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ABSTRACT  

The use of mass spectrometry-based techniques for global protein profiling of biomedical or 

environmental experiments has become a major focus in research centered on biomarker 

discovery. However, one of the most important issues recently highlighted in the new era of omics 

data generation is the ability to perform analyses in a robust and reproducible manner.  This has 

been hypothesized to be one of the issues hindering the ability of clinical proteomics to 

successfully identify clinical diagnostic and prognostic biomarkers of disease.  P-Mart 

(https://pmart.labworks.org) is a new interactive web-based software environment that enables 

domain scientists to perform quality control processing, statistics, and exploration of large-

complex proteomics datasets without requiring statistical programming. P-Mart is developed in a 

manner that allows researchers to perform analyses via a series of modules, explore the results 

using interactive visualization, and finalize the analyses with a collection of output files 

documenting all stages of the analysis and a report to allow reproduction of the analysis. 

KEYWORDS: software, proteomics, web-service, reproducibility, statistics, exploratory data 

analysis, visualization 

1. INTRODUCTION 

Global mass spectrometry (MS)-based proteomics is a high-throughput technology that allows 

hundreds of thousands of peptides to be mapped to tens of thousands of proteins from many types 

of samples (e.g., blood, urine, stool, etc.). This offers an incredible opportunity to understand 

biological functions at the protein level in relationship to phenotypes of interest1-4.  However, as 

with many complicated high-throughput technologies the data is complex and plagued with 

https://pmart.labworks.org/
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multiple sources of variability, such as sample preparation, ionization and peptide identification, 

which consequently generate a challenging analysis process.   

 

Global proteomics data is generated by measuring spectra that are then matched, typically using a 

similarity algorithm5-8, to peptides.   These peptides can then be quantified using metrics such as 

the ion abundance or intensity. After this task is complete, downstream analysis is targeted at 

generating high-quality statistics at the peptide or protein level from complex quantified peptide 

datasets. This downstream analysis is often performed using functions available through statistical 

packages, such as R9-12.  The benefit of these packages to the community is immense, offering a 

large number of statistical and exploratory analysis tools.  There have also been multiple tools 

provided to the community to simplify the downstream processing of proteomics data, such as 

Galaxy and Taverna13-15.  These tools are extremely powerful for creating and deploying 

workflows either within the R computing environment or across services.  In terms of stand-alone 

software the most robust is Perseus16, which offers a lot of downstream processing options and is 

a great solution for many proteomics data processing tasks.  The gaps that P-Mart fills in respect 

to the existing suite of capabilities for downstream processing of proteomics data are the ability to 

analyze data in a web-service environment, unique quality control and data analysis processing 

capabilities, and statistical analyses, including exploratory data analysis, that do not require 

imputation of the missing data. In addition, P-Mart offers unique trellis visualizations that allow 

researchers to look at individual proteins and move through the large amount of data based on 

statistics and data characteristics. 
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We present a new approach, P-Mart, to both simplify these analyses and increase reproducibility 

for computational and biological researchers. P-Mart takes several new and existing R functions 

and provides a holistic approach to data analysis, allowing all steps of analysis from quality control 

processing through pattern discovery, to be performed in a workflow-based manner that ends in a 

detailed documentation of the methods that were employed, as well as multiple export files that 

capture the output of each stage that modifies the data. The web-development process for P-Mart 

integrates R functions in a straight-forward manner, which will allow developers to easily add new 

capabilities to P-Mart beyond the current set included in the initial release. P-Mart’s overarching 

capabilities in the context of analyzing existing Clinical Proteomics Tumor Analysis Consortium 

(CPTAC) data17 has been previously described18. Herein we describe P-Mart as a capability for 

use with user-uploaded data to allow discovery and exploration of potential biomarker candidates 

for many user-defined global peak-intensity proteomic datasets, Figure 1. 
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Figure 1. The opening page of P-Mart, which offers analyses of personal data or existing CPTAC 

data.  Video tutorials are available from this page at http://bit.ly/PMartPNNL to train users on 

multiple aspects of the software. 

