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Abstract 

The iSwathX web application processes and normalizes mass spectrometry-based proteomics 

spectral libraries, generated in the main using data-dependent acquisition (DDA) approach. 

These libraries are stored in various proteomics repositories such as PeptideAtlas and NIST, or 

are user-generated and provide reference data for data-independent acquisition (DIA) targeted 

data extraction and analysis. iSwathX 2.0 can efficiently normalize DDA data from different 

instruments gathered at different instances and make it compatible with specific DIA 

experiments. The novel functions for parallel processing of DDA libraries and DIA report files 

along with various data visualizations are available in iSwathX 2.0. The step-by-step protocols 

provided here describe how the libraries are uploaded, processed, visualized and downloaded 

using various modules of the application. They also provide detailed guidelines for the use of 

DIA report files for data analysis and visualization. The application is freely available at 

https://biolinfo.shinyapps.io/iSwathX and the source code is available at GitHub 

(https://github.com/znoor/iSwathX). 

Basic Protocol 1: Processing and combining the two DDA Libraries 

Basic Protocol 2: Parallel processing and combination of multiple DDA Libraries 

Basic Protocol 3: Downstream processing, comparison, and visualization of DIA report files 

Keywords 

Spectral libraries, proteomics, data-independent acquisition (DIA), mass spectrometry, web 

application. 

Introduction 

Proteomics is high-throughput -omics technology to identify and quantify the entire set of 

proteins in a cell, tissue, organelle or organism, as well as their post-translational modifications 
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(Bruce, Stone, Gulcicek, & Williams, 2013) For the past two decades, liquid chromatography-

based mass spectrometry (LC-MS) have served as the primary source of proteomics data, in a 

data-dependent acquisition (DDA) mode,  leading to the first publications on the draft human 

proteome (Doerr, 2015). In 2012, a new methodology, data-independent acquisition (DIA), 

was developed to comprehensively seek out every peptide in a sample, resulting in a complex 

set of mass spectra that is difficult to interpret (Gillet et al., 2012). DIA experiments require 

reference spectral libraries for targeted data extraction and data analysis. To achieve this, the 

reference spectral library is designed by running the data-dependent acquisition (DDA) 

experiments on the same instruments and under the same chromatographic conditions. This is 

because the data extraction from DIA experiments is based on the peptide's retention time, 

which is highly specific to each peptide in each experiment. However, DDA experiments can 

only identify a subset of the DIA data. A large reference repository can be created by 

integrating data from libraries generated from other sources and on different instruments. Using 

this reference library in combination to the specified DDA libraries can significantly enhance 

the number of proteins identified by the DIA experiment. Such an approach necessitates 

retention time calibration to make the libraries compatible with analyzing data from DIA 

experiments. These library files are generated through a spectrum-centric approach using 

protein databases and search engines, and stores a list of identified proteins and peptides, 

peptide retention times, transition ion intensities and other experimental information (Schubert 

et al., 2015).  

 

To facilitate rapid DIA data analysis, we developed iSwathX (Noor, Wu, et al., 2019) as a web 

application, based on the SwathXtend R code (Wu et al., 2016). iSwathX is an automated 

pipeline for proteomic scientists to combine spectral libraries in a binary fashion guided by 

statistical analysis, using only a modern web browser. The current version, iSwathX 2.0 (Figure 

1), has additional features for combining multiple DDA libraries and a suite of other useful 

tools (Figure 2). The protocols presented here represent the step-wise working of the iSwathX 

application for processing, retention time calibration and merging of DDA libraries. The first 

protocol shows the processing of pairwise library combination, extended to multiple DDA 

libraries, in the second protocol. The third protocol demonstrates the processing and 

visualization of DIA report files, as well as the comparison of different DIA report files.  
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Basic Protocol 1: 

Processing, Combining and Visualizing two DDA Libraries  

In this basic protocol, we explain how to calibrate and merge the DDA spectral information 

from two different library files. This module of the application performs a variety of functions, 

starting with the reading and processing of the library files. The protocol describes how we can 

process and prepare these libraries according to the DIA experiment, calibrate them on a single 

scale and then combine them. In this process, the first library is called a “seed” (or “base” or 

“reference”) library and the second one is called an “add-on” (or external) library, which needs 

to be calibrated and merged with the base library. At the end of this protocol, we will have the 

customized merged library compatible with a particular DIA experiment, downloadable in a 

variety of file formats.  

