’’
--downstream_input_filename ‘‘usecase_downstream.input’’ --pathway_ input_filename '‘usecase_

pathway.sif’’

Note: The "~transcriptomics_file" parameter is a required argument that specifies the path to
the file containing transcriptomics data to contextualise the primary knowledge network for
the explored tissue (bulk transcriptomics) or cell (single-cell transcriptomics). The Uniprot or
gene symbol IDs must be found in the first column of the file while corresponding expression
values must be placed in the second column (Figure é). If the z-score filter is applied then this
file is the output of Step 1, otherwise the normalized average gene count matrix (described in
the “before you begin” section).

Note: The "-value_column" parameter is a required argument that specifies the column num-
ber in the transcriptomics file where expression values are located. User provided "-value_
column 2" would refer to the second column.

Note: The "--sep_transcriptomics" parameter is a required argument that specifies the sepa-

rator (e.g., ";", "\t", or "|") used in the transcriptomics data file, enabling the program to
correctly parse the data.

Note: The "—endpoint_file" parameter is a required argument specifying the file path to an
endpoint file for the analysis. This file defines where the signaling cascade terminates, repre-
senting the final targets affected by host-microbe interactions. It should contain data on differ-
entially expressed genes significantly altered between conditions or a list of genes relevant to
specific processes, such as genes involved in immune response or inflammation.

Note: The "—-endpoint_pvalue_column" parameter is an optional argument that specifies the
column number in the endpoint file containing the adjusted p-value or FDR value for differen-
tially expressed genes. This column is typically used to filter genes based on statistical signif-
icance, retaining only those with p-values below a certain threshold (e.g., 0.05). If not provided
(e.g. the endpointfile is not a DEG table buta list of genes of interest), the script will include all
genes in the endpoint file. User provided "— endpoint_pvalue_column 2" would refer to the
second column.

Note: The "-endpoint_value_column" parameter is a required argument that specifies the
column number in the endpoint file containing the fold change or expression values for (differ-
entially) expressed genes. This data is used in downstream analyses to calculate transcription
factor activity. User provided "- endpoint_value_column 3" would refer to the third column.

Note: The "-sep_endpoint" parameter is a required argument that specifies the separator

(e.g., ";", "\t", or "|") used in the endpoint data file, enabling the program to correctly parse
the data.
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Note: The "—hmi_prediction_file" parameter is a required argument that specifies the path to
an existing file containing filtered host-microbe interaction predictions (Step 5). It serves as
the starting point for identifying pathways influenced by microbial interactions. In the input
file, the first column should be "#Human Protein”, and the sixth column should be "Bacterial
Protein”. This format is automatically achieved by using the output of idr_prediction.py script,
described in Step 5.

Note: The "—output_dir" parameter is a required argument that specifies the directory where
the script will save all its output files. This directory should be a valid, accessible path where
the user has ‘write’ permission.

Note: The "—upstream_input_filename" parameter is a required argument that allows the
user to specify a custom name for the upstream input file generated by the program. If the
user does not specify this argument, the program will save the upstream input file using
this default name ("upstream.input") in the specified output directory.

Note: The "-downstream_input_filename" parameter is a required argument that allows the
user to specify a custom name for the downstream input file generated by the script. If the user
does not specify this argument, the program will save the downstream input file using this
default name (" downstream.input”) in the specified output directory.

Note: The "—pathway_input_filename" parameter is a required argument that allows the user
to specify a custom name for the pathway input file generated by the program. If the user does
not specify this argument, the program will save the pathway input file using this default name
(“pathway.sif’) in the specified output directory.

Note: The outputs of this step include the ‘contextualised_regulator-target_network.txt’
describing a contextualized transcription factor — target gene interaction table derived from
CollecTRI highlighting those regulatory interactions where the transcription factor is in the
transcriptomics data and the target gene is in the endpoint gene list (details above); the ‘up-
stream.input’ 3-column tab-separated file that describes the gene name, the input heat, and
the expected functional effect of the perturbation (+/-)); the ‘pathway.sif’ 3-column tab-sepa-
rated file including the <source>, <interaction>, and <target> information; and the ‘down-
stream.input’ file having a similar structure to upstream.input, but the third column indicates
the inferred activity of the gene (rather than the expected effect).

