
Journal of Visualized Experiments
 

Inherent Dynamics Visualizer, an interactive application for evaluating and visualizing
outputs from a Gene Regulatory Network inference pipeline.

--Manuscript Draft--
 

Article Type: Invited Methods Article - JoVE Produced Video

Manuscript Number: JoVE63084R2

Full Title: Inherent Dynamics Visualizer, an interactive application for evaluating and visualizing
outputs from a Gene Regulatory Network inference pipeline.

Corresponding Author: Robert Moseley
Duke University
Durham, North Carolina UNITED STATES

Corresponding Author's Institution: Duke University

Corresponding Author E-Mail: robert.moseley@duke.edu

Order of Authors: Robert C Moseley

Sophia Campione

Bree Cummins

Francis Motta

Steven B Haase

Additional Information:

Question Response

Please specify the section of the
submitted manuscript.

Biology

Please indicate whether this article will be
Standard Access or Open Access.

Standard Access ($1400)

Please indicate the city, state/province,
and country where this article will be
filmed. Please do not use abbreviations.

French Science Center, 124 Science Drive, Durham, NC 27710

Please confirm that you have read and
agree to the terms and conditions of the
author license agreement that applies
below:

I agree to the Author License Agreement

Please confirm that you have read and
agree to the terms and conditions of the
video release that applies below:

I agree to the Video Release

Please provide any comments to the
journal here.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation

https://www.jove.com/files/Article_License_Agreement_1-29-21.pdf
https://www.jove.com/files/Video_Release_1-29-21.pdf


 

TITLE: 1 
Inherent Dynamics Visualizer, an Interactive Application for Evaluating and Visualizing Outputs 2 
from a Gene Regulatory Network Inference Pipeline. 3 
 4 
AUTHORS AND AFFILIATIONS: 5 
Robert C. Moseley1, Sophia Campione1, Bree Cummins2, Francis Motta3, Steven B. Haase1 6 
 7 
1Department of Biology, Duke University, Durham, North Carolina, United States of America 8 
2Department of Mathematical Sciences, Montana State University, Bozeman, Montana, United 9 
States of America 10 
3Department of Mathematical Sciences, Florida Atlantic University, Boca Raton, Florida, United 11 
States of America 12 
 13 
Email addresses of co-authors: 14 
Robert C. Moseley (robert.moseley@duke.edu) 15 
Sophia Campione (sophia.campione@duke.edu) 16 
Bree Cummins  (breschine.cummins@montana.edu) 17 
Francis Motta  (fmotta@fau.edu) 18 
Steven B. Haase (steve.haase@duke.edu) 19 
 20 
Corresponding author: 21 
Robert C. Moseley (robert.moseley@duke.edu) 22 
 23 
SUMMARY: 24 
The Inherent Dynamics Visualizer is an interactive visualization package that connects to a gene 25 
regulatory network inference tool for enhanced, streamlined generation of functional network 26 
models. The visualizer can be used to make more informed decisions for parameterizing the 27 
inference tool, thus increasing confidence in the resulting models. 28 
 29 
ABSTRACT: 30 
Developing gene regulatory network models is a major challenge in systems biology. Several 31 
computational tools and pipelines have been developed to tackle this challenge, including the 32 
newly developed Inherent Dynamics Pipeline. The Inherent Dynamics Pipeline consists of several 33 
previously published tools that work synergistically and are connected in a linear fashion, where 34 
the output of one tool is then used as input for the following tool. As with most computational 35 
techniques, each step of the Inherent Dynamics Pipeline requires the user to make choices about 36 
parameters that don’t have a precise biological definition. These choices can substantially impact 37 
gene regulatory network models produced by the analysis. For this reason, the ability to visualize 38 
and explore the consequences of various parameter choices at each step can help increase 39 
confidence in the choices and the results. The Inherent Dynamics Visualizer is a comprehensive 40 
visualization package that streamlines the process of evaluating parameter choices through an 41 
interactive interface within a web browser. The user can separately examine the output of each 42 
step of the pipeline, make intuitive changes based on visual information, and benefit from the 43 
automatic production of necessary input files for the Inherent Dynamics Pipeline. The Inherent 44 
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Dynamics Visualizer provides an unparalleled level of access to a highly intricate tool for the 45 
discovery of gene regulatory networks from time series transcriptomic data. 46 
 47 
INTRODUCTION: 48 
Many important biological processes, such as cell differentiation and environmental response, 49 
are governed by sets of genes that interact with each other in a gene regulatory network (GRN). 50 
These GRNs produce the transcriptional dynamics needed for activating and maintaining the 51 
phenotype they control, so identifying the components and topological structure of the GRN is 52 
key to understanding many biological processes and functions. A GRN may be modeled as a set 53 
of interacting genes and/or gene products described by a network whose nodes are the genes 54 
and whose edges describe the direction and form of interaction (e.g., activation/repression of 55 
transcription, post-translational modification, etc.)1. Interactions can then be expressed as 56 
parameterized mathematical models describing the impact a regulating gene has on the 57 
production of its target(s)2–4. Inference of a GRN model requires both an inference of the 58 
structure of the interaction network and estimation of the underlying interaction parameters. A 59 
variety of computational inference methods have been developed that ingest time series gene 60 
expression data and output GRN models5. Recently, a new GRN inference method was 61 
developed, called the Inherent Dynamics Pipeline (IDP), that utilizes time series gene expression 62 
data to produce GRN models with labeled regulator-target interactions that are capable of 63 
producing dynamics that match the observed dynamics in the gene expression data6. The IDP is 64 
a suite of tools connected linearly into a pipeline and can be broken down into three steps: a 65 
Node Finding step that ranks genes based on gene expression characteristics known or suspected 66 
to be related to the function of the GRN7,8, an Edge Finding step that ranks pairwise regulatory 67 
relationships8,9, and a Network Finding step that produces GRN models that are capable of 68 
producing the observed dynamics10–15. 69 
 70 
Like most computational methods, the IDP requires a set of user-specified arguments that dictate 71 
how the input data is analyzed, and different sets of arguments can produce different results on 72 
the same data. For example, several methods, including the IDP, contain arguments that apply 73 
some threshold on the data, and increasing/decreasing this threshold between successive runs 74 
of the particular method can result in dissimilar results between runs (see Supplement Note 10: 75 
Network inference methods of5). Understanding how each argument may impact the analysis 76 
and subsequent results is important for achieving high confidence in the results. Unlike most GRN 77 
inference methods, the IDP consists of multiple computational tools, each having its own set of 78 
arguments that a user must specify and each having its own results. While the IDP provides 79 
extensive documentation on how to parameterize each tool, the interdependency of each tool 80 
on the output of the previous step makes parameterizing the entire pipeline without 81 
intermediate analyses challenging. For instance, arguments in the Edge and Network Finding 82 
steps are likely to be informed by prior biological knowledge, and so will depend on the dataset 83 
and/or organism. To interrogate intermediate results, a basic understanding of programming, as 84 
well as a deep understanding of all the result files and their contents from the IDP, would be 85 
needed. 86 
 87 
The Inherent Dynamics Visualizer (IDV) is an interactive visualization package that runs in a user’s 88 



 

browser window and provides a way for users of the IDP to assess the impact of their argument 89 
choices on results from any step in the IDP. The IDV navigates a complicated directory structure 90 
produced by the IDP and gathers the necessary data for each step and presents the data in 91 
intuitive and interactive figures and tables for the user to explore. After exploring these 92 
interactive displays, the user can produce new data from an IDP step that can be based on more 93 
informed decisions. These new data can then be immediately used in the next respective step of 94 
the IDP. Additionally, exploration of the data can help determine whether an IDP step should be 95 
rerun with adjusted parameters. The IDV can enhance the use of the IDP, as well as make the use 96 
of the IDP more intuitive and approachable, as demonstrated by investigating the core oscillator 97 
GRN of the yeast cell-cycle. The following protocol includes IDP results from a fully parameterized 98 
IDP run versus an approach that incorporates the IDV after runs of each IDP step, i.e., Node, Edge, 99 
and Network Finding. 100 
 101 
PROTOCOL: 102 
 103 
1. Install the IDP and IDV 104 
 105 
NOTE: This section assumes that docker, conda, pip, and git are installed already (Table of 106 
materials). 107 
 108 
1.1. In a terminal, enter the command: git clone 109 
https://gitlab.com/biochron/inherent_dynamics_pipeline.git. 110 
 111 
1.2. Follow the install instructions in the IDP’s README file. 112 
 113 
1.3. In a terminal, enter the command: git clone 114 
https://gitlab.com/bertfordley/inherent_dynamics_visualizer.git. 115 
 116 
NOTE: Cloning of the IDV should happen outside of the IDP’s top-level directory. 117 
 118 
1.4. Follow the install instructions in the IDV’s README file. 119 
 120 
2. Node finding 121 
 122 
2.1. Create a new IDP configuration file that parametrizes the Node Finding step. 123 
 124 
NOTE: All quotation marks in the following steps should not be typed out. The quotation marks 125 
are only used here as a delimiter between the protocol text and what is to be typed out. 126 
 127 
2.1.1. Add the main IDP arguments to the configuration file. 128 
 129 
2.1.2. Open a new text file in a text editor and type “data_file =”, “annotation_file =”, 130 
“output_dir =”, “num_proc =”, and “IDVconnection = True” on individual lines. 131 
 132 