Necessary Resources: 

Hardware 

Any system that can run an Internet browser is sufficient to run the application. For example, 

for Google Chrome to run, the system requires Intel Pentium 4 processor or later with a 

minimum of 512 MB RAM. For local data analysis in an RStudio environment, the system 

requirement is a minimum of 256 MB RAM. 

Software 

iSwathX is freely accessible at https://biolinfo.shinyapps.io/iSwathX using any Web browser, 

such as Google Chrome, Mozilla Firefox, Microsoft Internet Explorer, Safari or Opera. It can 

also be run locally in an RStudio environment directly from the GitHub repository 

(https://github.com/znoor/iSwathX).  

Files 

Input files: a spectral library file in tab or comma-separated (.txt, .csv, .tsv) format in which 

each row represents the spectral information related to the fragment and peptide ions for the 

list of identified proteins. The file should contain a specific set of information, such as protein 

names, peptide sequences, retention times, fragment ions, intensity values, peptide and 

fragment charges, and mass-to-charge values. For these libraries to be compatible with 

different DIA data analysis software (Skyline, Spectronaut, OpenSWATH, PeakView), the 

spectral information is stored with precise column names. The application is capable of reading, 

converting and writing the libraries in any of the above-mentioned file formats and can handle 

very large library files with a large number of identified proteins and peptides. Example library 

files are provided in different formats (smaller versions) in the Help menu of the application 
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(https://biolinfo.shinyapps.io/iSwathX/#shiny-tab-help), which must be downloaded for 

testing.  

Basic Protocol Steps and Annotations: 

1. Go to the “Expert Analysis of Two Libraries” module of the application. 

2. Select the ‘Library Input and Format Conversion’ page, from the sidebar menu.  

3. Select the library format of the base library and choose the library file (.txt /.csv /.tsv file).  

The seed (or base or reference) library is the library that is constructed specifically and 

under the same experimental conditions as the corresponding DIA experiment. The 

retention times in the final library are calibrated to the retention times in this library. 

4. Select the library format of the add-on library and choose the library file (.txt/.csv/.tsv file)  

The add-on (or external) library is the library which has to be merged with the base 

library. The retention times of the peptides from this library are calibrated according 

to the retention times in the base library. 

5. Click ‘Apply’ to load and display the data from both libraries in table and graphical formats.  

After the libraries are loaded, the number of proteins and peptides in each library is 

shown in the summary section.  

6. In the ‘Cleaning Libraries’ section, the parameters to filter and process the library files are 

automatically set to default values. However, these may be modified. Click “Clean” to run 

this process. 

Details of the parameters are: 

Intensity cutoff: Peptides with intensity value below this cutoff are removed. 

Confident cutoff: Peptides with confidence value below this cutoff are removed. 

Max. product charges: Fragments or product ions with charges greater than this are 

removed. 

Max. precursor charge: Peptides or precursor ions with charges greater than this are 

removed. 

Min. fragment series number: Fragment ions less than this number are removed. 

Remove modified peptides: Peptides with any modifications are removed. 

Remove missed cleavages: Peptides with missed cleavages are removed. 

7. To download the processed base and add-on libraries, select the format from the given 

options and click download (optional). 

8. Select the ‘Library Comparison’ page either from the sidebar menu or from the top of the 

input file page. This page will automatically load the files from the previous page. 
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In this module, data between the libraries are compared to check whether the libraries 

have sufficient common peptides to perform the retention time predictions and 

calibrations.  

9. Select the retention time correlation method and click ‘Compute’. 

Retention time correlation is performed using either the retention times only or the 

retention times and hydrophobicity data of the common peptides from both libraries. 

The correlation is shown in the form of a graph, and a table showing the common 

peptides and their actual retention times.  

10. Select the relative intensity correlation method and click ‘Compute’. 

Relative intensity correlation is performed using the intensity values of the common 

peptides from both libraries. The correlation is shown in the form of a graph, and a 

table showing the common peptides and their intensity values.  

11. Select the ‘Building Combined Library’ page either from the sidebar menu or from the top 

of the ‘Library Comparison’ page. This will automatically load the library files from the 

previous step. 

