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Abstract:

Introduction:

Continuous advances in mass spectrometry (MS) technologies have enabled deeper and more
reproducible proteome characterization, and a better understanding of biological systems when
integrated with other ‘omics data. Bioinformatic resources meeting analysis requirements of increasingly
complex MS-based proteomic data, and associated multi-omic data, are critically needed. These
requirements included availability of software spanning diverse types of analyses, along with scalability
for large-scale, compute-intensive applications and mechanisms to ease adoption of the software.

Areas covered:

The Galaxy ecosystem meets these requirements by offering a multitude of open-source tools for MS-
based proteomics analyses and applications, all in an adaptable, scalable, and accessible computing
environment. A thriving global community maintains these software and associated training resources to
empower researcher-driven analyses.

Expert opinion:

The community-supported Galaxy ecosystem remains a crucial contributor to basic biological and clinical
studies using MS-based proteomics. In addition to the current status of Galaxy-based resources, we
describe ongoing developments for meeting emerging challenges in MS-based proteomic informatics. We
hope this review will catalyze increased use of Galaxy by researchers employing MS-based proteomics
and inspire software developers to join the community and implement new tools, workflows, and
associated training content that will add further value to this already rich ecosystem.

Keywords
Bioinformatics, Computational workflows, Galaxy platform, Mass-spectrometry, Multi-omics,
Proteomics, Reproducibility

Article highlights:

e The Galaxy bioinformatics ecosystem provides a flexible and scalable informatics resource for
scientists to access software analysis tools, process data, and visualize results customized to their
needs.

e MS-based methods in proteomic research generate complex data types, that are computationally
challenging for their processing, analysis, and interpretation.

e The provenance tracking in Galaxy allows users to save and share complete analysis histories and
workflows in shotgun proteomics, data independent acquisition (DIA) MS-based quantitation,
multi-omics, MS imaging, and results visualization and interpretation.

e Current workflows within Galaxy have enabled research in various fields such as COVID-19
pandemic research, proteogenomics, metaproteomics, MS-imaging, and MS-based proteomic
clinical and translational studies in patient-derived samples.

e Galaxy ecosystem also offers access to training resources which promotes awareness and
empowers adoption of these tools by the research community.



1. Introduction: The Galaxy Ecosystem

The constantly evolving mass spectrometry (MS)-based methods and technologies that drive proteomic
research generate intricate and diverse data types which in turn create numerous computational and
informatics obstacles [1]. To overcome these challenges, researchers need access to adaptable, scalable,
and reproducible informatics resources that cater to the specific requirements of end-users and their
research projects. Researchers worldwide have come together to utilize the Galaxy bioinformatics
ecosystem as a powerful solution [2,3]. Galaxy is a user-friendly workbench for scientific computing,
deployable on scalable computing infrastructure, and accessible through a web graphical user interface.
With minimal technical barriers, scientists are able to access software analysis tools and workflows,
process their data, and explore, visualize, and portray their results in a manner customized to their needs
[4]. Provenance tracking is a key feature, allowing users to save complete “Histories”, which record and
archive all steps of an analysis, as well as intermediate and final result files. “Workflows” (Figure 1) can
be extracted from a history and shared. These workflows record the validated settings for each software
tool utilized and can be modified and applied to any input data set with compatible formats. These
Histories and Workflows can be shared with other users, assigned DOlIs (across versions), and adopt best
practice metadata on platforms like WorkflowHub [5] and Dockstore [6], thereby promoting transparent
and reproducible analyses. These workflows also encapsulate a series of interconnected software tools
packaged within Galaxy, streamlining the entire analysis process, and promoting reproducibility by
ensuring consistent methodology across experiments. This modular approach enhances flexibility, as
researchers can easily modify, add, or remove specific components to tailor workflows to their unique
research questions [7]. Moreover, the accessibility to extendable dynamic memory, made possible
through Galaxy's integration with High-Performance Computing (HPC) platforms[8], has been
demonstrated as a key feature towards enabling large-scale, compute-intensive analyses [9-11].