Note: If the output file is empty after running the script, it may occur if the input files do not
have unified identifiers, such as UniProt IDs, across all files; details are described in the “trou-
bleshooting 7" section.

7. Running the TieDIE analysis (tiedie.py).
Note: TieDIE (Tied Diffusion Through Interacting Events) is a computational tool for network
analysis aimed at discovering causal relationships within biological networks.'? It takes the up-

stream, pathway and downstream inputs, described in Step 6 (Figure 7).

a. Run the script with the necessary command-line arguments.

>cd MicrobioLink2/workflow

>python tiedie.py --network ‘‘case_study_output/output/TieDIE/usecase_pathway.sif’’
--up_heats ‘‘case_study_output/output/TieDIE/usecase_upstream.input’’ --down_heats ‘'‘case_

study_output/output/TieDIE/usecase_downstream.input’’ --output_folder '‘case_study_out-

put/output/ "'’
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/ Input \

B4DS77 1 *

000548 1 +

014672 | 19 | + / Output

043184 | 10 +*,

LinkerHeats

P36776 =0.011582392345299125

upstream.input
Q14004 =0.10478206965239178

P00533 |stimulates>| Q8NET8

Running Q9Y3M8=0.011192271008125218
PODP23 |stimulates>| Q8TD43 TieDIE

PODP25 |stimulates>| Q8TD43 - heats.NA

PODP24 |stimulates>| Q8TD43

P46937 |stimulates>| P28347
P40763 stimulates>| Q04206
Q09472 inhibits> Q13330
014867 | 4.243771 | + P61978 |stimulates>| P04637

pathway.sif

015105 | -1.7660186 | -

015119 | -2.8722642 | - K tiedie.cn.sif

015516 | 2.4038801 | +

\ downstream.input /

Figure 7. Running TieDIE to identify the signaling network potentially influenced by bacteria and quantify signal propagation through nodes in the
network

Note: The "—upheats" parameter is a required argument that specifies the path to a file con-
taining upstream heat values (Step 6). This file contains the gene/protein identifier (UniProt or
gene symbol) in the first column; heat values in the second column representing the impact of
microbial interactions on upstream host proteins, quantified by the number of bacterial pro-
teins targeting each molecule; and sign indicating whether the interactions’ effect is positive
(+) or negative (—).

Note: The “~down_heats” parameter is a required argument that specifies the path to a file
containing downstream heat values (Step 6). This file provides the transcription factors (TF)
identifier (UniProt or gene symbol) in the first column; activity data on downstream TFs in
the second column, showing how microbial interactions may indirectly influence gene regula-
tion; and sign indicating whether the TF activates (+) or repress (—) target gene expression.

Note: The “—network” parameter is a required argument that specifies the path to a .sif
network file having a specific structure with three columns. The first column (<source>) de-
scribes the identifier of the source node (UniProt or gene symbol); The second column (<inter-
action>) specifies the type of relationship or interaction between the nodes; and the third col-
umn (<target>) describes the identifier of the target node (UniProt or gene symbol). This file
represents a curated pathway network to be used for pathway search and analysis, formatted
with specific directional relationships between nodes.
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Note: The —output_folder parameter is a required argument that specifies the directory path
where the program will save all output files.

Note: TieDIE results in two main outputs, a network file (“tiedie.cn.sif") that contains informa-
tion on source and target nodes, relationship and layer; and a Linker Heats file (“heats.NA")
that provides information on the linker nodes’ heat values in the subnetwork (Figure 7).

Note: The code runs several external scripts in the background (kernel.py; kernel_scipy.py;
master_reg.py; permute.py; ppr.py; and tiedie_util.py) that are in the Github repository —
‘workflow/TieDie/TieDie' - these should be placed in the same folder as ‘tiedie.py’ on the
user's computer.

A CRITICAL: After running tiedie.py you must delete the tiedie_kernel.pkl file which is
created automatically and will be found in your script folder. It is important to be able
to run the script again without error, details are described in the “troubleshooting 4"
section.