 

2.1.3. For “data_file”, after the equal to sign, type the path to and name of the respective time 133 
series file and type a comma after the name. Separate each data by a comma, if more than one 134 
time series data set is being used. See Supplemental File 1 and Supplemental File 2 for an 135 
example of time series gene expression files. 136 
 137 
2.1.4. Type the path to and name of the annotation file for “annotation_file”, after the equal to 138 
sign. See Supplemental File 3 for an example of an annotation file. 139 
 140 
2.1.5. For “output_file”, after the equal to sign, type the path to and name of the folder where 141 
results will be saved. 142 
 143 
2.1.6. After the equal to sign, for “num_proc”, type the number of processes the IDP should use. 144 
 145 
2.1.7. Add Node Finding arguments to the configuration file. 146 
 147 
2.1.8. In the same text file as in step 2.1.1, type in the order presented “[dlxjtk_arguments]”, 148 
“periods =”, and “dlxjtk_cutoff =” on individual lines. Place these after the main arguments. 149 
 150 
2.1.9. For “periods”, after the equal to sign, if one-time series data set is being used, type each 151 
period length separated by commas. For more than one time series data set, type each set of 152 
period lengths as before but place square brackets around each set and place a comma between 153 
the sets. 154 
 155 
2.1.10. After the equal to sign, for “dlxjtk_cutoff”, type an integer specifying the maximum 156 
number of genes to retain in the gene_list_file output by de Lichtenberg by JTK_CYCLE (DLxJTK) 157 
(Table 1). 158 
 159 
NOTE: It is highly recommended to review the dlxjtk_arguments sections in the IDP README to 160 
get a better understanding of each argument. See Supplemental File 4 for an example of a 161 
configuration file with the Node Finding arguments specified. 162 
 163 
2.2. In the terminal, move into the IDP directory, named inherent_dynamics_pipeline. 164 
 165 
2.3. In the terminal, enter the command: conda activate dat2net 166 
 167 
2.4. Run the IDP using the configuration file created in step 2.1 by running this command in 168 
the terminal, where <config file name> is the name of the file: python src/dat2net.py <config file 169 
name> 170 
 171 
2.5. In the terminal, move to the directory named inherent_dynamics_visualizer and enter the 172 
command: ./viz_results.sh <results_directory> 173 
 174 
NOTE: <results_directory> will point to the directory used as the output directory for the IDP. 175 
 176 



 

2.6. In a web browser, enter http://localhost:8050/ as the URL. 177 
 178 
2.7. With the IDV now open in the browser, click on the Node Finding tab and select the node 179 
finding folder of interest from the dropdown menu. 180 
 181 
2.8. Manually curate a new gene list from the gene list table in the IDV to be used for 182 
subsequent IDP steps. 183 
 184 
2.8.1. To extend or shorten the gene list table, click on the up or down arrows or manually enter 185 
in an integer between 1 and 50 in the box next to Gene expression of DLxJTK-ranked genes. Top:. 186 
 187 
2.8.2. In the gene list table, click on the box beside a gene to view its gene expression profile in 188 
a line graph. Multiple genes can be added. 189 
 190 
2.8.3. Optionally specify the number of equally sized bins to compute and order genes by the 191 
time interval containing their peak expression, by inputting an integer into the input box above 192 
the gene list table labeled Input integer to divide the first cycle into bins:. 193 
 194 
NOTE: This option is specific to oscillatory dynamics and might not be applicable to other types 195 
of dynamics. 196 
 197 
2.8.4. Select a heatmap viewing preference by clicking on an option under Order Genes By: First 198 
Cycle Max Expression (Table 1) which orders genes based on the time of the gene-expression 199 
peak in the first cycle. 200 
 201 
NOTE: DLxJTK Rank orders genes based on the periodicity ranking from the DLxJTK algorithm of 202 
the IDP. 203 
 204 
2.8.5. Click on the Download Gene List button to download the gene list into the file format 205 
needed for the Edge Finding step. See Supplemental File 5 for an example of a gene list file. 206 
 207 
2.9. In the Editable Gene Annotation Table, label a gene as a target, a regulator, or both in 208 
the annotation file for the Edge Finding step in a new Edge Finding run. If a gene is a regulator, 209 
label the gene as an activator, repressor, or both. 210 
 211 
2.9.1. To label a gene as an activator, click on the cell in the tf_act column and change the value 212 
to 1. To label a gene as a repressor, change the value in the tf_rep column to 1. A gene will be 213 
allowed to act as both an activator and a repressor in the Edge Finding step by setting the values 214 
in both the tf_act and tf_rep columns to 1. 215 
 216 
2.9.2. To label a gene as a target, click on the cell in the target column and change the value to 217 
1. 218 
 219 
2.10. Click on the Download Annot. File button to download the annotation file into the file 220 



 

format needed for the Edge Finding step. 221 
 222 
3. Edge finding 223 
 224 
3.1. Create a new IDP configuration file that parametrizes the Edge Finding step. 225 
 226 
3.1.1. Add the main IDP arguments to the configuration file. Open a new text file in a text editor 227 
and repeat step 2.1.1. 228 
 229 
3.1.2. Add Edge Finding arguments to the configuration file. 230 
 231 
3.1.3. In the same text file as in step 3.1.1, type in the order presented “[lempy_arguments]”, 232 
“gene_list_file =”, “[netgen_arguments]”, “edge_score_column =”, “edge_score_thresho =”, 233 
“num_edges_for_list =”, “seed_threshold =”, and “num_edges_for_seed =” on individual lines. 234 
These should go below the main arguments. 235 
 236 
3.1.4. For “gene_list_file”, after the equal to sign, enter the path to and name of the gene list 237 
file generated in step 2.8.5. 238 
 239 
3.1.5. For “edge_score_column”, after the equal to sign, enter either “pld” or “norm_loss” to 240 
specify which data frame column from the lempy output is used to filter the edges. 241 
 242 
3.1.6.  Select either “edge_score_threshold” or “num_edges_for_list”, and delete the other. If 243 
“edge_score_threshold" was selected, enter a number between 0 and 1. This number will be 244 
used to filter edges based on the column specified in step 3.1.5.  245 
 246 
3.1.6.1. If “num_edges_for_list” was selected, enter a value equal to or less than the number of 247 
possible edges. This number will be used to filter the edges based on how they are ranked in the 248 
column specified in step 3.1.5. The edges left over will be used to build networks in Network 249 
Finding. 250 
 251 
3.1.7. Select either “seed_threshold” or “num_edges_for_seed” and delete the other. If 252 
“seed_threshold" was selected, enter a number between 0 and 1. This number will be used to 253 
filter edges based on the column specified in step 3.1.5.  254 
 255 
3.1.7.1. If “num_edges_for_seed” was selected, enter a value equal to or less than the number 256 
of possible edges. This number will be used to filter the edges based on how they are ranked in 257 
the column specified in step 3.1.5. The edges left over will be used to build the seed network 258 
(Table 1) used in Network Finding. 259 
 260 
NOTE: It is highly recommended to review the lempy_arguments and netgen_arguments sections 261 
in the IDP README to get a better understanding of each argument. See Supplemental File 7 for 262 
an example of a configuration file with the Edge finding arguments specified. 263 
 264 



 

3.2. Repeat steps 2.2 and 2.3. 265 
 266 
3.3. Run the IDP using the configuration file created in step 3.1 by running this command in 267 
the terminal, where <config file name> is the name of the file: python src/dat2net.py <config file 268 
name> 269 
 270 
3.4. If the IDV is still running, stop it by pressing Control C in the terminal window to stop the 271 
program. Repeat steps 2.5 and 2.6. 272 
 273 
3.5. With the IDV open in the browser, click on the Edge Finding tab and select the edge 274 
finding folder of interest from the drop-down menu. 275 
 276 
NOTE: If multiple datasets are used in Edge Finding, then make sure to select the last dataset that 277 
was used in the Local Edge Machine (LEM) analysis (Table 1). It is important when selecting edges 278 
for the seed network or edge list based on LEM results to look at the last time series data listed 279 
in the configuration file as this output incorporates all preceding datafiles in its inference of 280 
regulatory relationships between nodes. 281 
 282 
3.6. To extend or shorten the edge table, manually enter an integer in the input box under 283 
Number of Edges:. 284 
 285 
3.7. Optionally filter edges on the LEM ODE parameters. Click and drag to move either the left 286 
side or the right side of each parameter’s slider to remove edges from the edge table that have 287 
parameters outside of their new allowed parameter bounds. 288 
 289 
3.8. Optionally create a new seed network if a different seed network is wanted than the one 290 
proposed by the IDP. See Supplemental File 8 for an example of a seed network file. 291 
 292 
3.8.1. Select either From Seed to select the seed network or From Selection from the dropdown 293 
menu under Network:. 294 
 295 
3.8.2. Deselect/select edges from the edge table by clicking the corresponding checkboxes 296 
adjacent to each edge to remove/add edges from the seed network. 297 
 298 
3.9. Click on the Download DSGRN NetSpec button to download the seed network in the 299 
Dynamic Signatures Generated by Regulatory Networks (DSGRN) (Table 1) network specification 300 
format. 301 
 302 
3.10. Select additional nodes and edges to be used in the Network Finding step. 303 
 304 
3.10.1. Select edges from the edge table by clicking the corresponding checkboxes to include in 305 
the edge list file used in Network Finding. 306 
 307 
3.10.2. Click on Download Node and Edge Lists to download the node list and edge list files in 308 