Since its inception in 2005 [3,12], the community of Galaxy users and developers has continuously grown
and facilitated the development of a comprehensive and open bioinformatics ecosystem with broad
application across an expanding range of scientific domains [3].The framework has been so impactful that
more than 130 public instances of Galaxy are deployed worldwide on numerous scalable computing
platforms [13]. Galaxy has contributed to over 10,000 published studies by researchers across the globe,
a number that continues to grow [14]. Access to Galaxy resources is further enhanced by a global network
of large, freely available servers that offer both new and experienced users access to validated tools that
span the ‘omic domains: these are part of the usegalaxy.* network of publicly accessible instances
(https://galaxyproject.org/use/). The Galaxy Tool Shed [15] underpins the ecosystem by making
thousands of wrapped and validated software tools for Galaxy available [16].

Notably, an active global community of researchers has created numerous publicly accessible, online, and
on-demand training resources, including for MS-based proteomics, as part of the innovative Galaxy
Training Network (GTN) [17]. These resources - which include guided walkthroughs of diverse analyses
based on small exemplary datasets, recorded videos, and pre-prepared workflows - offer a unique means



for non-expert users to learn and access sophisticated software tools and optimized workflows and
subsequently adopt them for their research questions.

2. MS-based proteomic informatics in Galaxy

Galaxy offers a consolidated platform where MS-proteomics data and related data from other 'omic’
domains can be analyzed with a flexible combination of tools and workflows that cover many of the
mainstream contemporary applications of proteomics (Table 1). Importantly, Galaxy can be deployed
across multiple different types of backend infrastructure, including locally maintained and accessed
servers with advanced high-performance computing systems, as well as scalable cloud environments for
web-based access. A single Galaxy instance can distribute its jobs across compute clusters using the Pulsar
system [18], such that computationally intensive tools can be directed to Pulsar nodes with many cores.
The Total Perspective Vortex (TPV) [19] has empowered Galaxy to install, deploy and configure specific
tools with the unique requirement of different infrastructures.

Over the last decade, tools and resources have been established in Galaxy that encompass the main
analysis approaches and requirements of MS-based proteomic applications: 1) shotgun, data-dependent
acquisition (DDA), 2) data-independent acquisition (DIA), 3) multi-omics, centered around MS-based
proteomics, 4) MS imaging (MSI), and 5) visualization and biological interpretation of processed results.
Table 1 shows a selection of the more well-known tools [20] available in Galaxy for various analysis
applications, which are described in more detail below. In total, there are approximately 400 tools for
MS-based proteomics within the Galaxy Tool Shed [15] as well as dedicated GitHub repositories (e.g.
github.com/galaxyproteomics/tools-galaxyp), including both standalone software designed by leading
labs that specialize in MS-based proteomic software development, and also specialized tools designed for
specific applications and creation of integrated customized workflows. Galaxy's extensive tool repository
available through either the Tool Shed [https://toolshed.g2.bx.psu.edu/] or GitHub
[https://github.com/galaxyproject] enables researchers to access and incorporate a diverse array of tools
that can be tailored to their specific needs. Comprehensive tool suites (e.g. OpenMS [21], TransProteome
Pipeline [22], CompOmics [23], and ongoing implementation of FragPipe [24]) are also accommodated by
wrapping individual functions to create a modular set of independent Galaxy tools that can be executed
one-by-one, or chained into complex workflows to suit bespoke analysis tasks [25]. Access to many of
these tools and workflows is further facilitated by resources in the GTN and deployment on the
usegalaxy.* network of publicly available instances.

This review offers an overview of the Galaxy ecosystem and its value as a comprehensive solution for MS-
based proteomic informatics. We focus on highlighting the established, major usage applications in Galaxy
(see Figure 2), as well as complementary, value-added characteristics of the Galaxy ecosystem that
distinguish it from other MS-based proteomic informatics platforms. Finally, we provide some thoughts
on Galaxy’s role in meeting informatics challenges related to emerging technological advances in MS-
based proteomics.