Note: If the output file is empty after running the script, it may occur if the input files do not
have unified identifiers, such as UniProt IDs, across all files; details are described in the “trou-
bleshooting 7" section.

Note: The script results in several additional outcomes, but further steps do not use
them directly. These are the following: Node Statistics (“node.stats”); Cytoscape Node Types
("node_types.NA"); Individual Source Neighborhood Files; Report (“report.txt”); Score Distri-
bution (“score.txt”); Permuted Scores (“permuted_scores.txt”). Further details are available
here: https://sysbiowiki.soe.ucsc.edu/tiedie.

8. Processing TieDIE output files (tiedie_output_processing.py).

Note: After running the TieDIE analysis, the output files require processing to generate inter-
pretable data formats for visualization and downstream analysis. This step combines TieDIE
outputs (“tiedie.cn.sif* and “heats.NA" - Step 7), the regulator-target network file (“contex-
tualised_regulator-target_network.txt” - Step 6), the filtered HMI file (Step 5), and the
endpoint (Figure 8).

Note: By combining the input files, users can visualize and analyze how microbial interactions
influence host cellular processes, making it easier to identify key pathways and regulatory tar-
gets affected by microbial activity. The main processed outputs include a network file and a
node attribute file, which facilitate pathway visualization in Cytoscape or other network anal-
ysis tools.

a. Run the script with the necessary command-line arguments.

>cd MicrobioLink2/workflow

>python tiedie_output_processing.py --tiedie_file ‘‘case_study_output/output/TieDIE/tie-

die.cn.sif’’ --heats_file ‘'‘case_study_output/output/TieDIE/heats.NA’’ --hmi_file ‘‘case_
study_output/output/HMI/IUPred/BT_enterocyte_idr_cd_usecase.csv’'’ --tf_tg_file ‘'‘case_
study_output/output/TieDIE/contextualised_regulator-deg_network.txt’’ --endpoint_file
‘‘case_study_input/input/human_transcriptomics/Enterocytes BEST4_degs_fc05.csv’’ --sep_
endpoint ", " --endpoint_pvalue_column 2 --endpoint_value_column 3 --network_output ‘'‘case_
study_output/output/TieDIE/usecase_final_network.txt’’ --node_attr_output ‘'‘case_study_

output/output/TieDIE/usecase_node_table.txt’’
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Input
S0Urce. target source_gene; tergetgene o 5 = A U8 |consensus_
symbol symbol
Q04206 P25445 RELA FAS TRUE TRUE FALSE
P14921 P01033 ETS1 TIMP1 TRUE TRUE FALSE
P43268 P01033 ETV4 TIMP1 TRUE TRUE FALSE Output
P04637 P14635 P53 CCNB1 TRUE FALSE TRUE
Target.node Source.node Relationship layer
& - = Q04721 Q8A5KO stimulates> bacteria-bindingprot|
: &
P08069 Q8A5K0 stimulates> bacteria-bindingprot|
TieDIE output Q8NFY4 Q8AzE4 i — -
IS0 P46937 |stimulates>| P28347
P36776 = 0.011582392345299125 P40763 | stimulates> | Q04206 A di ion/final kfile
Q14004 = 0.10478206965239178 Qu9472 | inhibits> | Q13330 TieDIE
P61978 | stimulates>| P04637 i
Q9Y3M8 =0.011192271008125218 output processing
gene_ |bacteria_ | bindingprot_ 5 tf_ | deg_ |,. avg_
‘ node symbol \ayer \ayer ppi_layer layer| layer LinkerHeats log2FC
heats.NA tiedie.cn.sif
Q8ASKO | QBASKO | bacteria NA NA NA [ NA NaN NA
p_val avg_log2FC | p_val_adj i i
QBNFY4 |SEMAGD| NA | bindingprot | 2iNdingProt | s A 0.007 NA
SDR16C5 | 6.57E-19 |5.33685856 | 1.54E-14 /and/or protein)
REG1A | 1.43E-18 |11.0471335| 3.35E-14 ;
Q03933 | HSF2 | NA NA pr°‘e'"fa"d’°’ | NA 0.005 NA
KYNU 1.43E-18 |7.88275907 | 3.35E-14 v
000470 | MEIST NA NA NA tf | NA 0.003 NA
Differentially expressed genes Q9BWD1| ACAT2 NA NA NA NA | deg 0.003 2.382
(endpoint file)
Human 5 o Bacteria
UniProt ok S &P e UniProt Node annotations
QOUHWS |DOC_PP1_RVXF_1 39) 46/PF00149 Q8AB67
Q08174 |DOC_PP1_RVXF_1 932 940|PF00149 Q8AB67
Q86X29 |CLV_PCSK_FUR_1 631 636/PF00082 Q8AOY2