 

the format required for their use in Network Finding. See Supplemental File 9 and Supplemental 309 
File 10 for examples of edge and node list files, respectively. 310 
 311 
NOTE: The node list must contain all the nodes in the edge list file, so the IDV automatically 312 
creates the node list file based on the selected edges. Two options are available for viewing the 313 
edges in Edge Finding. The LEM Summary Table option presents the edges as a ranked list of the 314 
top 25 edges. Top-Line LEM Table presents the edges in a concatenated list of the top three 315 
ranked edges for each possible regulator. The number of edges viewed for each option can be 316 
adjusted by the user by changing the number in the Number of Edges input box. 317 
 318 
4. Network finding 319 
 320 
4.1. Create a new IDP configuration file that parametrizes the Network Finding step. 321 
 322 
4.1.1. Add the main IDP arguments to the configuration file. Open a new text file in a text editor 323 
and repeat step 2.1.1. 324 
 325 
4.1.2. Add Network Finding arguments to the configuration file. 326 
 327 
4.1.3. In the same text file as in step 4.1.1, type in the order presented “[netper_arguments]”, 328 
“edge_list_file =”, “node_list_file =”, “seed_net_file =”, “range_operations =”, “numneighbors 329 
=”, “maxparams =”, “[[probabilities]]”, “addNode =”, “addEdge =”, “removeNode =”, and 330 
“removeEdge =” on individual lines, below the main arguments. 331 
 332 
4.1.4. For “seed_net_file”, “edge_list_file” and “node_list_file”, after the equal sign, enter the 333 
path to and name of the seed network file and the edge and node list files generated in steps 3.9 334 
and 3.10.2. 335 
 336 
4.1.5. After the equal to sign, for “range_operations”, type two numbers separated by a comma. 337 
The first and second numbers are the minimum and the maximum number of addition or removal 338 
of nodes or edges per network made, respectively. 339 
 340 
4.1.6. For “numneighbors”, after the equal to sign, enter a number that represents how many 341 
networks to find in Network Finding. 342 
 343 
4.1.7. For “maxparams”, after the equal to sign, enter a number that represents the maximum 344 
number of DSGRN parameters to allow for a network. 345 
 346 
4.1.8. Enter values between 0 and 1 for each of these arguments: “addNode”, “addEdge”, 347 
“removeNode”, and “removeEdge”, after the equal to sign. The numbers must sum to 1. 348 
 349 
NOTE: It is highly recommended to review the netper_arguments and netquery_arguments 350 
sections in the IDP README to get a better understanding of each argument. See Supplemental 351 
File 11 and Supplemental File 12 for examples of a configuration file with the Network Finding 352 



 

arguments specified. 353 
 354 
4.2. Repeat steps 2.2 and 2.3. 355 
 356 
4.3. Run the IDP using the configuration file created in step 4.1 by running this command in 357 
the terminal, where <config file name> is the name of the file: python src/dat2net.py <config file 358 
name> 359 
 360 
4.4. If the IDV is still running, stop it by pressing Control C in the terminal window to stop the 361 
program. Repeat steps 2.5 and 2.6. 362 
 363 
4.5. With the IDV open in the browser, click on the Network Finding tab and select the 364 
network finding folder of interest. 365 
 366 
4.6. Select a network or set of networks to generate an edge prevalence table (Table 1) and 367 
to view the networks along with their respective query results.  368 
 369 
4.6.1. Two options are available for selecting networks: Option 1 - Input lower and upper bounds 370 
on query results by inputting minimum and maximum values in the input boxes corresponding 371 
to the x-axis and y-axis of the plot. Option 2 - Click and drag over the scatterplot to draw a box 372 
around the networks to be included. After selection or input bounds are entered, press the Get 373 
Edge Prevalence From Selected Networks button. 374 
 375 
NOTE: If more than one DSGRN query was specified, use the radio buttons labeled with the query 376 
type to switch between each query’s results. The same applies if more than one epsilon (noise 377 
level) was specified. 378 
 379 
4.7. Click the arrows beneath the edge prevalence table to move to the next page of the table. 380 
Press Download Table to download the edge prevalence table. 381 
 382 
4.8. Input an integer in the Network Index input box to display a single network from the 383 
selection made in step 4.6. Click on Download DSGRN NetSpec to download the displayed 384 
network in the DSGRN network specification format. 385 
 386 
4.9. Search networks for similarity to a specified motif or network of interest. 387 
 388 
4.9.1. Use the checkboxes corresponding to each edge to select edges to be included in the 389 
network or motif used for the similarity analysis. Click on Submit to create the similarity 390 
scatterplot for the selected motif or network. 391 
 392 
NOTE: Use the arrows in the edge list to sort alphabetically and the arrows beneath the table to 393 
move to the next page of the table. 394 
 395 
4.9.2. Click and drag over the scatterplot to draw a box around the networks to be included to 396 



 

select a network or set of networks to generate an edge prevalence table and to view the 397 
networks along with their respective query results. 398 
 399 
NOTE: If more than one DSGRN query was specified, use the radio buttons labeled with the query 400 
type to switch between each query’s results. The same applies if more than one epsilon (noise 401 
level) was specified. 402 
 403 
4.9.3. Repeat steps 4.7 and 4.8 to download the edge prevalence table and the displayed 404 
network for the similarity analysis, respectively. 405 
 406 
REPRESENTATIVE RESULTS: 407 
The steps described textually above and graphically in Figure 1 were applied to the core 408 
oscillating GRN of the yeast cell-cycle to see if it is possible to discover functional GRN models 409 
that are capable of producing the dynamics observed in time series gene expression data 410 
collected in a yeast cell-cycle study16. To illustrate how the IDV can clarify and improve IDP 411 
output, the results, after performing this analysis in two ways, were compared: 1) running all 412 
steps of the IDP in one pass without the IDV and 2) stepping through the IDP with the aid of the 413 
IDV, which allows the adjustment of intermediate results both by incorporating prior biological 414 
knowledge and by making refined choices based on IDP outputs. The well-studied yeast cell-cycle 415 
GRN used as an example has many of its regulatory relationships experimentally verified. If a 416 
different and/or less annotated organism or biological process is being studied, the choices on 417 
how intermediate results or parameters are adjusted might be different. To illustrate one type 418 
of query that can be used to assess networks, the robustness of each network was measured to 419 
support stable oscillations and match the observed transcriptional dynamics of their nodes across 420 
model parameters. 421 
 422 
Gene expression time series data of two replicate series were taken from Orlando 200816 and 423 
preprocessed to remove any gene expression associated with the cell-cycle synchronization 424 
method applied in the original experiment (Supplemental File 1 and Supplemental File 2). An 425 
annotation file was created containing all the genes in the time series data that are supported by 426 
both DNA binding and expression evidence found in Yeastract17 and thus could function as a 427 
regulator in a GRN. TOS4, PLM2, and NRM1 were also included as regulators, even though they 428 
were not found in Yeastract to have both types of evidence, because they are believed to be 429 
important for the yeast core GRN based on evidence in the literature18,19 (Supplemental File 3). 430 
All regulators were labeled as both an activator and repressor as well as targets. 431 
 432 
The IDP was first parameterized to run through all steps of the IDP, that is Node, Edge, and 433 
Network Finding. A set of arguments was selected that appeared appropriate based on the 434 
current understanding of the yeast cell-cycle GRN, a small set of genes participating in a strongly 435 
connected network (Supplemental File 4). This understanding mostly influenced the Node and 436 
Edge Finding choices. The probabilities parameters in Network Finding were based on the 437 
assumption that only true genes and regulatory interactions would be passed onto Network 438 
Finding. This fully parameterized run of the IDP produced results for Node and Edge Finding 439 
(Figure 2B,C), yet in Network Finding no model-admissible networks were discovered (Figure 440 



 