2.1. Shotgun Proteomics

From the outset, the implementation of MS-based proteomics tools in Galaxy focused on datatype
specifications and software tools for liquid chromatography-tandem mass spectrometry (LC-MS/MS)
shotgun proteomics [26]. LC-MS/MS of complex peptide mixtures derived from tryptic digestion of
proteins is a mainstay for proteomic analysis, using so-called “data dependent”, or DDA methods, for
detecting and selecting individual peptides for fragmentation and generation of MS/MS spectra. Sequence
database search programs utilize FASTA-formatted protein sequence databases to match peptide
sequences to these spectra, generating peptide spectrum matches (PSMs), which are used to infer protein
identities in the starting sample.

Over the last decade, several core sequence database search tools have been implemented and used
extensively in Galaxy. These have followed a foundational philosophy of the Galaxy community, to deploy
well-validated, Galaxy-compatible command-line software tools within the platform that are of the
highest value to the user community, while also offering a choice of tools where possible. For shotgun
DDA MS/MS data, available programs include SearchGUI/PeptideShaker [27,28], MaxQuant, and
appropriate tools from the OpenMS [21], Trans Proteomic Pipeline (TPP) [22] and CompOmics [23] suites
have been implemented. More recently, the powerful and increasingly popular FragPipe tool suite [24] is
being deployed and validated, which should offer new possibilities for efficient PSM and protein
identification across many studies. For all these tools, the recorded histories can be easily re-run on the
same input data, modifying settings as needed to explore new questions (e.g., searching for novel
proteoforms, microbial peptides or new post-translational modifications etc.). Many of these software
takes advantage of the scalability of Galaxy on HPCs, making it possible to distribute jobs and analyze
hundreds of samples in feasible timeframes, as has been shown for other compute-intensive analyses.
Galaxy offers a distinctive advantage over stand-alone software tools as it removes the need for
researchers to install each piece of software and manage the compute system that the software runs on,
it allows researchers to construct tailored workflows for sequence database searching that employ several
of these software, leveraging the individual strengths of each tool and the complementary results they
produce [29,30].

Beyond qualitative peptide and protein identification of LC-MS/MS data, tools for quantitative analysis of
this data have been emphasized. These include software for popular methods in quantitative proteomics
that utilize both stable-isotope labeling and label-free methods [31]. The software MaxQuant and
Fragpipe tool suite[32] provides rich functionality for the analysis of stable-isotope labeled data such as
stable isotope labeling in cell culture (SILAC)[33], and isobaric peptide tagging (e.g. iTRAQ [34], and
tandem mass tag, TMT[33]. For label-free quantification (LFQ), the tools FlashLFQ and moFF have been
implemented and rigorously tested in Galaxy[35], complementing tools available in MaxQuant [36] and
Fragpipe [37] for similar LFQ analyses. Importantly, the community-standard MSStats platform [38,39] for
statistical analysis of quantitative MS-based proteomics data is available within Galaxy[40].



2.2. Data independent acquisition (DIA) MS-based proteomics

Although shotgun DDA-based LC-MS/MS remains a mainstay for many proteomics researchers, DIA
methods are quickly gaining popularity. Rather than rely on stochastic detection of individual peptides in
DDA acquisition, DIA collects MS/MS data from all detectable peptides by rapidly scanning discrete mass-
to-charge (m/z) windows across the entire usable range of peptide masses as they elute from the LC [41—
43]. Using customized software tools, such as EncyclopeDIA [44], DIA-NN [45], or OpenSWATH [46], co-
eluting peptide fragments from a set mass window are extracted and used to verify the presence of the
sequence and quantify its abundance by area-under-the-curve measurements. DIA offers many potential
advantages compared to DDA, including more reproducible detection and quantification of peptides and
their inferred proteins, associated post-translational modification (PTM) events such as phosphorylation
[47-49], and amenability to deep and accurate quantification of complex samples in a high throughput
manner[50-52].