Filtered host-microbe protein-protein interactions

Figure 8. Preparing annotated interaction and node files for network visualization in Cytoscape

Note: The "-tiedie_file" parameter is a required argument that specifies the path to the "tie-
die.cn.sif" file (Step 7). This file captures the entire signaling network, detailing connections
from upstream microbial targets through intermediary host proteins to downstream regulato-
ry targets. The default file name is set to "tiedie.cn.sif", but the user can specify a different file
path or name as needed.

Note: The "-heats_file" parameter is a required argument that specifies the path to the
"heats.NA" file (Step 7). This file contains node heat values that indicate the relative influence
or activity level of each node in the network. The default file name is set to "heats.NA", but the
user can specify a different file path or name as needed.

Note: The "-hmi_file" parameter is a required argument that specifies the path to an existing
file containing host-microbe interaction prediction data (Step 5). This file includes predictions
between host and microbial proteins, essential for identifying potential pathways impacted by
microbial interactions. In the input file, the first column should be "#Human Protein”, and the
sixth column should be "Bacterial Protein". This format is automatically achieved by using the
output of idr_prediction.py script, described in Step 5.

Note: The "-tf_tg_file" parameter is a required argument that specifies the path to the con-
textualized_regulatory_network.txt (Step 6). This file shows how TFs regulate host gene
expression, enhancing understanding of microbial impacts on gene expression.

Note: The "—endpoint_file" parameter is a required argument that specifies the file path to an

endpoint file. This file described the target genes of interest, such as genes with differential
expression, that are relevant to specific host responses.
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Note: The "—-endpoint_pvalue_column" parameter is an optional argument that specifies the
column number in the endpoint file containing the adjusted p-value or FDR value for differen-
tially expressed genes. This column is typically used to filter genes based on statistical signif-
icance, retaining only those with p-values below a certain threshold (e.g., 0.05). If not provided
(e.g. the endpointfile is not a DEG table but a list of genes of interest), the script will include all
genes in the endpoint file. User provided “— endpoint_pvalue_column 2" would refer to the
second column.

Note: The "-endpoint_value_column" parameter is a required argument that specifies the
column number in the endpoint file containing the fold change or expression values for (differ-
entially) expressed genes. This data is commonly used in downstream analyses to assess the
direction and magnitude of gene expression. User provided “- endpoint_value_column 3"
would refer to the third column.

Note: The "-sep_endpoint" parameter is a required argument that specifies the separator
(e.g., ";", "\t", or "|") used in the endpoint data file, enabling the program to correctly parse
the data.

Note: The "—network_output" parameter is a required argument that specifies the path and
filename for the network output file.

Note: The "-node_attr_output" parameter is a required argument that specifies the path and
filename for saving the node attribute output.

Note: The following error message may appear if the mygene package is not installed
properly: ‘AttributeError: partially initialized module ‘charset_normalizer' has no
attribute 'md__mypyc". Further details and solutions for this issue are provided in the
"troubleshooting 6" section.

Note: If the output file is empty after running the script, it may occur if the input files do not
have unified identifiers, such as UniProt IDs, across all files; details are described in the “trou-
bleshooting 7" section.