2A,D). Model admissibility is explained in the code documentation of the python module 441 
dsgrn_net_gen14, a dependency of the IDP. Briefly, networks that contain self-repressing edges 442 
or have too many inputs or outputs at a single node are not queryable by the DSGRN software 443 
(Table 1). The IDP gives many reasons why model-admissible networks may not be found and 444 
describes troubleshooting steps to resolve the issue(s). Essentially, this involves changing 445 
parameters and/or input files and rerunning the respective IDP step, and examining results. The 446 
IDV was used to make this process less tedious and time-consuming. 447 
 448 
The Node Finding results were loaded into the IDV to examine the genes being passed to the 449 
Edge Finding step of the IDP. The nodes given by IDP are the top N genes as ranked by DLxJTK 450 
(Table 1), N being specified by the user, however, this gene list may not be appropriate for the 451 
goal of the analysis. Without prior biological knowledge, automatic selection of nodes using only 452 
DLxJTK scores returned a gene with limited evidence of a role in the yeast cell-cycle (RME1), while 453 
a few known cell-cycle transcriptional regulators were not highly ranked (Figure 2B). Yeastract 454 
experimental evidence was used to select from among the highest-ranking genes by DLxJTK those 455 
with cell-cycle annotation. These genes are SWI4, YOX1, YHP1, HCM1, FKH2, NDD1, and SWI5. 456 
Their known regulatory relationships can be seen in Figure 3. FKH2 does not appear in the top 457 
ten genes (dlxjtk_cutoff was set to ten in Supplemental File 4) as ranked by DLxJTK, so the gene 458 
list was extended using the IDV until FKH2 was found (Figure 4). Several of the additional genes 459 
in the extended gene list are known core genes and would have been missed without 460 
investigating the Node Finding results. While more known core genes have been found by 461 
extending the gene list down the DLxJTK ranked list, the focus was kept on the genes of interest. 462 
Therefore, some high-ranking genes were deselected, resulting in a gene list (Supplemental File 463 
5) containing seven genes (Figure 4). A new annotation file was created (Supplemental File 6) 464 
based on these seven genes, each gene was labeled as a target, and the regulator type was 465 
specified using Yeastract. The new gene list and annotation file were downloaded for subsequent 466 
use in the next IDP step, Edge Finding. Without the IDV, the procedure of adding and removing 467 
genes from the gene list and annotation file would require modest coding skills. 468 
 469 
A new IDP configuration file was parameterized for just the Edge Finding step (Supplemental File 470 
7), with the new gene list and annotation file. After completion of the IDP with the new 471 
configuration file, results were loaded into the IDV (Figure 5A). As the Network Finding step 472 
searches stochastically around the network space of the seed network supplied to it, providing a 473 
good seed network can be important. A good seed network can be thought of as one that 474 
contains true edges. With the IDV and using online databases such as Yeastract and the 475 
Saccharomyces Genome Database (SGD)20, the seed network can be viewed and adjusted using 476 
the regulatory relationships from LEM (Table 1) that have experimental evidence. As an example, 477 
the edge YHP1 = tf_act(HCM1) was deselected because there is no documented evidence of this 478 
relationship (Figure 5B) in Yeastract. The edge SWI5 = tf_act(FKH2) was added as there is 479 
documented evidence of this relationship21. Once the seed network (Table 1) was satisfactory, 480 
the DSGRN network specification file for the network was downloaded (Supplemental File 8). 481 
 482 
Without the IDV, there is a higher chance of edges for which there is no experimental evidence 483 
being used to construct the seed network. As can be seen in Figure 2C, the seed network 484 



 

generated in the Edge Finding step from running the IDP nonstop through each step contains an 485 
edge, SWI4 = tf_rep(NDD1), that is not supported by experimental evidence in Yeastract, likely 486 
because NDD1 is known to be a transcriptional activator22. This information was not encoded in 487 
the annotation file in the non-stop run, which allowed all regulators to be both activators and 488 
repressors. 489 
 490 
Using the IDV, a seed network was manually curated that is a subnetwork of Figure 3, and the 491 
remaining four edges were placed in the edge list used for sampling network space (YHP1 = 492 
tf_act(SWI4), YOX1 = tf_act(SWI4), SWI4 = tf_rep(YOX1), SWI5 = tf_act(NDD1)). Selecting edges 493 
based on prior biological knowledge can also be used to build the edge list; however, in this case, 494 
the top 20 edges from the LEM Summary Table view were selected (Supplemental File 9). The 495 
node list file is created from the selected edges automatically (Supplemental File 10). The ODE 496 
parameters from LEM can also be used to filter edges if one believes the inferred parameters in 497 
the ODE model are not biologically realistic, but this information was not used here. 498 
 499 
Next, a new IDP configuration file was parameterized for the Network Finding step using the 500 
three new files. As the seed network was created with edges well-supported by experimental 501 
evidence, the inclusion of these edges in all networks was desired. Thus, the Network Finding 502 
probabilities were set to allow the addition but not the removal of nodes and edges 503 
(Supplemental File 11). The Network Finding parameter numneighbors was set to search for 504 
2,000 networks. After running the IDP, 37 model-admissible networks were found in the Network 505 
Finding step, as opposed to the non-stop run that had zero. Loading the Network Finding results 506 
into the IDV, 64% (24) of these 37 networks had the capacity to stably oscillate (Figure 6A). Of 507 
these 24 networks, the best performers were two networks that matched the data at 50% of 508 
their stably oscillating model parameters (Figure 6B). 509 
 510 
The Edge Prevalence Table (Table 1) tabulates the number of times an edge occurs in a selected 511 
collection of networks, giving an indication of its prevalence in high-performing networks. 512 
Examining the Edge Prevalence Table produced by selecting the previous two networks in the 513 
scatter plot reveals that all the seed network edges are present in each of the two networks, as 514 
expected, along with two non-seed network edges (Figure 6B), SWI4 = tf_act(SWI5) and HCM1 = 515 
tf_rep(YHP1). Neither of these two edges had evidence supporting them in Yeastract. As such a 516 
small amount of network space was explored so it is difficult to assess the importance of edges 517 
and nodes in producing the observed dynamics. 518 
 519 
Only 37 model-admissible networks were found in Network Finding even though the parameter 520 
numneighbors was set to 2,000, which suggests that the network search may have been unduly 521 
limited. As described in the documentation for the dsgrn_net_gen python module in the IDP, the 522 
issue could be related to the seed network, edge list, node list, Network Finding parameter 523 
choices, or some combination of these. To investigate, the same seed network, edge list, and 524 
node list as before were used, but the Network Finding parameters were altered by adding the 525 
ability to remove edges during network generation (Supplemental File 12). Loading the new 526 
Network Finding results into the IDV shows that 612 networks were found in this step, with 67% 527 
(411) of these networks having the capacity to stably oscillate (Figure 7A). Interestingly, 13% (82) 528 



 

of the networks that were capable of stable oscillatory dynamics were not capable of producing 529 
dynamics similar to those seen in the data (Figure 7B). Of the 411 networks, 30% (124) exhibited 530 
robust matches to data (i.e., more than 50% of their stably oscillating model parameters 531 
exhibited a data match) (Figure 7C). 532 
The edge prevalence numbers generated by the second round of Network Finding are now based 533 
on a much larger selection of networks and can be more confidently used in assessing the 534 
importance of a regulatory relationship in a GRN. For instance, HCM1 = tf_rep(YHP1) is still 535 
represented highly in networks that produce robust dynamics, suggesting that this relationship 536 
could be worth investigating experimentally (Figure 7C). Further examination of the Edge 537 
Prevalence Table (based on the 124 networks mentioned above) revealed that the edges SWI4 = 538 
tf_rep(YOX1) and YOX1 = tf_act(SWI4) are not highly ranked yet the edges SWI4 = tf_rep(YHP1) 539 
and YHP1 = tf_act(SWI4) are highly ranked (Figure 7C). Negative feedback is important for 540 
producing oscillatory dynamics23 and both of these sets of regulatory relationships provide this 541 
function in the GRN in Figure 3. Finding if a network exists that contains all four of these edges 542 
could provide some insight into why these do not frequently exist together in the collection of 543 
GRN models; however, clicking through individual networks would be tedious. Instead, the 544 
Similarity Analysis portion of the Network Finding page was used to search for networks that may 545 
contain all four edges (Figure 7D). Examining the scatter plot that displays how similar the 612 546 
networks are to a motif of these four edges versus the percentage of the model parameter space 547 
that matches the observed dynamics reveals that only 0.65% (4) of the 612 networks contain all 548 
four of these edges (Figure 7D). This suggests a testable hypothesis that only one of the two 549 
negative feedback loops is needed for a network of this size to produce the observed dynamics. 550 
This hypothesis can be further investigated computationally by reparameterization of IDP steps 551 
and a more exhaustive search of network space or experimentally, such as gene knockouts. All 552 
results from this analysis can be found in Supplemental File 13. 553 
 554 
FIGURE AND TABLE LEGENDS: 555 
 556 
Figure 1: IDP and IDV workflow overview. The bottom row depicts the three major steps of the 557 
IDP: Node, Edge, and Network Finding. The top row depicts the major steps of the IDV and 558 
describes various ways a user can interact with the results. The dark gray arrows between the 559 
two depict how the IDV and the IDP can work synergistically to allow users to make informed 560 
decisions for each step of the IDP, with individual IDP steps providing results for the visualizations 561 
in the IDV, individual IDV steps allowing for the input of new or adjusted parameters and adjusted 562 
results and inputs for the subsequent IDP step. 563 
 564 
Figure 2: Example of results from running every step of the IDP consecutively without using the 565 
IDV between steps. (A) A screenshot of the terminal output from running every IDP step 566 
consecutively. The IDP ran to completion, but zero networks were found during the Network 567 
Finding step. (B) Node Finding results directory node_finding_20210705183301 (Supplemental 568 
File 13) loaded into the IDV. All the genes in the gene list table were selected (red arrow) to show 569 
their respective expression profiles in the line graph and to generate an annotation table. The 570 
annotation table was filled in to reflect how the genes are labeled in the original annotation file 571 
(green arrow). (C) Edge Finding results directory edge_finding_20210705183301 (Supplemental 572 