Given its potential and increasing popularity, Galaxy community members have focused attention on
deploying tools to enable DIA-based analyses. These have included the OpenSwath tool suite [46,53,54]
and associated tools such as diapysef, PyProphet [55], TRIC [56] and SWATH2stats [57] and DIA-focused
analysis functionalities now available in FragPipe [58]. The EncyclopeDIA software, which enables efficient
and comprehensive DIA analysis using chromatogram library information, has recently been installed[59].
Outputs from these DIA analysis tools are also amenable to statistical analysis using the MSStats tools in
Galaxy [60]. Although the Galaxy platform currently lacks dedicated tools for Selected Reaction
Monitoring(SRM)/Parallel Reaction Monitoring(PRM), the DIA and DDA workflows create results for
identified peptides and proteins that lend themselves development of such targeted methods using the
popular Skyline platform [61]. The intensive computing and memory requirements typical of complex DIA
analyses can be met by Galaxy’s amenability to deployment on scalable high-performance computing
infrastructure.

2.3. Multi-omics

Given its initial development as a genomics-centric bioinformatics platform, Galaxy houses a large
selection of contemporary tools for the analysis of next-generation sequencing (NGS) data. With the
addition of MS-based proteomics tools, it quickly became apparent that Galaxy offered a unique solution
for integrative, multi-omic informatics combining NGS and proteomic data and software [62—66]. One
such application, proteogenomics [67], combines DNA and/or RNA NGS information with MS-based
proteomics data. This approach is well-represented in Galaxy. A central aspect of proteogenomics is the
ability to confirm the translation of novel protein products that are predicted by the assembly and
annotation of expressed transcripts. This is accomplished by generating custom protein sequence
databases that incorporate predicted and canonical reference sequences, as well as sequences translated
from non-normal gene or mRNA sequences indicated by NGS analysis. For proteogenomics, customized
software wrapped for Galaxy is used to identify non-normal sequences from assembled NGS data and
generate corresponding novel protein sequences which can be included in FASTA-formatted sequence
databases. These tools include CustomProDB [68] and the community-standard tools HISAT2 [69] and



StringTie [70,71] for assembling and annotating NGS data. The identification of non-normal sequences is
supported by efforts in the Galaxy community to enable efficient, programmatic access to reference
sequence repositories [72]. The PepQuery software [73,74] has been implemented as well, serving as a
means to verify the confidence of putative novel peptides, by rigorously evaluating PSMs to novel
sequences against other possible reference sequence matches (including those carrying PTMs). Galaxy
also houses the QuanTP tool [75] to compare the expression response of RNA transcripts and their
corresponding, encoded proteins, offering a means to ascertain potential post-transcriptional regulation
events.

Another growing, MS-based proteomics-centered multi-omics approach is metaproteomics, which seeks
to characterize the functional proteins expressed by the microbiome of microorganism communities
[76,77]. Metaproteomics combines metagenomic and proteomic information to understand the
biochemical response and functional properties of complex microbiomes, complementing information
offered by metagenomic information alone. Despite its power, metaproteomics offers a number of
bioinformatic challenges that make it unique compared to single-organism proteomics such as spectrum-
to-peptide-to-protein-to-species inference, large databases with peptide overlap due to homologous
proteins in closely related species, horizontal gene transfer (HGT) of entire functional modules, and
sample complexity leading to lower identification rates per protein and per species.