12. The default parameters for combining the libraries are loaded automatically. The default 

parameters may be changed as required. To combine libraries,  click ‘Run’.  

Details of the parameters are: 

Method: Method to perform the retention time normalization between the seed and add-

on libraries. This can either use just the retention times of the peptides or both the 

retention times and the hydrophobicity index of the peptides to predict the retention 

times of peptides in the add-on library. 

Libraries: Either ‘original’ or ‘cleaned’ (from step 6) libraries are used for 

combination. 

Include Length: Includes the length of the peptide as a feature for retention time 

prediction. 

Consolidate Accessions: Consolidates the protein accessions between the libraries. 

Generate Plots: Generate the plots for the libraries' processing and combination steps 

to be visualized in the ‘Data Visualization’ tab. 

Merge Libraries: Either merge the seed and add-on libraries after the retention time 

normalization or keep and download the normalized add-on library only. 

Recalibrate Retention Time: Retention time calibration between the libraries if the RT 

correlation between common peptides is less than 0.8. 



6 
 

RT Correlation Cutoff: If peptides RT correlation is less than this cutoff, either the 

library combination process terminates or RT calibration is performed (if ‘Recalibrate 

Retention Time’ is checked). 

Training Set Size Cutoff: If the number of common peptides between the two libraries 

is less than this cutoff, the library combination process terminates. 

Output 

13. After the processing is complete, the application will display the combined library in table 

and graphical format.  

14. The resultant library file represents the spectral information combined from the seed and 

add-on libraries. The retention times of the peptides merged from the add-on library are 

now calibrated according to the seed library. 

15. To download the combined library, select the format in the ‘Download Library’ section and 

click download.  Depending on the format selected, these libraries can be directly read by 

the corresponding DIA data analysis software (Skyline, Spectronaut, OpenSWATH or 

PeakView). 

16. At the last step, graphs can be visualized and downloaded together in the ‘Library Data 

Visualization’ page. 

Correlation Plots: All the plots from retention time and relative intensity correlations 

(steps 9 and 10) are displayed. 

Stats Plots: Different plots showing the number of proteins and peptides in the 

individual and combined libraries, peptides frequency per proteins and the Venn 

diagrams for common proteins and peptides are displayed. 

 

Basic Protocol 2: 

Title: Parallel processing and combination of multiple DDA libraries 

Introduction: 

Here we describe a novel approach of processing and combining multiple library files in 

parallel. The module contains functions for processing either three (one seed and two add-ons) 

or four (one seed and three add-ons) libraries. The library files can be read in any of the 

available file formats, with add-on libraries ranked according to their retention time and 

intensity correlation with the base library. Visualization of quality assessment and processing 

of statistics are also implemented in this module. At the end of this protocol, you will have an 
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extended library designed by merging the datasets of the multiple libraries sequentially, on the 

basis of their ranks.  

Necessary Resources: 

The hardware and software resources and the required files to run this protocol are the same as 

Basic Protocol 1. 

Basic Protocol Steps and Annotations: 

1. Select the ‘Expert Analysis of Multiple Libraries’ module of the application to read and 

process multiple library files. 

2. Select one of the given options. Either ‘Reading Three Libraries’ or ‘Reading Four 

Libraries’ and select the files in any of the given file formats. 

3. Click ‘Apply’ to upload and read the libraries (see Figure 3). 

After the libraries are loaded, the number of proteins and peptides in each library is 

shown in the summary section.  

4. In the next step, each add-on library is compared to the seed library. In the ‘Library 

Comparison’ section, click ‘Compute’ to execute the comparative assessment and ranking 

of the add-on libraries. The resulting table will then show the RT and intensity correlations, 

and the number of common peptides between the seed and the add-on libraries, and the 

rank of each add-on library on the basis of the highest correlation with the base library. The 

graphical representation is also available (see Figure 4). 

5. Click on ‘Building Combined Library’ either from the sidebar menu or from the top of the 

input files page which will automatically load the library files from the previous step. Set 

the parameters for the combined library as explained in the Base Protocol 1 Step 12 and 

click ‘Run’. 

