

    
      
          
            
  
Tripal Network Extension Module


Warning

The Tripal Network module is currently in alpha release mode.  If you find bugs please report them on the GitHub issue queue [https://github.com/tripal/tripal_network/issues]



The Tripal Network module supports inclusion of biological networks in a Tripal site. It provides:


	A variety of New Chado Tables for storing networks and because Chado does not currently have tables for storing compounds and pathways the module adds those as well.  All of these new tables follow Chado design standards.


	A new Network content type.  Network pages describe the networks that have been added to the site.


	Tripal fields linking existing genomic features pages to networks.  The field provides a small interactive visualization of the first neighbor connections in the networks for a given feature.


	A full 3D application viewer for exploring the networks housed in the site.





Warning

The Tripal Network module is compatible only with Tripal v3.6 or higher.
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Installation


Step 1: Module Installation

The Tripal Network module is available as a full Drupal module.  Therefore, it can be installed following the typical Drupal module installation either via the GUI or via Drush.  We’ll do so here using a Drush command:

drush pm-enable tripal_network





If you do not have the module already downloaded and available in the sites/all/modules folder of your Drupal site, then you will be asked if you would like to download and then enable the module.

The module will create a new ‘Network’ content type. It will also create the a series of new tables in your Chado database for storing networks.  Additionally, Chado does not have support for metabolic networks, so several new tables will be added for storing compounds, pathways and reactions.  For a full listing of new Chado tables see the New Chado Tables section.

Upon installation you should see the following:

$ drush pm-enable tripal_network

The following extensions will be enabled: tripal_file
Do you really want to continue? (y/n): y
INFO (TRIPAL_ENTITIES): Done.
tripal_network was enabled successfully.                                                           [ok]
Custom table, 'compound' ,  created successfully.                                                  [status]
Custom table, 'compoundprop' ,  created successfully.                                              [status]
Custom table, 'compound_dbxref' ,  created successfully.                                           [status]
Custom table, 'compound_synonym' ,  created successfully.                                          [status]
Custom table, 'reaction' , created successfully.                                                   [status]
Custom table, 'reactionprop' , created successfully.                                               [status]
Custom table, 'reaction_substrate' , created successfully.                                         [status]
Custom table, 'reaction_product' , created successfully.                                           [status]
Custom table, 'pathway' ,  created successfully.                                                   [status]
Custom table, 'pathwayprop' ,  created successfully.                                               [status]
Custom table, 'pathway_dbxref' ,  created successfully.                                            [status]
Custom table, 'pathway_feature' ,  created successfully.                                           [status]
Custom table, 'network' ,  created successfully.                                                   [status]
Custom table, 'networkprop' ,  created successfully.                                               [status]
Custom table, 'network_attr' ,  created successfully.                                              [status]
Custom table, 'network_attrprop' ,  created successfully.                                          [status]
Custom table, 'network_cvterm' ,  created successfully.                                            [status]
Custom table, 'network_file' ,  created successfully.                                              [status]
Custom table, 'network_node' ,  created successfully.                                              [status]
Custom table, 'network_nodeprop' ,  created successfully.                                          [status]
Custom table, 'network_feature' ,  created successfully.                                           [status]
Custom table, 'network_compound' ,  created successfully.                                          [status]
Custom table, 'network_edge' ,  created successfully.                                              [status]
Custom table, 'network_edgeprop' ,  created successfully.                                          [status]
Custom table, 'network_analysis' ,  created successfully.                                          [status]
Custom table, 'network_analysisprop' ,  created successfully.                                      [status]
Custom table, 'network_pub' ,  created successfully.                                               [status]
Custom table, 'network_layout' ,  created successfully.                                            [status]







Step 2: Set Permissions

Now that the Tripal Network module is installed, we must set permissions so that users can view and or create Network content types.  To set permissions, navigate to People page and click the Permissions tab in the top right. Look for permissions that begin with prefix Network: and set the according to your needs.

[image: _images/install_permissions.png]

Warning

You should not give the anonymous user any permissions other than ‘view’ permission.







            

          

      

      

    

  

    
      
          
            
  
Prepare Network Data

The Tripal Network module is designed to support gene co-expression networks (GCNs), protein-protein interaction networks (PPIs), and top-down correlative metabolic networks. To load a network you must have the following data:


	Gene Co-expression Networks or Protein-Protein Interaction Networks:


	Required


	The gene, mRNA (transcript) or protein features. You can load genes, mRNA and proteins using the built-in Tripal GFF3 and FASTA loaders.