The flexibility of Galaxy allows researchers to meet many of these challenges. Recently, complete
applications for integrative “meta-omic” analysis in Galaxy have been described [78]. A number of tools
also are available to address the challenges of MS-based metaproteomics. For example, approaches have
been developed [79-81] to handle PSM generation using the very large protein sequence databases
comprising all proteomes within a community (composed of millions of protein sequences). For
taxonomic and functional analysis of peptide-level metaproteomics data, tools such as Unipept[82] have
been implemented within Galaxy and rigorously evaluated [30]. Quantitative statistics of metaproteomics
data are also enabled by the metaQuantome software suite which can analyze metaproteomics MS data
to determine those taxa and functions that are differentially abundant. The tool uses an expand-filter
function that leverages Enzyme Commission (EC) number, Gene Ontology (GO), and NCBI RefSeq
databases to assign taxonomic and functional annotation to the statistically analyzed proteins. These
serve as input to generate publication-ready Principle Component Analysis (PCA) plots, clustered
heatmaps, and tabular outputs at the level of proteins, taxa, protein function, and taxon-function
relationships [83,84]. The PepQuery tool has proven highly valuable for verifying the accuracy of PSMs
matching microbial sequences, especially when analyzing samples dominated by non-microbial host
sequences (e.g. human) [85]. The verified peptides can be quantified using Label-free Quantitation (LFQ)
tools available in Galaxy and then passed on for further functional and taxonomic annotation [83,84],
statistical analysis [40], and visualization [86] via modular workflows. This modularity not only expedites
workflow development but also empowers researchers to customize analyses according to their research
guestions. However, this modularity can occasionally lead to workflow complexity, making it essential for
users to possess a solid understanding of the tools and their interconnections. Additionally, as workflows
grow in sophistication, they might become challenging to manage, requiring clear organizational practices,
thorough documentation, version control, and registration (e.g. WorkflowHub [5], Dockstore



[6]). Fortunately, the Galaxy ecosystem offers resources to accommodate these needs [10], as described
below.

2.4. MS imaging

Mass spectrometry imaging (MSI) is an MS technique that specializes in measuring molecular spatial
distributions from complex samples such as thin tissue sections. MSl-based peptide and protein imaging
differ from immunohistochemistry in that it is specific, untargeted, multiplexed, and label-free analyses.
MSI enables numerous applications across diverse research fields: bacterial biofilm characterization [87],
understanding spatial plant and animal biology [88,89], identification of disease-related biomarkers [90],
food quality control [91], and forensic applications such as detection of blood in fingerprints. MSI acquires
tens of thousands of mass spectra in a grid pattern across the sample with step sizes between 5 and 200
um. This results in complex and often large raw data requiring specialized MSI software for quality control,
pre-processing, co-registration, statistical analysis and visualization[92].

All these typical MSI data analysis steps can be performed within Galaxy. Analysis methods from the
Cardinal [93] and MALDIquant [94] R packages are implemented into Galaxy as modular tools [95]. At the
same time, a unique “MSI Quality control” tool that generates a comprehensive quality report with
information on all important data properties has been developed as part of the MSI tool suite in Galaxy
[95]. MSI data are often accompanied by optical images e.g., of stained tissue sections, and additional
shotgun proteomics data to identify and validate the observed m/z features. Galaxy is uniquely suited for
such multimodal imaging and multi-omics experiments because it provides nearly 100 general image
analysis tools as well as a variety of shotgun proteomics software mentioned above, enabling such
complex analysis within a single platform.

2.5. Results visualization and interpretation

Galaxy offers rich functionalities that allow a user to view, interactively explore, and export processed
results, streamlining this essential analysis step and supporting interpretation and hypothesis generation
from ‘omic studies. An underrated functionality is the ability to transform outputted results, either in a
final or intermediate form, to generate results data in formats compatible with downstream visualization
and interpretation tools. This includes core Galaxy tools for manipulating generic text and tabular
formatted outputs, as well as a more sophisticated tool [96] which uses an SQLite database to transform
complex outputs into customized formats for downstream processing.