Output 

6. During the integration of libraries in this module, the add-on libraries are sequentially 

merged to the seed library based on their rank. After each iteration, the merged library 

becomes the seed library for the next add-on library. After the processing is finished, the 

combined library can be investigated in table and graphical formats.  

7. The resultant library file represents the spectral information combined from the seed and 

the input add-on libraries. The retention times of the peptides merged from the add-on 

libraries are now calibrated according to the seed library. 

8. To download the combined library, select the format in the ‘Download Library’ section 

and click download. Depending on the format selected, these libraries can be directly read 
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by the corresponding DIA data analysis software (Skyline, Spectronaut, OpenSWATH or 

PeakView). 

9. At the last step of this wizard, Venn diagrams for the libraries can be visualized and 

downloaded for each iteration, in the ‘Library Data Visualization’ page. 

 

Basic Protocol 3: 

Title: Downstream processing and visualization of DIA report files 

Introduction: 

The third protocol comprises step-by-step instructions for the processing and the visualization 

of the DIA report files. The combined spectral library from Protocol 1 or Protocol 2 is used to 

identify proteins and peptides from the DIA/SWATH data, using Skyline. This DIA analysis 

software generates a report file containing the list of quantified proteins and peptides and other 

data. This protocol provides a firsthand overview of the report files helps to assess the quality, 

reproducibility and consistency of the extracted data.  Pre-processing of the DIA data is also 

required, before performing further quantitative analysis and arriving at the biologically 

significant conclusions. Besides the processed report file, a graphical representation of the 

processed data is also useful in understanding the final results. 

Necessary Resources: 

The hardware and software resources to run this protocol are the same as Basic Protocol 1. 

Files 

Input files: a report file in tab or comma-separated (.txt, .csv, .tsv) format in which each row 

represents the quantification information, such as normalized area values, q-values (based on 

false discovery estimation) and retention times related to the fragment and peptide ions and, 

other qualitative parameters for the list of quantified proteins. Example report files are also 

provided in the Help menu of the application, which can be downloaded and tested.  

Basic Protocol Steps and Annotations: 

1. Go to the ‘DIA Report Analysis and Visualization’ module of the application from the 

sidebar menu and select the ‘Reading and Processing’ page for reading the report files. 

2. Select the report file format (currently only Skyline available) and choose the file 

(.txt/.csv/.tsv file). 

3. Click on ‘Apply’ to load and display the file in table format (see Figure 5). 
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After the file is loaded, the number of quantified proteins along with the corresponding 

peptides is shown in the summary section.  

4. Check the ‘Process Report File’ box to view and set the parameters to process and filter 

the report file (optional). Click on ‘Apply’ to apply these changes to the report file. 

Details of the parameters are here: 

Removing standard/spiked-in peptides: Remove any standard or spiked-in peptides not 

required in the analysis of data by providing the unique identifier from those peptides. 

Average DotP values for peptides among replicates: Calculate the mean DotP 

(correlation between observed (library) and measured (DIA) spectra) values for the 

peptides using the values of each experimental run. 

Average Mass Error-values for peptides among replicates: Calculate the mean mass 

error values for the peptides using the values of each experimental run. 

The average retention time for peptides among replicates: Calculate the mean retention 

time for the peptides using the values of each experimental run. 

Average Q-values for peptides among replicates: Calculate the mean q-values (based 

on false discovery rate) for the peptides using the values of each experimental run. 

5. Click on ‘Downloading Report File’ to save the processed report file to the local computer. 

6. Select the ‘Quality Check Plot’ page from the sidebar menu or the top of the current page 

to visualize the various quality assessment plots. This page will automatically load the 

report file from the previous page. 

Output 

7. Different quality plots are shown in separate tabs (see Figure 6). These include: 

Dot Product: Distribution of peptide DotP values among the replicates / experimental 

runs. 

Intensity: Distribution of peptide intensity values (area under the curve) among the 

replicates. 

Mass Error: Distribution of peptide mass error values among the replicates. 

Coefficient of Variation (CV) (for intensity values): Distribution of peptide CV values 

among the technical replicates. 

Q-Values: Distribution of peptide q-values among the replicates. 

 

8. The last tab of the quality assessment module is ‘DDA-DIA RT Correlation’. For this, 

select the library format from the given options and upload the DDA library used in the 
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data extraction and analysis for the corresponding DIA report file. Click ‘Plot’ to visualize 

the results (shown in Figure 7). 