Functional analysis
O® Timing: 5-10 min (depending on the size of data)

The functional analysis step is an addition to the MicrobioLink pipeline, providing insight into the
biological interpretation of the predicted host-microbe interaction network. By performing enrich-
ment analysis on proteins potentially affected by microbial interactions, this step allows researchers
to identify key biological processes that are likely influenced by microbial activity, potentially high-
lighting the molecular mechanisms behind host responses and disease processes.

9. Enrichment analysis (enrichr_id_database_ranking.py).

Note: This step performs functional enrichment analysis using the gget library. It reads back-
ground and target gene lists and performs the analysis using the Enrichr database. It gener-
ates a bar plot of the top enriched pathways based on either a combined score — natural log of
the p-value multiplied by the z-score —, or adjusted p-value and saves the results to an output
table and a plot (Figure 9).
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Figure 9. Functional enrichment analysis using the enrichR Python package

Note: Functional enrichment is conducted on two levels—either directly on the human pro-
teins targeted by microbial proteins or on the downstream signaling network inferred by
TieDIE. This flexibility allows for a broad or focused approach depending on the study goals.

Optional: This step may be skipped if the user does not want to perform enrichment analysis
on the multi-layered network.

a. Run the script with the necessary command-line arguments.

>cd MicrobioLink2/workflow

>python enrichr_id database_ranking.py --background gene_list

DR

human_transcriptomics/enterocyte_colon_CD_expressed_genes.csv'’’ --sep 8

ysis_level '‘‘'TieDIE’’ --output_image

enrichr_results_reactome_usecase_tiedie.png’’ --output_file
Enrichment_analysis/gget_enrichr results_reactome_usecase_tiedie.csv’’ --database

tome_2022'’ --ranking ‘‘combined_score’’

‘‘case_study_input/input/
--id_background
"genesymbol" --target_gene_list ‘'‘case_study_output/output/TieDIE/tiedie.cn.sif.txt’’ --anal-
‘‘case_study_output/output/Enrichment_ analysis/gget_
‘‘case_study_output/output/

*‘Reac-

Note: The "-background_gene_list" parameteris a required argument that specifies the path
to a file containing the background gene list (UniProt or gene symbol IDs) in the first column.
This list contains all genes expressed in the dataset, providing a reference set for enrichment
analysis. The background set helps define the scope of comparison for identifying significantly
enriched pathways or gene sets.

Note: The "-sep" parameter is a required argument that specifies the separator
(e.g., ";", "\t", or "|") used in the background gene file. This allows the program to correctly
parse the data, as different files may use different delimiters.

STAR Protocols 6, 103570, March 21, 2025
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Note: The "—id_background" parameter is a required argument that specifies the type of
identifier (UniProt or genesymbol) used for the background genes in the background
gene file.

Note: The "—target_gene_list" parameter is a required argument that specifies the list of
target genes (UniProt or gene symbol IDs). This list includes genes specifically affected by mi-
crobial interactions, either as direct microbial targets or as downstream elements in the
TieDIE-inferred network.

Note: The "-analysis_level" parameter is a required argument that specifies the stage at
which the enrichment analysis will be performed. The argument expects a choice between
two options. The "HMI" option performs enrichment directly on human proteins that are tar-
geted by bacterial interactions (Step 5), useful for understanding host-microbe interactions at
a high level. The "TieDIE" option focuses on the downstream signaling network inferred
through the TieDIE pathway analysis (Step7), highlighting signaling pathways impacted by
initial bacterial interactions.

Note: The "—output_image" parameter is a required argument that specifies the path and fil-
ename for saving the output image generated by the enrichment analysis. This image typically
visualizes the top enriched pathways, providing an accessible, graphical summary of the most
significant pathways affected by the target genes. The file format should generally be suitable
for graphical data, such as .png, .jpg, or .pdf, depending on user preference.

Note: The "—output_file" parameter is a required argument that specifies the path and file-
name for saving the results of the enrichment analysis in a text format.

Note: The "-database" parameter is a required argument that specifies the reference data-
base for the enrichment analysis. This parameter enables users to choose a relevant database
from which pathways or gene sets are selected to perform the analysis. The parameter sup-
ports specific shortcuts for commonly used databases, each tailored to different types of bio-
logical questions, such as “GO_Biological_Process_2021" for annotations or “ChEA_2016"
for transcription. Visit https://maayanlab.cloud/Enrichr/#libraries for further databases. The
default reference database is “Reactome_2022", the most up-to-date version of the database
(September 2024).