 

File 13) loaded into the IDV. (D) Network Finding results directory 573 
network_finding_20210705183301 (Supplemental File 13) loaded into the IDV. The Network 574 
Finding page shows no results, suggesting either reparameterization of the Network Finding step 575 
or reevaluating the Node or Edge Finding step is needed. The IDP documentation contains 576 
troubleshooting steps for helping the user determine what they could try next. 577 
 578 
Figure 3: A yeast cell-cycle GRN model. A set of known yeast cell-cycle regulators were selected 579 
from SGD and known regulatory relationships between genes were extracted from Yeastract. 580 
 581 
Figure 4: Example of IDP Node Finding results in the IDV. Loaded into the IDV is the Node Finding 582 
results directory node_finding_20210705183301 (Supplemental File 13). The adjusted results 583 
after inspecting curated online yeast databases. The gene list table was extended (yellow arrow) 584 
to find the remaining gene in the GRN model of Figure 3 and genes were deselected to remove 585 
genes not found in the same GRN model (red arrow). The annotation table was filled in based on 586 
evidence of regulation for each gene found on Yeastract (green arrow). The new gene list and 587 
annotation file were downloaded by selecting their respective download buttons (blue arrows). 588 
 589 
Figure 5: Example of IDP Edge Finding results in the IDV. Loaded into the IDV is the Edge Finding 590 
results directory edge_finding_20210701100152 (Supplemental File 13). (A) The initial result as 591 
produced by the IDP. The Network dropdown option From Seed was selected (red arrow) to view 592 
the seed network produced by the IDP based on the arguments in the configuration file used 593 
(Supplemental File 7). The selected genes in the edge table are the edges used in the seed 594 
network. (B) The adjusted results after inspecting the seed network for edges that do not contain 595 
experimental evidence. The Network dropdown option From Selection was selected (red arrow). 596 
Edges were selected/deselected from the edge table (green arrow). The seed network, edge list, 597 
and node list files were downloaded by clicking their respective buttons (yellow arrows). The 598 
edge table shown is for the last time series data as listed in the configuration file 599 
two_wts_EdgeFinding_config.txt (Supplemental File 7). It is important when selecting edges for 600 
the seed network or edge list based on LEM results to look at the last time series data listed in 601 
the configuration file as this output incorporates all preceding datafiles in its inference of 602 
regulatory relationships between nodes. 603 
 604 
Figure 6: Example of IDP Network Finding results in the IDV from using the IDP configuration 605 
file two_wts_NetFind_rd1_config.txt (Supplemental File 11). (A) The query Stable Full Cycle was 606 
selected (red arrow) to display the respective data on the y-axis in the scatter plot. Blue dots in 607 
the scatter plot represent selected points using the Box Select function for the scatter plot. The 608 
dotted selection box was illustrated to show what the box selection looks like. (B) The min and 609 
max integers for the y-axis and x-axis were manually entered to selected networks within these 610 
bounds (green arrow). After each selection, the Get Edge Prevalence from Selected Networks 611 
button (yellow arrows) was clicked and the Edge Prevalence Table and Selected DSGRN Predicted 612 
Networks areas were generated. In the Network Index, up and down arrows can be clicked to 613 
browse the selected networks (blue arrows). 614 
 615 
Figure 7: Example of IDP Network Finding results in the IDV from using IDP configuration file 616 



 

two_wts_NetFind_rd2_config.txt (Supplemental File 12). (A–C) The selection of networks was 617 
performed by entering values into the min and max input boxes (red arrows). The Get Edge 618 
Prevalence from Selected Networks button was clicked to generate the Edge Prevalence Table 619 
and Selected DSGRN Predicted Networks areas. (D) Edges of interest were selected in the 620 
edge_list table (yellow arrow) and the Submit button (green arrow) was clicked to compute 621 
similarity scores to plot in the scatter plot against the query selected (blue arrow). The Box Select 622 
function was used to select a set of networks (purple arrow) to generate the Edge Prevalence 623 
Table and Selected DSGRN Predicted Networks areas. The Network Index was increased to 2 624 
(orange arrow) to view the second network in the selection. 625 
 626 
Table 1: Definition of Inherent Dynamics Pipeline and Inherent Dynamics Visualizer terms. 627 
 628 
Supplemental File 1: Time series gene expression data (Replicate 1) taken from Orlando, 629 
200813. 630 
 631 
Supplemental File 2: Time series gene expression data (Replicate 2) taken from Orlando, 632 
200813. 633 
 634 
Supplemental File 3: Annotation file containing all genes found in Supplemental File 1 and 635 
Supplemental File 2. 636 
 637 
Supplemental File 4: Fully parameterized Inherent Dynamics Pipeline configuration file. 638 
 639 
Supplemental File 5: Gene list file downloaded from the Node Finding page of the Inherent 640 
Dynamics Visualizer. 641 
 642 
Supplemental File 6: Annotation file downloaded from the Node Finding page of the Inherent 643 
Dynamics Visualizer. 644 
 645 
Supplemental File 7: Inherent Dynamics Pipeline configuration file parameterized for just the 646 
Edge Finding step. 647 
 648 
Supplemental File 8: Seed network file downloaded from the Edge Finding page of the Inherent 649 
Dynamics Visualizer. 650 
 651 
Supplemental File 9: Edge list file downloaded from the Edge Finding page of the Inherent 652 
Dynamics Visualizer. 653 
 654 
Supplemental File 10: Node list file downloaded from the Edge Finding page of the Inherent 655 
Dynamics Visualizer. 656 
 657 
Supplemental File 11: Inherent Dynamics Pipeline configuration file parameterized for just the 658 
Network Finding step. 659 
 660 



 

Supplemental File 12: Updated Inherent Dynamics Pipeline configuration file (Supplemental 661 
File 11) parameterized for just the Network Finding step. 662 
 663 
Supplemental File 13: Directory containing the results from the Representative Results section. 664 
DISCUSSION: 665 
The inference of GRNs is an important challenge in systems biology. The IDP generates model 666 
GRNs from gene expression data using a sequence of tools that utilize the data in increasingly 667 
complex ways. Each step requires decisions about how to process the data and what elements 668 
(genes, functional interactions) will be passed to the next layer of the IDP. The impacts of these 669 
decisions on IDP results are not as obvious. To help in this regard, the IDV provides useful 670 
interactive visualizations of the outputs from individual steps of the GRN inference tools within 671 
the IDP. The IDV streamlines and facilitates the process of evaluating results from these 672 
computational inference methods to speed up experimentation and inform analysis choices, 673 
which in turn will allow for the accelerated production of high-confidence network models and 674 
hypotheses. The IDV also implements features that expand on the functionality of the IDP, 675 
including filtering edges by LEM ODE parameter choices, binning of genes by their expression 676 
time, and clustering networks based on similarity to a motif or network. Importantly, the IDV 677 
allows for manual interventions between each IDP step, which allows the user to easily 678 
incorporate human knowledge and prior information from the literature in ways that cannot be 679 
easily automated. A naive run of the IDP will not natively incorporate this information, so the use 680 
of the IDV will increase the confidence in the results whenever information specific to the 681 
experiment is available. Overall, using the IDV in conjunction with the IDP allows users to create 682 
network hypotheses for biological processes with greater confidence, even with little or no 683 
knowledge of the true GRN. 684 
 685 
There are three critical steps in the IDV. The first is evaluating IDP Node Finding results in the IDV. 686 
IDV’s Node Finding page can produce a new gene list and, if desired, a gene annotation file. 687 
Curating a new gene list is a critical step as it greatly reduces the potential network space by 688 
limiting which genes are allowed to be modeled as GRN targets and/or regulators. Additionally, 689 
as GRNs are mostly made up of transcription factors, having gene annotations will greatly help in 690 
creating coherent GRN models. 691 
 692 
The next step is evaluating IDP Edge Finding results in the IDV. Curating a new seed network is a 693 
critical step since it localizes the region of network space that will be sampled in the Network 694 
Finding step. However, knowing where to start isn’t always obvious, so it is recommended to use 695 
edges that have some form of experimental evidence to provide confidence that one is starting 696 
in a region of network space that contains high confidence edges. The IDV’s Edge Finding page 697 
enables easy assembly of seed networks and generates the associated DSGRN network 698 
specification file as well as node and edge lists. 699 
 700 
The last step is evaluating IDP Network Finding results in the IDV. IDV’s Network Finding page 701 
allows for easy exploration of sampled networks and their associated scores that estimate the 702 
capacity of the network to produce the observed dynamics. While Node and Edge Finding will 703 
always return results (if at least two genes are passed on from Node Finding), Network Finding 704 