The resulting plot shows the peptide RT correlation from the DDA and DIA 

experiments. The correlation between these RTs shows the correctness of the peaks 

selected. 

9. Select the ‘Protein Intensity’ page from the sidebar menu or the top of the current page to 

interpret the protein intensities, which are calculated using the peptide intensity values in 

the report file. 

10. Click ‘Compute’ to perform calculations, and visualize the data in table and graphical 

formats.  

11. In the last step, graphs can be visualized and downloaded together on the visualization 

page (in .png format). 

 

A detailed set of tutorials, with informative videos, is available from the iSwathX Help page 

(https://biolinfo.shinyapps.io/iSwathX/#shiny-tab-help). 

 

Commentary 

Background Information.  

Mass spectrometry has been the analytical method of choice in identifying and sequencing 

proteins primarily due to its accuracy, throughput and ability to identify multiple proteins in a 

single experiment (Matthiesen & Bunkenborg, 2013; Noor, Seong, Baker, Ranganathan, & 

Mohamedali, 2019) . However, merely qualitative identification of a protein has minimal utility 

in application-based science (Picotti, Bodenmiller, & Aebersold, 2013) where, along with 

qualitative information, quantitative information allows uncovering whole new paradigms of 

biological function. As such, multiple methodologies for quantifying peptides and proteins 

have been developed. These include label-free (such as Multiple and Single reaction 

monitoring (MRM/SRM)) or label-based (such as iTRAQ or TMT isobaric label) approaches 

(Vidova & Spacil, 2017). Of the label-free methodologies, more recently, the DIA method has 

become relatively popular (although originally having been proposed in 2004) (Martins-de-

Souza, Faca, & Gozzo, 2017) mostly due to advances in MS technologies and computational 

and informatics technologies, to decipher the data obtained from such experiments. Most DIA 

experiments rely on a previously acquired DDA experiment (or library) to extract spectra from. 

Hence, large, high quality and comprehensive DDA libraries will result in more extensive, 
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accurate and quantifiable data from a DIA run. Wu et al., (Wu et al., 2016) developed a 

statistical method (SwathXtend) to leverage the huge amount of stored DDA data and design 

highly compatible libraries by combining and calibrating different datasets in a pairwise 

manner, in the form of an R package. The method had various data processing and usage 

limitations which were addressed in the iSwathX application (Noor, Wu, et al., 2019). 

Recently, we have developed novel functions for parallel processing multiple DDA libraries 

and analyzing DIA report files, along with data visualization, implemented in iSwathX2.0. The 

protocols described here utilize all the previous and recently developed functions of 

iSwathX2.0, for the benefit of both experimentalists and bioinformaticians. 

 

In addition to the DDA-based assay or spectral libraries, methods to design DIA-based libraries 

(Li et al., 2015; Meyer et al., 2017; Searle et al., 2018; Tsou et al., 2015; Wang et al., 2015)  

and library-free DIA data analysis (Ting et al., 2017; Verbeke, Bernhardt, Gandhi, Bruderer, 

& Reiter)  have also been developed. Such methods do not require prior DDA data and are 

capable of generating the reference data directly using DIA MS scans. However, these methods 

are still to be validated and characterized, and there are no specialized databases and 

repositories for sharing and distributing DIA-based libraries. On the other hand, massive 

amounts of DDA-based data is available and stored in the repositories (Noor, Seong, et al., 

2019), and the methods explained in this protocol help in the wide usability and applicability 

of stored data to investigate DIA experiments.  