	The network graph. The network graph is imported into Tripal using a GraphML loader provided by the Tripal Network module. All networks must first be converted into a GraphML format.






	Optional


	Function annotations about each gene or mRNA.  Often users want to explore the functions of important nodes in the network. This often includes Gene Ontology (GO) annotations, Protein domains and families (perhaps from InterProScan) and perhaps KEGG pathways and ortholog assignments. The Tripal network module will make available any functional annotation in the 3D viewer.  Sometimes annotations can be included in the GFF3 file but often they are not. The Tripal Network module provides a Chado Bulk Loader template for importing functional data if it is not already present in the database.













Warning

Support for top-down metabolic networks is still under development.  Check back for updates with a future release of the module.




Preparing Genomic Data

Prior to importing a network you must first import the genes, mRNA or protein features that will be used as nodes in the network.  This is often done using the GFF3 or FASTA loaders of Tripal. Instructions for using these importers [https://tripal.readthedocs.io/en/latest/user_guide/example_genomics/genomes_genes.html] are available in the Tripal User’s Guide [https://tripal.readthedocs.io/en/latest/index.html].



Preparing Functional Data

If functional data in the form of controlled vocabulary terms, for example Gene Ontology terms, are already assigned to the genes, transcripts or proteins used in the networks then you can skip this step. However, if you need to add these data, you can do so using the Tripal Chado Bulk Loader [https://tripal.readthedocs.io/en/latest/user_guide/bulk_loader.html]. This loader allows for import of any tab-delimited file provided a template for it exists.  The Tripal Network module provides a template for importing functional annotations in a tab-delimited file with rows of data ordered in the following columns:


	Gene, mRNA or protein or protein name. This corresponds to the value in the Chado feature table name column


	Term accession (e.g. “GO:0004396”). This value should include the vocabulary short name (e.g. “GO”), separated by a colon and the accession number.


	Term name (e.g. “hexokinase activity”).


	Controlled Vocabulary (CV) name (e.g. “molecular_function”).


	Database name (e.g. “GO”).  The database name is often the same as the short name of the vocabulary, but, it can be similar to the CV name or it may be different. If you’re unsure what value to use here please ask for help on the Tripal Slack workspace [http://tripal.info/community].


	Term definition (e.g. “Catalysis of the reaction: ATP + D-hexose = ADP + D-hexose 6-phosphate. Source: EC:2.7.1.1”)




Some other requirements
- The file must be tab-delimited.
- Quotations are not needed to separate values in columns.
- A one-line header line is supported.
- The features in the file must all belong to the same organism.

Below is an example of a compatible file for a few  Oryza sativa (rice) genes.

Feature Term    Name    CV      DB      Definition
LOC_Os06g41050  GO:0000014      single-stranded DNA endodeoxyribonuclease activity      molecular_function      GO      Catalysis of the hydrolysis of ester linkages within a single-stranded deoxyribonucleic acid molecule by creating internal breaks.
LOC_Os01g60660  GO:0000049      tRNA binding    molecular_function      GO      Binding to a transfer RNA.
LOC_Os02g46130  GO:0000166      nucleotide binding      molecular_function      GO      Binding to a nucleotide, any compound consisting of a nucleoside that is esterified with (ortho)phosphate or an oligophosphate at any hydroxyl group on the ribose or deoxyribose.







Generating a GraphML file

GraphML [http://graphml.graphdrawing.org/] is an XML format for storing network graphs. The Tripal Network module currently only supports import of networks in this format.  Below are a few instructions for generating GraphML files


Using Cytoscape

Cytoscape [https://cytoscape.org/] is one of the most popular network visualization tools. You can import networks and visualize them in a 2D space.  You can create a GraphML file using Cytoscape by first loading a network and then exporting it in GraphML format [https://manual.cytoscape.org/en/stable/Export_Your_Data.html].



From a Tab Delimited File

Currently, there is not a loader for networks in a tab delimited format.  Use Cytoscape to first import the network in the tab delimited file then export to GraphML.



From WGCNA Networks

The Weighted Gene Co-expression Network Analysis (WGCNA) [https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/WGCNA/] software is one of the most popular tools for creating networks.  WGCNA has been cited in thousands of publications that incorporate networks into their analysis.  One of the major benefits of WGCNA is that it can circumscribe genes into modules of highly interacting genes. Those modules can then be associated with clinical or physiological traits and experimental conditions.  Often it is these modules that are reported but the underlying network is not. It is possible to extract the network from WGCNA, rather than just the module list, but the exact threshold to use is not precise.