Note: The -ranking parameter is a required argument that specifies the metric used to rank
pathways in the enrichment analysis plot. If not provided, the script will use "combined_
score" as the default ranking metric, which is commonly used method to combine the signif-
icance (p-value) and strength (z-score) of enrichment. The argument expects a string, with two
options available. The default "combined_score" option ranks pathways by the combined
score, calculated as the natural log of the p-value multiplied by the z-score. This score high-
lights pathways that are both statistically significant and highly enriched. The "adj_p" option,
however, ranks pathways by the adjusted p-value, which is a more conservative approach,
focusing strictly on statistical significance after correction for multiple testing.

Note: The following error message may appear if the mygene package is not installed prop-
erly: ‘AttributeError: partially initialized module ’charset_normalizer’ has no attribute
'md__mypyc". Further details and solutions for this issue are provided in the “troubleshooting
6" section.

Note: If the output file is empty after running the script, it may occur if the input files do

not have unified identifiers, such as UniProt IDs, across all files; details are described in the
“troubleshooting 7" section.

20 STAR Protocols 6, 103570, March 21, 2025


https://maayanlab.cloud/Enrichr/#libraries

STAR Protocols ¢? CellP’ress

Protocol OPEN ACCESS

EXPECTED OUTCOMES

We performed a case study focusing on the effects of the probiotic Bacteroides thetaiotaomicron
(Bt)-derived extracellular vesicles (BEVs) on host cellular signaling in inflammatory bowel disease
(IBD). Extracellular vesicles are small membrane-coated structures, secreted by bacteria, that play
an important role in intercellular communication, including host-microbe interactions. Previous
research has shown that Bt can ameliorate inflammation in mouse models of IBD, making it a prom-
ising candidate for studying its underlying molecular mechanisms that may help to identify prom-
ising therapeutic targets for IBD.

To explore these effects, we used proteomic data from Bt BEVs' and human gene expression data
from colonic enterocytes of Crohn'’s disease (CD) patients obtained from public single cell transcrip-
tomic data (https://singlecell.broadinstitute.org; ID: SCP259). The case study input and output files
are available in the GitHub repo - "case_study_input” and "case_study_output” folders. The pipe-
line generated three main outcomes, each offering insights into different aspects of the host-
microbe interaction.

Host-microbe protein-protein interaction network

The first outcome is a predicted network of protein-protein interactions between bacterial
proteins from Bt and human proteins, connected based on DMIs (Figure 10). The interaction
network, detailed in Step 2, reveals specific contact points where Bt proteins may influence host
proteins, suggesting potential molecular sites where microbial effects on host cellular processes
may begin.

//A\

T
-t
e —

Bacterial protein

Human protein

Figure 10. Predicted protein-protein interactions between B. thetaiotaomicron-derived extracellular vesicles and colon enterocyte cells in Crohn’s
disease
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Figure 11. The potential downstream effect of proteins of B. thetaiotaomicron-derived extracellular vesicles on Crohn’s disease patient-derived
colon enterocytes

Nodes are coloured to represent heat levels based on a yellow (low heat values)-to-purple (high heat values) scale. Blue nodes depict proteins with no
heat values, including bacterial proteins and differentially expressed genes. Intermediate signaling proteins are clustered using the clusterProfiler
Cytoscape package. Numbers show the different set of proteins and genes in the multi-layered network: 1. Bacterial proteins 2. Human membrane
proteins 3. Intermediate protein-protein interaction signaling network 4. Transcription factors 5. Differentially expressed genes.
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Multi-layered protein-protein interaction network

The second outcome is a multi-layered network that extends the host-microbe interactions by linking
Bt-derived proteins to differential gene expression patterns. This network, detailed in Step 3 and
visualized in Cytoscape using the clusterProfiler package, is shown in Figure 11. This outcome re-
veals how Bt BEVs could impact gene regulation differently in healthy vs. inflamed conditions.
This allows researchers to identify pathways and cellular functions that are probably influenced by
microbes, helping to discover potential therapeutic targets.