 

Critical Parameters and Troubleshooting 

Some of the critical parameters of the protocols described above include: 

i. Retention time normalization methods: These methods perform retention time 

normalization between different libraries. The user has to select either the RTs of the 

common peptides or both RTs and peptide hydrophobicity indexes values. The choice 

of these parameters may significantly affect the results. The most common approach is 

using only the RTs; however, the user can always compare and visualize the results 

from both approaches. Moreover, the higher the RT correlation among the libraries, the 

more accurate the predicted RTs for the added peptides. 

ii. Size of the training set: For RT normalization, the regression model is designed using 

the RTs of common peptides and the RTs for the add-on libraries are predicted. The 

model is trained using the data from common peptides among libraries and accurate RT 

prediction can be greatly affected by the size of the training set (i.e. the number of 
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common peptides). The training set should comprise a minimum of 50 peptides and up 

to ~200 in the case of large libraries. 

iii. Normalized intensity values: In the DIA report files, to calculate the protein intensities 

and to perform the accurate coefficient of variation (CV) analysis among technical 

replicates, the peptide intensity values should be normalized using various 

normalization methods (Nahnsen, Bielow, Reinert, & Kohlbacher, 2013; Tyanova, 

Temu, & Cox, 2016) . This can be performed in the DIA data analysis software, before 

exporting the data in the form of report files from such software. 

 

We have also discussed potential problems or errors that could be encountered in Table 1, while 

following this protocol and provided suggestions on how to solve them. 

 

Suggestions for Further Analysis  

Library combination and generation is a critical step in the accurate extraction of data from a 

DIA run. The libraries generated using the iSwath2.0 tool is the first step to a comprehensive 

analysis of DIA data obtained from DIA runs on a suitable mass spectrometer. The ability to 

output the data in multiple formats means that compatibility with downstream processing 

software is possible. Libraries from this application can be incorporated directly into the DIA 

analysis software (Skyline, Spectronaut, OpenSWATH, and PeakView) for protein 

quantifications. The libraries designed using this application can also be calibrated and 

extended to design customized spectral reference data for a specific DIA experiment. 

Furthermore, the application can also be extended to develop a module to perform retention 

time calibration using iRT standard peptides (Escher et al., 2012), read the standard calibrated 

libraries and then integrate these libraries. 
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Figure legends 

 

Figure 1. Homepage of iSwathX 2.0 web application. 

 

Figure 2 Graphical representation of functions performed by iSwathX 2.0. The application 

includes SwathXtend (R-package) functions (shown in blue), the earlier iSwathX (previous 

version) functions (shown in green) and the latest novel functions (shown in orange).  

 

Figure 3 Module to read and analyze multiple libraries. 

 

Figure 4 Comparison of multiple add-on libraries with seed library. 

 

Figure 5 Module to read and process DIA report files. 

 

Figure 6 Overview of quality check plots from DIA report files. 

 

Figure 7 Plot to show retention time correlation between DDA and DIA data. 
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Tables 

 

Table 1. Potential errors while working with iSwathX2.0 and possible solution(s). 

Problem Possible Cause Solution(s) 

Application loading error or 
processing of very large 
library files 

Heavy load on the RShiny 
webserver 

We advise waiting for some 
time or alternatively, the 
application (with full 
interface) can be launched 
locally through GitHub 
repository by running just 
three commands in R 
(details available in the 
‘Help’ section). 

Error in creating the 
canonical format 

Wrong file format or file 
selected while reading the 
library file 

Check whether the selected 
file is in the format selected. 

The downloaded file is not 
readable or not in the correct 
format  

While downloading the file, 
the application sometimes 
requires adding the file 
format at the end of the file 
name.  

Put the file format at the end 
of the file name, e.g. 
‘file.txt’ 

RT correlation is not 
performed or training data is 
small 

Training data (number of 
common peptides) from two 
libraries is less than 50 
(default) or the user-
specified value. 

Either lower the cut off 
value of training data or 
change the libraries. 

Error in processing and 
filtering the DDA library or 
DIA report file 

The column names are not 
compatible or corresponding 
columns are missing in the 
file 

Check the column names. 
Can download, run and 
compare with the sample 
files from the ‘Help’ section. 
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Figure 1. Homepage of iSwathX 2.0 web application. 
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Figure 2 Graphical representation of functions performed by iSwathX 2.0. The application 

includes SwathXtend (R-package) functions (shown in blue), the earlier iSwathX (previous 

version) functions (shown in green) and the latest novel functions (shown in orange).  
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Figure 3 Module to read and analyze multiple libraries. 
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Figure 4 Comparison of multiple add-on libraries with seed library. 
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Figure 5 Module to read and process DIA report files. 
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Figure 6 Overview of quality check plots from DIA report files. 
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Figure 7 Plot to show retention time correlation between DDA and DIA data. 

 