Below is example R code that outputs a graphML file using functions from WGCNA and the igraph R library [https://igraph.org/r/]:

# Import igraph
library(igraph)
library(WGCNA)

# Set the network threshold. This will affect the size of the network.
# You may need to adjust this value to generate the desired size network.
hard_threshold = 0.082

# Example code for running WGCNA (fill in appropriate arguments in place of the ...)
net = blockwiseModules(gemt, ..., saveTOMs = TRUE, saveTOMFileBase = "TOM")
blocks = sort(unique(net$blocks))

# Stores the network edges in an edges array.
edges = data.frame(fromNode= c(), toNode=c(), weight=c(), direction=c(), fromAltName=c(), toAltName=c())

# iterate through each block, load the TOM file and convert the
# network
for (i in blocks) {
  # Load the TOM from a file.
  load(net$TOMFiles[i])
  TOM_size = length(which(net$blocks == i))
  TOM = as.matrix(TOM, nrow=TOM_size, ncol=TOM_size)
  colnames(TOM) = colnames(gemt)[net$blockGenes[[i]]]
  row.names(TOM) = colnames(gemt)[net$blockGenes[[i]]]

  cydata = exportNetworkToCytoscape(TOM, threshold = hard_threshold)
  edges = rbind(edges, cydata$edgeData)
}

# Set the interaction to 'co' for co-expression or correlation and
# rename the columns to be more intuitive.
edges$Interaction = 'co'
output = edges[,c('fromNode','toNode','Interaction', 'weight')]
colnames(output) = c('Source', 'Target', 'Interaction', 'WGCNA_weight')

# Now save the edges as a graphML file.
g = graph_from_data_frame(edges, directed = FALSE)
write_graph(g, opt$network_graphml_file, 'graphml')







From KINC Networks

The Knowledge Independent Network Construction (KINC) [https://kinc.readthedocs.io/en/latest/] toolkit was developed by the Ficklin [http://ficklinlab.cahnrs.wsu.edu/] and  Feltus Labs [https://scienceweb.clemson.edu/chg/f-alex-feltus/] at Washington State University and Clemson University respectively.  KINC is C++, Phyhon and R suite of tools used to construct Condition-Specific Gene Co-expression Networks (csGCNs). However, it can also be used for top-down metabolic network construction as well.  One of the tools that it provides is a script named kinc-net2graphml.py Python script which can be used for exporting a KINC network into GraphML format compatible with the Tripal Network module.






            

          

      

      

    

  

    
      
          
            
  
Loading Network Data


Importing Functional Data

This step is optional and only required if you do not already have functional annotation data for the nodes (i.e., genes, mRNA, proteins) of your network.  Once the tab-delimited file of functional data is created as per the instructions in the Prepare Network Data section, you can import it using the Chado Bulk Loader [https://tripal.readthedocs.io/en/latest/user_guide/bulk_loader.html].  The Tripal Network module provides a template that supports the tab-delimited format described in the previous section.   To use it, navigate to Tripal >> Data Loaders >> Chado Bulk Loader. You should see the bulk loader page:

[image: _images/bulk_loader.png]
Click the Add Bulk Loading Job link. The following page appears.

[image: _images/bulk_loader2.png]
Be sure to give the job a name that makes sense to you, select the Template named Tripal Network: Functional Annotation Importer, and then set the full path to your Data File. The Chado Bulk Loaders requires that the file exists on the web server and does not have an upload function.  Once saved you will see the job submission page.

[image: _images/bulk_loader3.png]
Here you can set the constant values that the template requires. These are the genus and species name to which the features in the file belong, and the feature type.  If these annotations belong to genes then enter ‘gene’. If they belong to transcripts, enter ‘mRNA’ or ‘protein’ for protein features. Click the Add Constant Set button when complete.  You will then see the constant set you just added in a table:

[image: _images/bulk_loader4.png]
Now, you can click the Submit Job button to import the data. The job will be executed in the way your Tripal site is setup for job execution [https://tripal.readthedocs.io/en/latest/user_guide/install_tripal/automating_job_execution.html].