 

2. SOFTWARE METHODS 

P-Mart consists of two connected, yet distinct, capabilities. First is the underlying statistical 

functionality developed in R and Rcpp and the second is the user web-interface developed in 

JavaScript. These two components are linked through a tool, Rserve19, to make one seamless 

experience for the user of the web service. A user can add desired statistical or data processing 

functionality through modification of existing R functions or the addition of a custom R function 

added to the available R package. If the new functionality is added to an existing module, the user 

only needs to modify the web interface JavaScript code to include the new function/process as an 

option, or a user can simply create a new module to add to the existing workflow options. A user 

may include custom functions to their local version of P-Mart through the addition of a new R 

http://bit.ly/PMartPNNL
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function to the package20 and exposing the function in the web-service through the addition of 

JavaScript code to the Spring Framework21. 

 

A subset of the full R functions, as well as example data, are available for R programmers on 

GitHub to allow for customized processes to be developed (https://github.com/pmartR/). This 

includes pmartR and pmartRdata packages. The functions available as part of the web-service are 

described in Supplemental Table 1.  The pmartR package includes the functions for data 

transformation, filtering, quality control analysis of samples, normalization and statistical tests. 

The pmartRdata package describes and gives example files for using the functions in pmartR.   

 

The web-interface was developed with JavaScript and utilizes High-Charts22 for the interactive 

visualizations. The web-service is wrapped up as a Docker Container, so it can be used in various 

computing environments (https://hub.docker.com/r/pnnl/pmart-web/). The web-service offers the 

same files as in the pmartRdata package in the format needed for upload into the web application, 

as well as access to multiple cancer proteomics datasets and their clinical data generated through 

the CPTAC preloaded for exploration17-18. 

 

3. RESULTS AND DISCUSSION 

As seen in Figure 1, P-Mart offers a broad suite of capabilities. The statistics and protein 

quantification capabilities will be described briefly, but additional detail can be found in the P-

MartCancer description18.  A concise and simple format for user uploads has been developed that 

can be generated from most peptide or protein abundance files.  This format is easily generated 

from common formats output by MaxQuant and mzMine23-25.  Instructions for the file format and 

https://github.com/pmartR/
https://hub.docker.com/r/pnnl/pmart-web/
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conversion tutorials are available for download from the data upload page. In addition, a 

description of our interactive exploratory visualization capability that interacts with statistical 

parameters to quickly highlight key potential biomarkers will be given, as well as a detailed view 

of the export and documentation capabilities to enable reproducibility. Finally, we will give a brief 

use-case based on the example data available on the website. 

 

3.1. Overall P-Mart Capabilities 

P-Mart offers access to analyze user data through the main web page (Figure 1). P-Mart 

capabilities are demonstrated via video tutorials which are related to user uploads as well as on 

using the module-based workflow (http://bit.ly/PMartPNNL). Below we give an overview of the 

capabilities but point readers to the videos for details of user uploads and software manipulation. 

One of the novel components of P-Mart compared to existing tools is that all tasks below are 

completed without imputation, which has been demonstrated to have a significant impact and 

potential to introduce significant bias on downstream analyses26-27. 

3.1.1. User Uploads 

The user-upload functionality requires an upload of two or three .csv files as well as the 

specification of certain information about the data (e.g., is it peptide, protein, or gene level data; 

has the data been transformed and/or normalized already; which columns correspond to which 

biomolecules; what variables are of clinical interest). The upload screens for the use-case are 

shown in Figure 2. The first required file contains the quantified data for each biomolecule (rows) 

and sample (columns) and the second required file contains sample information including sample 

names and variables of interest (e.g., treatment groups or demographics). The third file is optional, 

and contains metadata on the biomolecules, such as mappings from peptides to proteins or genes. 

http://bit.ly/PMartPNNL
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In order to quantify from peptides to proteins or genes, this metadata file must be provided and 

include columns for peptide and protein or gene. 

 

3.1.2. Statistical Pre-processing and Analyses 

The statistical functions of P-Mart are focused on quality control processing, 

normalization, and basic statistical tests. The quality control functions include filtering of low-

quality peptide or protein information, as well as identification of samples with outlier behavior 

and normalization guidance9, 28-31. This allows for the generation of a dataset with improved 

properties in the context of variance and missing data for the purposes of statistical analysis. 