Enrichment analysis of affected pathways

The third outcome is a bar plot of the top 20 enriched pathways influenced by Bt-BEV interactions,
based on combined scores, detailed in Step 9. This plot, shown in Figure 12, is automatically gener-
ated by the pipeline running the enrichment analysis. The output offers insights into mechanisms
through which Bt BEVs could potentially mitigate inflammation or promote immune balance in IBD.

LIMITATIONS

While MicrobioLink offers a robust framework to integrate human transcriptomics and bacterial pro-
teomics data for predicting host-microbe interactions, several limitations should be considered
when interpreting the results. These limitations show the areas where future improvements could
enhance the accuracy and applicability of the pipeline.

Dependence on pre-processed input data

MicrobioLink requires pre-processed multi-omic data, such as normalized gene count matrices for
human data and UniProt IDs for bacterial proteomics, to ensure compatibility. When working with
similar datasets, researchers may need to format their multi-omic data according to the specific
requirements outlined in the case study.

Reliance on domain-motif interactions from the ELM database

The pipeline uses domain information from the Pfam database and DMIs from the ELM database,
which lack information about bacteria-specific domain interactions. This limitation could lead to
missed predictions of interaction sites. To address this, the integration of the AlphaFold tool, a
deep learning model for predicting protein structures, is currently under development potentially
improving prediction accuracy in future versions.

Top 20 enriched pathways by combined score

jL p-value)

Signaling By ALK R-HSA-201556
Interleukin-6 Signaling R-HSA-1059683
STAT3 Nuclear Events Downstream Of ALK Signaling R-HSA-9701898
Signaling By KIT In Disease R-HSA-9669938
MAPK3 (ERK1) Activation R-HSA-110056
AKT Phosphorylates Targets In Nucleus R-HSA-198693
MAPK1 (ERK2) Activation R-HSA-112411
NR1H2 And NR1H3 Regulate Gene Expression To Control Bile Acid Homeostasis R-HSA-9623433
RUNX3 Regulates WNT Signaling R-HSA-8951430
Signaling By SCF-KIT R-HSA-1433557
Regulation Of IFNA/IFNB Signaling R-HSA-912694

Signal Transduction R-HSA-162582 ®
Downstream Signal Transduction R-HSA-186763
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RUNX3 Regulates NOTCH Signaling R-HSA-8941856
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Figure 12. The top 20 enriched pathways based on combined scores for B. thetaiotaomicron and colon enterocyte cells in Crohn’s disease based on
the Reactome database
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Dependence on public databases for functional analysis

While databases, like Reactome or KEGG, provide the advantage of quickly associating genes with
functional terms, they also carry the risk if certain pathways are overrepresented or underrepre-
sented. To mitigate this bias, users are encouraged to integrate additional annotation sources,
reducing dependence on a single database and enhancing the robustness of the results.

Limited protein-protein interactions

The current version of MicrobioLink focuses on protein-protein interactions. However, many host-
microbe interactions are mediated by metabolites, which play crucial roles in communication and
signaling between the host and microbial communities.'* The integration of metabolite data anal-
ysis into the pipeline is currently under development.

These limitations provide context for interpreting the results generated by MicrobioLink. While the
pipeline is a versatile tool for studying host-microbe interactions, addressing these limitations
through future developments could enhance its accuracy and broader applicability.

TROUBLESHOOTING
Problem 1
Some software or packages are unavailable, leading to errors.

Potential solution

This error may arise at any step (Step 1-9), as each script relies on external package dependencies.
To resolve this issue, ensure all steps are executed within the designated computing environment,
which should be correctly set up according to the instructions in the “before you begin” section.
Verifying that the required packages are installed and accessible in this environment can prevent
these availability issues.