Galaxy also offers a sophisticated visualization registry (galaxyproject.org/visualizations-registry/)
allowing for the development of customized plugin tools. A prominent set of these tools, for
manipulating, visualizing, annotating, and running pathway enrichment analysis has been developed by
the ProteoRE group [97-99] for MS-based proteomics results. Sets of protein IDs of interest serve as inputs
to ProteoRE, which then offers numerous options for assessing enriched functional classes, pathways, and
interaction networks, along with visualizations of these results (see Figure 3 for an example). ProteoRE



also provides a means to access the SRM Atlas [100] repository to aid in developing targeted assays for
proteins deemed of highest priority and interest based on interpretation of results.

Multi-omics applications in Galaxy also leverage its visualization capabilities. For proteogenomics, the
Multiomics Visualization Platform (MVP)[86] integrates genome- and proteome-level knowledge to
evaluate the quality of PSMs to novel peptide sequences, understand the nature of the sequence
variation, and map these to the coding regions of the genome and/or transcriptome. The QuanTP tools
also offer visualization of RNA-protein quantitative response that helps determine influential data
points[75]. A Galaxy implementation of the Cancer Related Analysis of Variants [101] tool (called CRAVAT-
P [102]), retrieves and visualizes information on the cancer-associated impact of non-normal peptide
sequences identified by proteogenomics. For metaproteomics, tools such as Unipept[82] provide a means
to annotate microbial peptides with taxonomy and function and visualize the phylogenetic properties of
the sample indicated by these annotations. metaQuantome [83,84] is a customized Galaxy tool that
further analyzes quantitative metaproteomics data, offering statistical analysis of differentially abundant
peptides and their represented functions and taxonomies. It also visualizes these results, offering unique
looks at taxonomy-function relationships indicated by the quantitative metaproteomic results. More
recently, the interactive tool LFQ-Analyst was released for Galaxy. This interactive tool simplifies and
standardizes complex downstream analysis and visualization of LFQ datasets, and is aimed at making
these complex datasets more approachable and easier to interpret for less experienced users [103].

3. Access and Training

From its inception, the Galaxy community has focused on the democratization of advanced bioinformatic
tools and emphasized the need to empower end-user biologists to utilize these tools in their research,
without worrying about the technical details of how these tools are executed on the underlying
computational infrastructure. To this end, both easy access by the research community and
straightforward onboarding for software use are key. The globally distributed and interoperable
usegalaxy.* network (galaxyproject.org/usegalaxy/) offers free and open access to Galaxy resources,
deployed on a scalable infrastructure, and tailored to all experience levels. This network even includes a
gateway specifically for MS-based proteomic tools (proteomics.usegalaxy.eu), with a similar gateway
under development on the Australian-maintained public instance (proteomics.usegalaxy.org.au). These
gateways are powerful because a Galaxy instance can host many thousands of tools spanning many
different domains. Domain specificity allows for a focused view of the Galaxy ecosystem for users, and
the opportunity to support the proteomics community more directly.

Training of end-users is also key to promoting the adoption of bioinformatics tools. The Galaxy community
has intensely focused on developing high-value, easily accessed training materials [104]. As a result, the
GTN was developed to support online, on-demand training material that guides trainees using tools and
workflows while pointing them to the accessible Galaxy gateways where these can be utilized on their
own datasets. Currently, 27 different tutorials exist related to MS-based proteomic tools and workflows.
The GTN entry page for proteomics tutorials presents a listing of resources grouped by application area
[17,104]. The GTN materials are also used for workshops, either held in-person or via online formats, both



live and recorded for on-demand access. Figure 4 shows examples of training activities relevant to
metaproteomics offered over recent years that leveraged GTN resources. Training materials for MS-based
proteomics are also showcased during the annual Galaxy Community Conference [105] or during
worldwide “Smorgasbord” events, a free series of online, self-paced workshops held annually that reaches
thousands of end-users [106,107]. Collectively, the community-driven training activities offer a multitude
of powerful onboarding mechanisms which lower the entry barrier for new users and empower adoption
of Galaxy for MS-based proteomics.