Finally, statistics allow for comparison of two or more groups via analysis of variance-based 

approaches for quantitative differences and a G-test for qualitative differences, as well as options 

for multiple test corrections. 
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Figure 2. P-Mart user interface showing the selections made for the example MERS-Co dataset 

upload. 
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3.1.3. Exploratory Data Analyses 

P-Mart offers standard pattern discovery tools, such as Principal Component Analysis 

(PCA) to evaluate visual separations of groups in the data, which is commonly performed in 

computational biology26, 32-33. A core component of P-Mart is that this task is completed on the 

data without requiring imputation34.   

P-Mart also consists of a unique capability for proteomics, an interactive visualization tool 

Trelliscope35, which provides a flexible and scalable way to divide datasets and analysis results 

into meaningful subsets, apply a plot method to each subset, and then arrange those plots in a grid 

and interactively sort, filter, and query panels of the display based on metrics of interest36. This 

allows a user to interactively explore their data and statistical results to make comparisons, 

evaluate statistical results and models, and uncover the structure of data even when the structure 

is quite complex. We have used Trelliscope to allow specific queries of interest across peptides, 

proteins or genes for various levels of information (e.g., coverage, statistical significance, fold-

change) and to display the results in a fashion that allows interactive discovery in lieu of sorting 

through spreadsheets. 

3.1.4. Exports and Reporting 

One of the most important features of P-Mart is the reporting and export functionality 

because it offers all the necessary information to reproduce an analysis exactly and all data files 

throughout the process where the underlying data has been modified (e.g., quantified to protein, 

normalized) in addition to the final statistics. This focus on reproducibility is a key issue currently 

in the field of biology37-39 and P-Mart is one methodology pursing strategies to ensure reproducible 

analyses. 
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3.2. Case Study – Virology Proteomics Analysis 

We present a case-study of real data to demonstrate the utility and novel features of P-Mart. 

We utilize a proteomics dataset from a study on Middle Eastern Respiratory Syndrome 

Coronavirus (MERS-CoV), where the objective was to analyze the response to MERS-CoV at 18 

hours post infection in human Calu-3 cells40-41. The dataset includes 3 uninfected samples and 9 

infected samples and is available for download from the P-Mart website. Figure 2 shows P-Mart 

at the data upload stage where we have input the three files via the user uploads page. The feature 

of interest in the MERS-CoV dataset is “Condition”, which refers to whether the sample is infected 

or not, so this variable is selected in the user-interface as the main effect. The user can custom-

select a workflow or allow P-Mart to make a suggestion based on the data provided. We selected 

workflow modules for quality assessment on peptides and samples, peptide-level statistics, protein 

quantification, protein-level statistics, pattern discovery and interactive Trelliscope displays 

(Figure 3). 

 

Figure 3. Module selection in P-Mart allows the user to add and removed existing capabilities 

easily, as well as new capabilities in R to be easily added to P-Mart. 
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The pre-processing of the data included a sample outlier filter29, with a significance 

threshold of 0.001, which removes one sample, and a peptide coverage filter31 removes 7,346 

peptides (Figure 4). Thus, at the end of the quality control processing there are 11 samples and 

10,081 peptides ready for statistical analysis and further processing. The 7,346 peptides were 

removed because the low occurrence indicates that no meaningful statistical comparison can be 

made. These datasets were then normalized by global median centering28. 

Differential peptide statistics compare the infected samples to the uninfected mock control 

samples using both quantitative (t-test) and qualitative (G-test) tests31. Next, a standard reference-

based median quantification is used to obtain data at the protein level42-43. Protein evaluation 

continues with statistical tests analogous to the peptide-level data. The results of the statistical 

analysis are bar graphs showing the number of peptides or proteins that are significant at a user 

defined threshold (e.g., p-value < 0.05).  In this example dataset there are over 600 significant 

proteins. These proteins are moved forward for further analysis with methods such as PCA or 

query-based evaluation in Trelliscope. 