If you run the job manually on the command-line you will see output similar to the following as the job executes:

Tripal Job Launcher
Running as user 'administrator'
-------------------
2022-01-07 11:58:10: There are 1 jobs queued.
2022-01-07 11:58:10: Job ID 936.
2022-01-07 11:58:10: Calling: tripal_bulk_loader_load_data(8)
Template: Tripal Network: Functional Annotations Importer (10)
File: /local/research/osativa_heat_drought/03-preprocessing/01-functional_data/oryza_sativa.MSU_v7_0.genes2GO.txt (38000 lines with data)
Preparing to load...
Loading...
Constants:
    - organism.genus = Oryza
    - organism.species = sativa
    - cvterm.name = gene
    Preparing to load the current constant set...
            Open File...
            Start Transaction...
            Defer Constraints...
            Acquiring Table Locks...
                    ROW EXCLUSIVE for db
                    ROW EXCLUSIVE for cv
                    ROW EXCLUSIVE for dbxref
                    ROW EXCLUSIVE for cvterm
                    ROW EXCLUSIVE for feature_cvterm
    Loading the current constant set...
Progress:
[||||||||||----------------------------------------] 20.89%. (7938 of 38000) Memory: 39418608







Importing a Network File


Step 1: Create a Network

At this point we should have the “node” data for the network loaded (i.e., genes, mRNA, proteins) as well as any functional annotations.  Before importing the GraphML file we must first create the network page that describes how the network was created.  To do this navigate to Add Tripal Content and click the Network content type that appears at the bottom in the Other section.  The following page appears:

[image: _images/network_content_type1.png]
Here you will provide a unique identifier for the network, a name, specify the orginams and specific the type. Examples of network types include:


	Context-specific gene co-expression network (csGCN)


	Gene co-expression network. (GCN)


	Gene regulatory network prediction (GRN)


	Metabolite correlation network. (MCN)


	Protein interaction network prediction (PPI)


	Weighted gene co-expression network analysis (WGCNA)





Note

Chado typically expects a unique computer readable identifier for an entity.  There are no rules what those identifiers should be but often the identifier is a compute readable unique name and the name is a human readable name.



The example screenshot below adds a gene co-expression network created using WGCNA of a rice dataset exposed to heat and drought [https://academic.oup.com/plcell/article/28/10/2365/6098372]. For this example the network page appears as:


[image: _images/network_content_type2.png]
Currently, the Attribute row in the Summary table has an empty drop-down.  We have not yet loaded the network nodes and edges and until then there will be no attributes.






Step 2: Create an Analysis Record

To help ensure provenance most data that is imported into Tripal is associated with an Analysis record.  It is on this record that we will provide the details about how the network was constructed.  To create an analysis record navigate to Add Tripal Content and click Analysis.

The following example screenshot describes how the network was created.


[image: _images/network_analysis_page1.png]
[image: _images/network_analysis_page2.png]





Step 3: Import the GraphML


Loader Stage 1

After creation of the Network page, the GraphML file can be imported at Tripal >> Data Loaders >> Chado GraphML Loader. This loader uses a multi-stage form.  In the first stage you can upload the GraphML file, set the organism to which the network belongs,

[image: _images/graphml_loader1.png]


Loader Stage 2

The second stage of the loader provides a form to associate controlled vocabulary (CV) terms to each graph, node and edge attribute.  Tripal strives to provide data in a FAIR [https://www.go-fair.org/fair-principles/] manner. This requires that all attributes be distinguishable using CV terms.  The loader will extract each attribute from the GraphML file and provide a form that you can use to specific a vocabulary term for each attribute.

[image: _images/graphml_loader2.png]
For networks created using KINC [https://kinc.readthedocs.io/en/latest/] or which use the example code in the Prepare Network Data section to export a WGCNA network to GraphML then attributes will be recognized automatically and assigned controlled vocabulary terms.  For example, in the screenshot below the term for the EDGE E_WGCNA_Weight attribute has already been set by the loader:

[image: _images/graphml_loader3.png]
Any attributes without an assigned controlled vocabulary term will not be imported with the network.



Loader Stage 3

The final stage is naming the graph. Here you provide a human readable name and a unique name. The two can be the same but no two networks can have the same uniquename.

[image: _images/graphml_loader4.png]
After clicking the Submit button, the job for importing the file will be submited to Tripal. The job will be executed in the way your Tripal site is setup for job execution [https://tripal.readthedocs.io/en/latest/user_guide/install_tripal/automating_job_execution.html].







            

          

      

      

    

  

    
      
          
            
  
Visualization

There are two ways to visualize network connectivity:


	The neighborhood viewer on a feature page


	The full browser 3D Viewer application





Feature Neighborhood Viewer

The Tripal Network module provides a field that can be added to feature pages (e.g. genes, mRNA, protein pages). You must first enable the viewer for each feature type on which you want it to appear.  To do this navigate to the Structure >> Tripal Content Types and select the content type of the nodes in your network.  If the nodes are genes, then click the manage fields link for the Gene content type.  When the paeg appears, click the Check for new fields link at the top of the page:

[image: _images/add_fields1.png]
Next, click the Manage Display tab to place the field where you would like it to appeqar on the page.  See the Configuring Page Layout [https://tripal.readthedocs.io/en/latest/user_guide/content_types/configuring_page_display.html] documentation in the Tripal User’s Guide for instructions on organizing fields on a page.