4. Example applications of Galaxy for MS-based proteomics-focused research

As an increasing number of tools and training materials have been implemented within the ecosystem,
numerous groups have made use of Galaxy to drive their research projects and make new discoveries
across several fields. A selection of these studies is summarized below.

4.1. COVID Pandemic Work

Amidst the worldwide outbreak of coronavirus disease 2019 (COVID-19), multiple workflows for data
analysis spanning ‘omic domains were published by the global community on the Galaxy Europe
instance  [108]. This included MS-based proteomics methods and  workflows
(covid19.galaxyproject.org/proteomics/) to detect and characterize proteins expressed by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the cause of the COVID-19 disease, and
thereby facilitate the development of better therapeutic measures and diagnostic tools. One of the
first studies applied Galaxy workflows to published clinical and cell culture datasets to detect
peptides that are specific to the SARS-CoV-2 virus. These peptides were predicted to have great value
for clinical proteomics applications seeking to detect COVID-19 from patient samples [109]. Galaxy
workflows were also used to reanalyze published MS datasets generated from clinical samples to
determine the coinfection status of individuals infected with SARS-CoV-2 coronavirus [85]. This led
to the detection of opportunistic pathogens which may aid in better diagnosis and treatment of
COVID-19 patients. These workflows were further extended to study the co-infection status of
COVID-19 patients during two pandemic waves from India [29]. In this study, opportunistic
pathogens such as Streptococcus pneumoniae, Rhizopus microsporus, Enterobacter, and Clostridium
were detected in COVID-19 patients and validated by targeted proteomics analysis. Galaxy's
provenance-tracking architecture enabled COVID-19 data analysis workflows and histories to be
accessed through public gateways. This facilitated rapid collaborative research that analyzed
mutating strains during pandemic waves all over the world [110]. Workflows were even developed
in this study to detect variant-specific viral peptide sequences from MS data derived from published
clinical data during different pandemic waves. The analysis identified six SARS-CoV-2 variant-specific
peptides suitable for confident detection by MS in commonly collected clinical samples. This study
highlights the strengths of Galaxy's modular workflows and underscores its notable reanalysis
capabilities which have also been highlighted in a number of other published studies [29,83,85,109—
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116]. These capabilities empower researchers to effectively reexamine datasets using the latest tools
and techniques, facilitating new discoveries leveraging a dynamic bioinformatics landscape.

4.2. Proteogenomics

Galaxy's appeal as a multi-omics platform prompted the integration of MS-based proteomics tools
which synergize with the array of genomic and transcriptomic software already hosted by the
platform[62]. As such, Galaxy has been applied to a number of proteogenomic studies. One study
utilized a “Proteomics informed by transcriptomics” approach in Galaxy to identify active
transposable elements and further annotate the genome of the pathogen Aedes aegypti [117].
Another utilized the Peptimapper proteogenomic tools to annotate the genome of the marine brown
algae Ectocarpus [118]. The tools comprising the PROTEOFORMER Galaxy workflow [66], were used
to discover and create a database of small open reading frame (sORF) sequences via the integration
of ribosome-protected transcripts (Ribo-Seq) and MS-based proteomics data [119]. Co-authors on
this review leading the Galaxy for proteomics (Galaxy-P) project have applied Galaxy-based
proteogenomics tools to study hibernation in the non-model, 13-lined ground squirrel Ictidomys
tridecemlineatus [120,121]; detecting peptides corresponding to potential novel proteoforms from
human saliva [116] and more recently these tools were applied to the proteogenomic analysis of
inflamed colon-tissue as a means to discover mechanisms underlying cancer progression[122].