 

can return zero results. Therefore, knowing whether adjustments in parameters are needed will 705 
be more obvious in Network Finding than in Node and Edge Finding. Such occurrences of few to 706 
no networks found could be a result of constraints placed on what networks can be analyzed. 707 
These constraints are: 1) whether or not the networks are always strongly connected, 2) the 708 
minimum and the maximum number of input edges to each node, 3) the probabilities of adding 709 
and removing nodes and edges, and 4) the number of additions and removals of nodes and edges 710 
allowed. If few or no model-admissible networks are found, as in Figure 2, then referring to the 711 
IDP documentation is recommended for guidance on reparameterization of any or all steps of 712 
the IDP with subsequent evaluation of results in the IDV. 713 
 714 
A current limitation of this approach is that the Node Finding page is mostly focused on oscillatory 715 
dynamics, such as those seen in the transcriptional programs of the cell-cycle and circadian clock. 716 
In particular, the IDP Node Finding step is currently configured to search for genes that exhibit 717 
oscillatory dynamics at a specified period. As the IDP expands to include analyses that can 718 
quantify different types of transcriptional dynamics, so too will the IDV be updated to support 719 
visualization and interrogation of these other behaviors. The size of networks searched for and 720 
analyzed in the Network Finding step are currently limited to networks of smaller size, e.g., 721 
around 10 genes. This is a necessity as computations in the DSGRN scale occur combinatorially. 722 
Another limitation is that exploring model parameter space for a selected network is not possible 723 
in the IDV. However, the DSGRN network specification file for a given network can be 724 
downloaded and the dynamics associated with each model parameter can be visualized on the 725 
DSGRN Visualization website (https://sites.math.rutgers.edu/~gameiro/dsgrn_viz/). Lastly, the 726 
IDV has been tested using Linux (Ubuntu) and iOS (Big Sur) systems. The IDV has been tested on 727 
Windows 10 using the Windows Subsystem for Linux (WSL), which allows Windows 10 users to 728 
run Linux and the IDV without the need for a different computer, a virtual machine, or a dual-729 
boot setup. IDV does not currently run on native Windows. 730 
 731 
Studying GRNs is difficult due to their inherent complexity and useful inference tools such as the 732 
IDP can be difficult to understand and deploy with confidence. The IDV provides a method to 733 
reduce the complexity of studying GRNs inferred using the IDP while facilitating the inclusion of 734 
additional information beyond gene expression dynamics. Using the IDV in conjunction with the 735 
IDP as described here will empower researchers to develop and analyze functional models of 736 
well-studied systems, such as the human cell-cycle. Furthermore, these tools will generate 737 
testable hypotheses for less understood processes, such as the malaria intra-erythrocytic 738 
development cycle, which is suspected to be controlled by a GRN24 but for which a model is yet 739 
to be proposed. 740 
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Term Pipeline Step Definition

de Lichtenburg by JTK-CYCLE (DLxJTK) Node Finding A single quantitative measure of both periodicity and regulation strength used to rank genes. Combines previously published periodicity metrics de Lichtenberg (DL) and JTK-CYCLE (JTK). 

First Cycle Max Expression Node Finding The maximum gene expression during the first cycle of periodic gene expression. Genes ordered by First Cycle Max Expression will be ordered based on the time point from the first cycle at which they reach their maximum gene expression.

The Local Edge Machine (LEM) Edge Finding A Bayesian network inference method which ranks potential models of gene interactions to identify the most likely regulator(s) and modes of regulation (activation or repression) of a given target gene using time series gene expression data. 

Seed Network Network Finding An initial guess at a plausible network of global interactions by selecting the top ranked LEM edges. The seed localizes a region of network space that is highly oscillatory with a high probability of showing consistency with the provided time series data.

Dynamic Signatures Generated by Regulatory Networks (DSGRN) Network Finding A software package for comprehensively computing the variety of long-term dynamical behaviors that a network can exhibit.

Edge Prevalence Network Finding The percentage of top scoring networks from the network finding step that include the edge in question. The score permits a ranking of edges that have a nonzero prevalence.
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A single quantitative measure of both periodicity and regulation strength used to rank genes. Combines previously published periodicity metrics de Lichtenberg (DL) and JTK-CYCLE (JTK). 

The maximum gene expression during the first cycle of periodic gene expression. Genes ordered by First Cycle Max Expression will be ordered based on the time point from the first cycle at which they reach their maximum gene expression.

A Bayesian network inference method which ranks potential models of gene interactions to identify the most likely regulator(s) and modes of regulation (activation or repression) of a given target gene using time series gene expression data. 

An initial guess at a plausible network of global interactions by selecting the top ranked LEM edges. The seed localizes a region of network space that is highly oscillatory with a high probability of showing consistency with the provided time series data.

A software package for comprehensively computing the variety of long-term dynamical behaviors that a network can exhibit.

The percentage of top scoring networks from the network finding step that include the edge in question. The score permits a ranking of edges that have a nonzero prevalence.



A single quantitative measure of both periodicity and regulation strength used to rank genes. Combines previously published periodicity metrics de Lichtenberg (DL) and JTK-CYCLE (JTK). 

The maximum gene expression during the first cycle of periodic gene expression. Genes ordered by First Cycle Max Expression will be ordered based on the time point from the first cycle at which they reach their maximum gene expression.

A Bayesian network inference method which ranks potential models of gene interactions to identify the most likely regulator(s) and modes of regulation (activation or repression) of a given target gene using time series gene expression data. 

An initial guess at a plausible network of global interactions by selecting the top ranked LEM edges. The seed localizes a region of network space that is highly oscillatory with a high probability of showing consistency with the provided time series data.

A software package for comprehensively computing the variety of long-term dynamical behaviors that a network can exhibit.

The percentage of top scoring networks from the network finding step that include the edge in question. The score permits a ranking of edges that have a nonzero prevalence.



The maximum gene expression during the first cycle of periodic gene expression. Genes ordered by First Cycle Max Expression will be ordered based on the time point from the first cycle at which they reach their maximum gene expression.

A Bayesian network inference method which ranks potential models of gene interactions to identify the most likely regulator(s) and modes of regulation (activation or repression) of a given target gene using time series gene expression data. 

An initial guess at a plausible network of global interactions by selecting the top ranked LEM edges. The seed localizes a region of network space that is highly oscillatory with a high probability of showing consistency with the provided time series data.
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My co-authors and I would like to thank the Editorial Manager and referees for their careful 

consideration of our work, Inherent Dynamics Visualizer, an interactive application for evaluating and 

visualizing outputs from a Gene Regulatory Network inference pipeline, and specifically the Editorial 

Manager’s effort to secure independent reviews. We also thank the referees for their thoughtful 

comments, which we believe have greatly improved the presentation and clarity of our analysis protocol 

and tool. We have carefully addressed each reviewer comment and correspondingly modified our 

manuscript to better present our methodology using the IDV. We hope the Editorial Manager agrees 

that we have addressed each reviewer’s comments in a satisfactory manner. 

 

Sincerely, 

 

Dr. Robert C. Moseley 

Postdoctoral Associate 

Biology, Duke University 

Email: robert.moseley@duke.edu 

 

Please find below our point-by-point responses to the Editorial Manager and the three referees: 

 
Editorial Manager 
 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 
spelling or grammar issues. 
 
Response: We have proofread and fixed any spelling and grammar issues found. 
 
2. Please define all abbreviations upon first use. For example, LEM, etc. 
 
Response: We have added a table that explains each algorithm and also defines their abbreviations. In 
the protocol section, we have pointed to this table where abbreviations are made and in the 
Representative Results section, we have defined the abbreviations where they are first used.  
 
3. Is this Inherent Dynamics Visualizer open access? If yes please use a generic term. 
 
Response: The IDV is an open-access interface. 
 
4. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.). 
 
Response: The text has been updated to remove the use of personal pronouns. 
 
5. Please add more details to your protocol steps. Please ensure you answer the “how” question, i.e., 
how is the step performed? This can be done by including all mechanical actions, button clicks in the 
software, command lines, etc. 
 
Response: Thank you for catching this. We agree that many steps of the protocol did not give sufficient 
detail regarding the specific actions required to complete each step. The following steps have been 
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updated to be more explicit: 2.10.3 (now 2.8.3), 2.10.4 (now 2.8.4), 2.12.1 (now 2.10.1), 2.12.2 (now 
2.10.2), 3.8.1, 3.9.1.1, 3.11.1.1, 4.8, 4.10, and 4.11.2. Additionally, 3.7 was added to further describe 
how to complete the following steps. 
 
6. 2.1, 3.1, 4.1: How is this done? Please include all details associated with the step. 
 
Response: We have added additional steps for steps 2.1, 3.1 and 4.1 to better explain how to create a 
configuration file. 
 
7. 2.10: Please mention the data columns which the gene list should contain. 
 
Response: We can see that the step in 2.10 (now 2.8) was not clear. The gene list file is made for the 
user and contains the appropriate data column, which is just a list of gene names for the user’s time 
series gene expression dataset. We have updated 2.8 and 2.9 to include further detail regarding how the 
gene list is created and used.  
 
8. 2.10.4: What algorithm is used in the IDP? Please mention. 
 