Once the field has been organized and placed, you can then open any feature page that serves as a node in your network and see an interactive 3D viewer of the neighborhood of connections for that feature.

[image: _images/feature_page1.png]
Site visitors will be able to view the connections for each network that is loaded.  The features are limited for this view, but a link titled Explore the full network is available that, when clicked, will take the user to the full browser 3D Network Exploration App.



The 3D Network Exploration App

A Tripal site that has the Tripal Network module installed will have available the 3D Network Explorer app. It is available at the relative URL /networks/viewer of your website.  When the user first arrives the 3D viewer has a left-sidebar with controls and a blank exploration window to the right:

[image: _images/viewer1.png]
The icon bar on the far left provides the following functionality in order of appearance from top to bottom:


	Network Selection


	Network Details


	3D Layers


	Property Filters


	Node Details


	Edge Details


	Analyses


	Information


	Help





Network Selection

By default, the network selection sidebar is open when the 3D viewer first appears. Here  the user selects a network by selecting the species and clicking the Load Network button. Only species that have imported networks will be available in the list.  The user can limit the network to a specific set of features (nodes) or controlled vocabulary terms such as Gene Ontology terms that are assigned to the nodes.

By default the network loaded will only include 500 of the top edges.  This number can be changed in the property filters sidebar.

[image: _images/viewer2.png]


Interactive Network Exploration

The exploration window provides a control panel in the top right corner:

[image: _images/viewer3.png]
The control panel supports the following in order of the icons that appear:


	Download screenshot of the network


	Zoom in or out


	Pan right, left up or down


	Orbital rotate


	Turntable rotation


	Reset camera




Zooming, panning and rotating are also available with the mouse:


	zooming:  mouse wheel


	rotation: left-click and drag


	panning: right-click and drag




By rotating, the end user can explore in the Z-axis (3rd dimension) a stacked layout of edges for an attribute.  The following screenshot shows the network stacked by correlation values, where those colored more brightly and near the top are more highly correlated.

[image: _images/viewer4.png]
Users can explore the attributes of nodes and edges by clicking on either. If a node is clicked then the Node Details sidebar is opened. If an edge is clicked then the Edge Details sidebar is opened.
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New Chado Tables


Tables for Storing Compounds


The compound Table

The compound table is analogous to the Chado feature table although with fewer fields and is meant to house compounds. The table is minimal and may change as the module evolves.  The name field must be a unique value for each file and thus can be selected on for finding files.










	Column

	Type

	Null

	Default Value

	Constraint





	compound_id

	integer

	No

	(auto)

	Primary Key



	name

	text

	No

	
	


	uniquename

	integer

	No

	
	Unique








The compoundprop Table



The compound Table



The compound_dbxref Table



The compound_synonym Table




Tables for Storing Reactions


The reaction Table



The reactionprop Table



The reaction_substrate Table



The reaction_product Table




Tables for Storing Pathways


The pathway Table



The pathwayprop Table



The pathway_dbxref Table



The pathway_reaction Table



The pathway_feature Table




Tables for Storing Networks


The network Table



The networkprop Table



The network_attr Table



The network_attrprop Table



The network_cvterm Table



The network_file Table



The network_node Table



The network_nodeprop Table



The network_feature Table



The network_compound Table



The network_edge Table



The network_edgeprop Table



The network_analysis Table



The network_analysisprop Table



The network_pub Table



The network_layout Table
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Samples Selection

RNA-seq data used to construct the network was selected from the NCBI Project,
PRINA301554. This included 475 samples. The SRAIDs for each sample was
collected.

Data Source Citation:

Wilkins O, Hafemeister C, Plessis A, Holloway-Phillips MM, Pham GM,
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28(10):2365-2384.

Gene Expression Quantification

The nf-core compatible Nextflow workflow GEMmaker was used to quantify gene
expression. All 475 SRA IDs were provided. GEMmaker automatically retrieved the
samples and used Kallisto to quantify expression. Results from all samples were
combined into a single gene expression matrix (GEM) using TMM normalized
values. Reads were aligned to the MSU v7.0 Oryza sativa genome reference.
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