Problem 2
One or multiple paths to the directories, source files, or the output folder the user defined do not
exist — “python: can’t open file ‘path/to/file”: [Errno 2] No such file or directory”

Potential solution

This error may occur at any step (Step 1-9). Verify that you have provided the paths to the folders
where your source files are located, respectively, without including the file names at the end of
the path. Ensure that the output directory you defined exists. For more detailed information, refer
to the GitHub documentation (key resources table) or the functions’ documentation in Python.

Problem 3
Missing parameter definition:

Error: usage: script.py [-h] -p1 PARAMETER1 -p2 PARAMETERZ2 -p3 PARAMETER3
script.py: error: the following arguments are required: -p3/—-parameter3.

Potential solution

This error may arise at any step (Step 1-9) when running the scripts from the Terminal/Command Line
if a required parameter is not defined. The help message, which can be accessed by running
script.py -h, provides additional guidance on the parameters required for each step.

Problem 4

Specific error message while running TieDIE in Step 7 — 'Error: the universe of gene/node labels in
the network file doesn’t match the supplied kernel file!'
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Potential solution

This error typically occurs when there is a mismatch between the gene or node labels in the network
file and the kernel file used in the TieDIE analysis, often due to a prior unsuccessful run or an
outdated intermediate file. To resolve this issue, delete the .pkl file in the ‘workflow/TieDie/TieDie'
folder. This file is a cached intermediate output that stores network data, and deleting it allows
TieDIE to generate a new version aligned with the current network and kernel files.

Problem 5
Error message: cannot import name '"Mapping’ from ’collections’.

Potential solution

This erroris typically caused by an incompatibility issue with the collections Python package and may
occur in Step 4 during the in silico host-microbe interaction prediction. To resolve this issue, use
Python 3.9, as the collections package used by the pyfasta library is compatible with this version.

Problem 6
AttributeError: partially initialized module ‘charset_normalizer’ has no attribute 'md__mypyc'

Potential solution

This error is typically caused by an incorrect installation of the mygene Python package, and it can
occur in steps that depend on this package (Step 2, Step 8, and Step 9). Reinstalling the charset-
normalizer package, a dependency of mygene, usually resolves the issue. To fix this, open the
Terminal/Command Line and run the following command:

>pip install --force-reinstall charset-normalizer==3.1.0

Problem 7
The output file is empty.

Potential solution
This issue often arises from incorrect input formatting, mismatched molecular IDs or a lack of
predicted interactions. Follow these steps to troubleshoot:

Incorrect input formatting: This error may arise at any step (Step 1-9), verify that the input files follow
the expected structure and format as described in each step, with gene identifiers in the correct
columns, proper separators, and accurate file paths.

ID issues: This issue may occur in Step 6, Step 7, Step 8 or Step 9; when merging multiple input files,
it is essential that each file uses the same type of identifiers (e.g., UniProt IDs) for successful integra-
tion. Although the scripts are designed to be flexible, they require consistency in the identifier
format across all input files to ensure proper alignment and merging of data. Before running the
pipeline, verify that each input file uses a uniform ID format. If necessary, convert IDs in one or
more input files to match the format used by the others. You can use tools like UniProt’s ID mapping
service to standardize identifiers.

No significant interactions detected: If the input data is formatted correctly, an empty output may
indicate that no significant interactions met the criteria for inclusion in the output in Step 4 or Step 5.
To confirm, consider setting lower thresholds or checking intermediate files to ensure that earlier
steps generated expected results.
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RESOURCE AVAILABILITY

Lead contact

STAR Protocols

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Tamas
Korcsmaros (t.korcsmaros@imperial.ac.uk).

Technical contact

Questions about the technical specifics of performing the protocol should be directed to and will be answered by the
technical contact, Lejla Gul (l.potari-gul@imperial.ac.uk).

Materials availability

The case study used human single-cell transcriptomics published by Kong et al., 2023,* while the bacterial proteins

derived from proteomic data published in Gul et al."

Data and code availability

The code generated during this study is available on GitHub (https://github.com/korcsmarosgroup/MicrobioLink2/tree/
main/workflow) and Zenodo (https://doi.org/10.5281/zenodo.14336678). The MicrobioLink tool source code was previ-
ously published'® and is available alongside extensive documentation on GitHub.
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