Response: We defined the DLxJTK algorithm in the text. We have also added a table that contains 
definitions for several IDP-related terms used in the manuscript. Line 783 contains the table number and 
caption. 
 
9. Please reference supplementary files in the protocol section wherever appropriate. 
 
Response: We have added references to supplemental files in steps 2.1.1.2, 2.1.1.3, 2.7.5, 2.8.5, 3.9, and 
3.11.2. As well as in the notes immediately after steps 2.1.2.3, 3.1.2.5, and 4.1.2.6. 
 
10. Please ensure that the highlighting is no more than 3 pages including headings and spacings. 
 
Response: We have reduced the highlighted sections to be 3 pages in total. 
 
11. Please mark the panels in figure 4. 
 
Response: Figure 4 does not contain panels. The confusion is because of two typos on line 573 and 578 
of the updated manuscript. On line 573, we referenced Figure 4a, but meant to reference Figure 2b. On 
line 578, we referenced Figure 4b but just meant to reference Figure 4. We have corrected these 
references and thank you for catching these typos. We have also updated how a ‘no results’ scenario is 
shown to the user. We have updated panel d in Figure 4 to show this. 
 
 
Reviewer #1 
 
Major Concerns: 
 
1. From a user perspective, the IDV graphical interface is certainly easing the usage of network reverse 
engineering and exploration of the resulting outcome. However, when reading the guidelines on both 
installation and setup of the IDP/IDV pipeline both in the manuscript as well as in the related GitLab 
page, I found the instructions very detailed (which is of course good), but also a bit tiring. I was 



therefore thinking if there would be any way to make the whole thing even more user- friendly, 
perhaps, given the current trend, the authors could consider to embed the whole pipeline into a Docker 
environment, perhaps combined into a dynamic environment such as Jupyter notebook. That would 
help the users for which the instructions found on the GitLab page might seem too complicated and 
discouraging. 
 
Response: We agree that more user-friendly installation, setup and usage instructions and methods 
would improve accessibility to the IDP and IDV. A goal of ours is to integrate the IDP and IDV together 
not only into a single repo but also as a single workflow/pipeline. We think dockerizing this integrated 
pipeline would be a great method for reducing the barrier of entry for the IDP/IDV and also for 
supporting reproducibility. We should note that this integration would not change how the IDV is used 
so the manuscript’s protocol section would still hold true. This level of integration is quite a lift and we 
have started this integration by dockerizing the IDV and simplifying the installation and running of the 
IDV. We have updated the README of the IDV to describe the new IDV installation and usage. 
 
2. I don't seem to have noticed if there is the possibility to automate the procedure from the IDV 
workflow using scripts that run multiple parameter sets, allowing the users to carry out methodical 
parameter screening on one hand, and at the same time enabling to export a workflow for 
reproducibility and sharing. (I maybe missed that, and am pretty sure the thing is doable from IDP with 
technical skills, but maybe it could be interesting to make that accessible to users with no programming 
skills?) 
 
Response: This is a great idea and something we are aiming to support. As mentioned in the above 
response, we are working on integrating the IDP and IDV. To enable a broader user base to automate 
the use of these tools and to save their workflow for subsequent sharing, the integration will need to be 
completed first. We aim to develop a robust and user-friendly method of performing IDP parameter 
sweeps in the future. To do this right will require updating the IDP to ingest more flexible configuration 
files, and perhaps developing a new interface to assist users without much programming experience in 
creating these configuration files. 
 
3. Have you thought of enabling the user to directly access publicly available studies such as SRA, 
through the IDV interface? That could be an interesting development for letting users investigate 
available data in combination with the hypotheses one can test using IDP/IDV. 
 
Response: This is another great idea and something we are currently working on. We are currently 
developing an additional IDV page that allows a user to investigate and process a time series file before 
IDP analysis of the said data.  Allowing a user to pull in data from other websites would be a great 
feature to add to this page. This change is not feasible given present time constraints but is being 
actively developed. 
 
4. It would maybe be helpful to spend a few words on how the workflow scales with large networks? Is 
there something in IDV that warns the user attempting to carry out intractable problems, which I 
believe, might be of concerns for networks with 10- 15 nodes or more? Some users might think that IDV 
can be used to reverse engineer networks of hundreds of nodes, which I doubt is the case. Maybe worth 
including a little "Limitation" section, or something similar (?) 
 
Response: Scaling to large networks is indeed an issue within the Network Finding step as DSGRN 
computations scale combinatorially, which strongly limits the size of networks. There are additional 



DSGRN-related constraints on what networks are analyzed: 1) whether or not the networks are always 
strongly connected, 2) the minimum and maximum number of input edges to each node, 3) the 
probabilities of adding and removing nodes and edges, and 4) the number of additions and removals 
allowed. The IDP has extensive documentation on how to remedy issues related to these constraints and 
finding networks. We feel going into those details would be out of scope for this manuscript as there is 
nothing in the IDV that assesses analysis tractability of a network within the IDP.  However, we do think 
it is worth explicitly stating these limitations and then pointing to relevant references and 
documentation within this manuscript. We thank the reviewer for bringing this to our attention as 
including this information will help the reader have a better understanding on how the IDV can be 
applied.  Specifically lines 857-862 “Such occurrences of few to no networks found could be a result of 
constraints placed on what networks can be analyzed. These constraints are: 1) whether or not the 
networks are always strongly connected, 2) the minimum and maximum number of input edges to each 
node, 3) the probabilities of adding and removing nodes and edges, and 4) the number of additions and 
removals of nodes and edges allowed.” and lines 870-875 “The size of networks searched for and 
analyzed in the Network Finding step are currently limited to networks on the smaller size, e.g., around 
10 genes. This is a necessity as computations in DSGRN scale combinatorially”. 
 
5. Is it possible for the user to represent simulation results expressed as activity of biological 
components vs the activity of other components? (in addition to what is currently presented, i.e., 
activity of biological components vs time) 
 
Response: In principle the answer is yes. The IDP does supply parameters or parameter regions that 
could be sampled to simulate time series that could be presented as curves or as phase spaces. 
However, this is not in the current implementation of the IDP. Adding this capability to the IDP would 
take considerable time and therefore is not feasible to implement in the provided time frame.  
 
Minor Concerns: 
 
Supplemental Material: Supplemental File 1 seems not to be there or it might just be some issue with 
the naming/numbering of how the reviewer PDF got formatted. But try to give it a check in case. 
 
Response: Thank you for catching this. We have contacted the Editorial Manager about this issue and 
have been told to resubmit the files. Hopefully it corrects this issue. 
 
L332: Again concerning Supplemental Files, I think the numbering is shifted forward in the PDF 
compared to what the text says, like here it says "Supplemental File 4" but then the actual file 
(IDV_gene_list.tsv) is on the page with header saying "SupMat 5". 
 
Response: This is related to the above issue and submitting the files again should correct this. 
 
L349: Text refers to Figure 4a but there are no panels in Figure 4. 
 
Response: We thank the reviewer for catching this. The Figure 4a and 4b references are typos. The 
Figure 4a reference should be Figure 2b and the Figure 4b reference should just be Figure 4. We have 
corrected these typos. We have also updated how a ‘no results’ scenario is shown to the user. We have 
updated panel d in Figure 4 to show this. 
 



L355: Is is really thanks to IDV that you can so easily find those genes that you missed out in the previous 
run? It seems to me not really due specifically to IDV, but also straightforward from IDP as presented in 
Figure 2b… 
 
Response: We can see how this might be thought due to the lack of clarity in our writing for this section. 
The top N genes given by the Node Finding step of the IDP is a result of the IDP first filtering the DLxJTK 
results by the genes labeled as transcription factors in the annotation file and then taking the top N 
genes as specified in the configuration file by the user. In our example, we wanted the top 10 genes 
labeled as transcription factors and that is what was presented in the IDV. However, we wanted to see 
the next couple of genes. Without the IDV, that would require someone to write code that reads in the 
DLxJTK results and the annotation file, filter the DLxJTK results based on the annotation file, rank the 
filtered results, and then extract the top 10+N genes. With the IDV, one can simply click a button to 
extend down/up the gene list (a gene list that is already sorted by DLxJTK values and filtered on 
transcription factors). So, we would say that the IDV does make it easier because it removes a lot of 
coding on the user. We have added the sentence “Without the IDV, the procedure of adding and 
removing genes from the gene list and annotation file would require modest coding skills.” to lines 586-
587 of the updated manuscript. 
 
L369: Saccharomyces Genome Database (SGD) could be defined in full length. 
 
Response: We have defined SGD as Saccharomyces Genome Database on line 594 of the updated 
manuscript. 
 
L486: B) is capitalized, differently from the other legends panel indicators.  
 
Response: We have changed ‘B’ to ‘b’ on line 750 of the updated manuscript. 
 
  
Reviewer #2 
 
Response: We would like to thank the reviewer for their time in reviewing our manuscript and for the 
kind words. 
  
Reviewer #3 
 
Major Concerns: 
 
1. IDV is an interface written for a specific inference tool, i.e. IDP. Therefore, it's applicability might be 
limited. Is the IDV interface modular? Does it have enough separation from IDP such that other 
researchers can integrate its visualization properties with different GRN inference tools? Such 
modularity will make the tool widely applicable.  
 