We focus the remainder of the use-case on identification of interesting candidate markers 

using the Trelliscope capability. Trelliscope yields both peptide and protein level displays from 

which the user can choose. For the protein data, each graph represents a single protein, resulting 

in 630 displays for this dataset. We use the Panel Labels options to customize the information 

shown for each protein, ultimately selecting the p-value from the t-test, fold change, and protein 

name (Figure 5).  
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Figure 4. P-Mart quality assessment tools to evaluate the quality of samples (top) and adequate 

statistical coverage of peptides (bottom).  Each module allows the user to modify the parameters 

to be more or less strict in the selection criteria. 
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Figure 5. P-Mart Trelliscope features allow customization of the metrics that will be displayed 

with each plot (top) and the capability to sort, filter and search based on parameters of interest. 
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Trelliscope allows a user to sort and filter these in order to focus on the proteins most 

interesting to the user. To sort and filter the proteins we use the Table Sort/Filter options and filter 

down to those proteins with p-value < 0.005 and log2 fold change between 2 and 10 (corresponding 

to proteins displaying down regulation in the infected group), reducing the displays to a subset of 

28 proteins to examine (bottom Figure 5). We then sort by fold change. Among the subset of 

proteins are NGAL_HUMAN, DRG1_HUMAN, GANAB_HUMAN, and BLVRB_HUMAN, 

which are involved with kidneys and lung function, which MERS-CoV is known to affect these 

organs. Through Trelliscope, we were also able to identify several proteins linked to genes 

associated with antigen presentation, which displayed behavior consistent with prior findings in 

this study 41.  For example, TBA4B (involved in antigen presentation) and B2MG (involved in 

immunodeficiency) were in the subset of 28 proteins. Trelliscope provides a link to the Uniprot 

page44 for each protein, allowing verification of the types of genes and processes related to the 

proteins of interest. Figure 6 gives an example of this visualization, NGAL_HUMAN protein level 

data displayed as a boxplot and when the link is selected the Uniprot page gives information on 

the protein selected. It is comforting to identify proteins that are associated with functions expected 

to be observed in the experiment, however a key benefit of the rapid visual exploration in 

Trelliscope are the considerable number of proteins with unknown function or no obvious 

connection to explore either computationally or experimentally. 
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Figure 6. P-Mart Trelliscope gives a visual display of each protein that was selected based on user 

interaction (Figure 5) and allows interactive evaluation of the proteins through links to public 

resources, such as Uniprot. 

 

 One of the most important features of P-Mart is the reporting and file downloads.  Figure 

7 shows the report that is produced at the end of the analysis.  Scrolling through this report a user 

will find all the steps that were performed on the data with enough detail to reproduce the analysis.  

The bottom of the report offers references and a link to download all files associated with the 

analysis.  As seen in Figure 8 all files that are created throughout the analysis, including 

intermediate files at steps such as normalization, are provided to the user, as well as the statistical 

analyses results. 
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Figure 7. Example of the report yielded at the end of the P-Mart analysis. 

 

 

Figure 8. P-Mart download is available at the end of the report.  One the right is the collection of 

data that is available to the user, including normalized data, protein-level data and all statistics that 

were performed. 
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4. CONCLUSIONS 

P-Mart is a new online software tool to enable statistical processing and interactive discovery from 

peak-intensity global proteomics data in a reproducible fashion. The user can select a workflow 

from a series of modules and can easily progress through the workflow with visualization and 

tabular report capabilities integrated to allow the user to observe the changes in the data throughout 

the workflow. Novice users can use default parameters and expert users can tailor the tools to their 

specific requirements. P-Mart is a software, but aspires to meet the FAIR (Findable, Accessible, 

Interoperable, and Reusable) principles45-46. The underlying code base is available at various levels 

(https://github.com/pmartR/) and (https://hub.docker.com/r/pnnl/pmart-web/) and accessible 

through maintained online resources.  As a web-service P-Mart can interoperable with other work-

flow capabilities13-15.  In addition, the R-code can be used directly to operate with other R 

packages9, 12 allowing easy reuse of the code.  The user is offered a report at the end of the analysis 

that allows the processing of a dataset to be reproduced and all data and statistics files, including 

intermediate analyses are available to the user.  

 

SUPPORTING INFORMATION: The following supporting information is available free of 

charge at ACS website http://pubs.acs.org 

Supplemental Table S1: P-Mart functions 
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