Response: The IDV is tied to the IDP, specifically due to the file formats and content of the IDP results as 
the IDV expects certain formats and header names. As GRN inference tools can vary in the file formats of 
their results, adding the capability to ingest a specific GRN inference tool’s results would require 
creating a new IDV page specific to that GRN inference tool. That said, the inputs of the IDV are quite 
general, requiring essentially ranked lists of genes and ranked lists of edges, and gene annotations. Thus, 



one could format outputs of other computation inference methods, or even inferences from 
experimental results into forms ingestible by the IDV. 
 
2. Often times the manuscript is not self-contained. Some examples of this are as follows: 
 
a) Many implementation details such as testing on different platforms or operating systems (OS), 
versions of different dependencies, directory structures and formats of input files are only present on 
the GitLab repository and not in the paper. If it is not feasible to add these to the manuscript, the 
authors must ensure that the GitLab repository is archived. For instance, it can be archived on the 
Zenodo repository. At the least, ensure that the README files associated with the code, including key 
implementation details, are archived. 
 
Response: We intend to archive the entire repository via Zenodo once the manuscript is accepted.  
 
b) Many key terms and IDV parameters are not defined or explained in the paper. For instance, 'DlxJTK' 
method, LEM analysis, DSGRN and edge prevalence are not defined; the users are directed to other 
references. To make the manuscript self-contained, consider adding a table or list of terms with brief 
descriptions. 
 
Response: We appreciate the reviewer bringing this to our attention. Clearly defining these terms and 
having a table to reference will better aid the reader in understanding the material. We have made the 
following table to include in the manuscript. Line 783 contains the table number and caption. 
 

Term Pipeline Step Definition 

de Lichtenburg by 
JTK-CYCLE (DLxJTK) 

Node Finding A single quantitative measure of both periodicity and 
regulation strength used to rank genes. Combines previously 
published periodicity metrics de Lichtenberg (DL) and JTK-
CYCLE (JTK).  

First Cycle Max 
Expression 

Node Finding The maximum gene expression during the first cycle of 
periodic gene expression. Genes ordered by First Cycle Max 
Expression will be ordered based on the time point from the 
first cycle at which they reach their maximum gene 
expression. 

The Local Edge 
Machine (LEM) 

Edge Finding A Bayesian network inference method which ranks potential 
models of gene interactions to identify the most likely 
regulator(s) and modes of regulation (activation or 
repression) of a given target gene using time series gene 
expression data.  

Seed Network Network Finding An initial guess at a plausible network of global interactions 
by selecting the top ranked LEM edges. The seed localizes a 
region of network space that is highly oscillatory with a high 
probability of showing consistency with the provided time 
series data. 



Dynamic 
Signatures 
Generated by 
Regulatory 
Networks (DSGRN) 

Network Finding A software package for comprehensively computing the 
variety of long-term dynamical behaviors that a network can 
exhibit. 

Edge Prevalence Network Finding The percentage of top scoring networks from the network 
finding step that include the edge in question. The score 
permits a ranking of edges that have a nonzero prevalence. 

 
c) The introduction does not provide enough detail on GRN inference. For instance, on lines 53-55, the 
authors state that 'A variety of computational inference methods have been developed that ingest time 
series gene expression data and output GRN models'. However, this statement might be vague for 
people not familiar with GRN inference. Users might not know what 'GRN models' are. The authors must 
explain that, broadly speaking, GRN models consist of a network structure or topology along with 
regulation strengths for edges or interactions over these networks. Further, the authors must explain 
that joint inference of both the network topology and regulation strengths is a high-dimensional and 
difficult problem, which is part of the reason for sensitivity to model parameters, and hence the need 
for IDV. 
 
Response: We agree that differentiating between the definition of a GRN (lines 55-57 of the updated 
manuscript) and a GRN model would aid a reader unfamiliar with GRN inference methods. We have 
added the sentence “A GRN may be modelled as a set of interacting genes and/or gene products 
described by a network whose nodes are the genes and whose edges describe the direction and form of 
interaction (e.g., activation/repression of transcription, post-translational modification, etc.). 
Interactions can then be expressed as parameterized mathematical models describing the impact a 
regulating gene has on the production of its target(s). Inference of a GRN model requires both inference 
of the structure of the interaction network, and estimation of the underlying interaction parameters.” 
(lines 59-66 of the updated manuscript). 
    
Minor Concerns: 
 
1) The users need to run a lot of setup commands before they can actually start working with IDV. It is 
understandable that the users will have to check and install dependencies such as conda, pip or git. 
However, it should be possible to automate some of the other commands using a shell script. For 
instance, steps 2.1 to 2.7 could be added to a shell script so that the user can quickly, with one 
command, run IDV using provided test/toy configuration files. 
 
Response: This is a great suggestion, and we appreciate the reviewer for mentioning it. To make 
installation and usage of the IDV easier, we have containerized the IDV using Docker. Installation (after 
cloning the repo done) is a single command. Running the test results and new IDP results are a single 
command as well. We have updated the README in the IDV repo. 
 
2) Are there any steps in IDP requiring a random number generator? If so, has the seed for the generator 
deterministically set so that the users can recapitulate the example provided in the paper? 
 



Response: LEM (edge finding) does have an element of randomness.  It relies on a model parameter 
optimization scheme which explores the search space somewhat randomly. To ensure reproducibility, 
the LEM configuration file has a random number generator seed parameter that can be specified by the 
user and which is set by default. The network finding step also has an element of randomness but does 
not currently accept a random seed. 
 
3) Has IDV been tested on different OS? Specifically, has the example presented in the manuscript been 
tested on different OS? 
 
Response: The IDV has been tested using Linux (Ubuntu) and iOS (Big Sur) systems. The IDV has been 
tested on Windows 10 using the Windows Subsystem for Linux (WSL), which allows Windows 10 users to 
run Linux and the IDV without the need for a different computer, a virtual machine, or a dual-boot 
setup. IDV does not currently run on native Windows. We are working on fixing this. We have added the 
text “Lastly, the IDV has been tested using Linux (Ubuntu) and iOS (Big Sur) systems. The IDV has been 
tested on Windows 10 using the Windows Subsystem for Linux (WSL), which allows Windows 10 users to 
run Linux and the IDV without the need for a different computer, a virtual machine, or a dual-boot 
setup. IDV does not currently run on native Windows.” to lines 879-883 of the updated manuscript. We 
have also included this information in the README of the IDV repository. 
 
4) In 2.8 (lines 136-137) has the url been tested on different platforms (OS)? 
 
Response: The URL has been tested successfully on Linux (Ubuntu), iOS (Big Sur) systems, and on 
Windows 10 using the Windows Subsystem for Linux (WSL). The URL will not currently work on native 
Windows. We are working on fixing this. Please see our response to Minor Concern 3. 
 
5) Can the user supply 'Gene Annotation Table' through an input file? Manually doing steps 2.12-2.13 
(lines 170-178) for a large number of genes will be cumbersome. 
 
Response: The user can supply an annotation file directly to the IDP. The purpose of the IDV Editable 
Gene Annotation Table feature is simply to construct a file in which only small tweaks are required in 
order to rerun the edge finding step of the IDP. The creation of the annotation file does not in itself 
change anything about the available data in the IDV. The user would have to run the edge finding step 
with the new annotation file in order to produce altered results based on the supplied annotations. Step 
2.12 (now 2.10) has been updated to clarify this. 
 
6) Does IDP allow topological constraints, such as sparsity or scale-freeness, on the sampled networks? If 
yes, can IDV access and set the associated parameters?  
 
Response: The IDP does not allow controllable constraints of sparsity or scale-freeness. However, it does 
permit local constraints on the structure of the sampled networks. By necessity of computation, all the 
sampled networks are sparse and rather small. This is due to the requirement  of the networks to be 
DSGRN computable, a characteristic that has to do with the number of in and out edges to each node. 
Also, DSGRN computations scale combinatorially, which strongly limits network size. Due to the small 
size, scale-freeness is not very relevant. The constraints that can be specified are  

(1) Whether or not the networks are always strongly connected. 
(2) The minimum and maximum number of input edges to each node. 
(3) The probabilities of adding and removing nodes and edges. 
(4) The number of additions and removals allowed. 



All in all, we can only say that the network is a local sampler about the seed, without strong statements 
on the topological nature of the surrounding neighborhood. We have added the text “ Such occurrences 
of few to no networks found could be a result of constraints placed on what networks can be analyzed. 
These constraints are: 1) whether or not the networks are always strongly connected, 2) the minimum 
and maximum number of input edges to each node, 3) the probabilities of adding and removing nodes 
and edges, and 4) the number of additions and removals of nodes and edges allowed.” (lines 857-862) 
and “The size of networks searched for and analyzed in the Network Finding step are currently limited to 
networks on the smaller size, e.g., around 10 genes. This is a necessity as computations in DSGRN scale 
combinatorially” (lines 870-875) to make these constraints more visible to the reader. 
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