4.3. Metaproteomics

Galaxy has been a leading platform for metaproteomic studies. Both workflows [111,113] and
specific, Galaxy-implemented software tools [30,83] have provided an in-depth analysis of the
taxonomic composition of the cervical-vaginal microbiome [115], the Broncho-alveolar lavage fluid
metaproteome in Acute Respiratory Failure [114] and metaproteomics analysis of SARS-CoV-2-
infected patient samples for secondary infections [85]. Galaxy-based metaproteomics workflows
were also used to analyze protein relative abundance patterns associated with sucrose-induced
dysbiosis within oral microcosm biofilm models of dental caries [123]. The Galaxy-based
metaQuantome suite has been used for the analysis of MS data acquired from irritable bowel
syndrome mice revealing the regulation of host luminal proteases as a disease-relevant mechanism
of host-microbial interaction that maintains protease homeostasis in the gut [124]; it also was a key
tool for in-depth metaproteomics analysis of the oral microbiome in lung cancer to reveal taxonomy-
function relationships [125]. Galaxy-based software and workflows also have played a key role in the
Metaproteomics Initiative’s [126] Critical Assessment of MetaProteome Investigation (CAMPI) study
which compared metaproteomic workflows and platforms used across multiple laboratories [127].
The Galaxy workflows have also been used in an inter-laboratory comparison study as part of the
ocean metaproteomics community initiative [128].

In a powerful example of its value to meta-omic analyses, the Arntzen lab has developed three
Galaxy-based workflows to integrate metagenomics, metatranscriptomics, and metaproteomics. The
workflow for metagenomics applies trimming and quality control of metagenomic reads followed by
read assembly. Contigs can be phylogenetically binned into metagenome-assembled genomes
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(MAGs), de-replicated if needed, and all genes are further annotated with functional data from
InterProScan [129], KEGG [130], and CAZy [131]. Nucleotide and protein sequences serve as inputs
for metatranscriptomics and metaproteomics, respectively. The workflow for metatranscriptomics
performs trimming and quality control of the reads, removal of rRNAs, and finally quantification of
mRNA by mapping to the metagenomics data using the pseudoaligner Kallisto [132]. The workflow
for metaproteomics works similarly by data processing and filtering of mass spectra before matching
to the proteins predicted by the metagenomics workflow using MaxQuant. The outputs from all
three Galaxy- based workflows are integrated and can be visualized through their in-house R-shiny-
based web application, VIMO [133], to study complex microbial communities' metabolic processes.

4.4. MS imaging (MSI)

MSI is a powerful technique for cancer research because it allows the spatial analysis of cancer
tissues, which consists of a complex tumor microenvironment and often display molecular
heterogeneity within macroscopically homogeneous cancer areas [134-136]. Co-authors of this
review have applied tryptic peptide imaging to the bladder and colorectal cancer tissues and
analyzed the MSI data in Galaxy [137,138]. In the first study, the tryptic peptide profiles of 39 tissues
clearly distinguished the tumor from the surrounding stroma. In addition, the tryptic peptide profiles
were used to build a classifier to distinguish tumor areas of muscle-invasive bladder cancer from non-
muscle-invasive bladder cancer [137]. Apart from the biological findings, this study stands out in
being the first fully transparent and reproducible tryptic peptide MSI study of a patient tissue cohort.
This was made possible by performing all analysis steps on a single platform, the European Galaxy
Server, and by sharing all Galaxy histories containing raw, meta-, and intermediate data according to
the FAIR (findability, accessibility, interoperability, and reusability) principles. This study highlights
the benefits of Galaxy for the MSI field, where data analysis is predominantly carried out using
proprietary software or in-house scripts with insufficient reporting to facilitate reproducibility [139].
In a second study, conducted and shared via the European Galaxy Server, tryptic peptide MSI
revealed similar intratumor heterogeneity within six patient-matched primary colorectal cancers and
liver metastases [138]. In addition, the study found peptide features specific to tumor areas of both
entities, but the metastatic tumors showed greater variability between the patients.

4.5. MS-based proteomic clinical and translational studies in patient-derived samples

Quantitative proteomics in patient-derived samples contribute complementary biological
information in various diseases that have predominantly been studied on a genomic and
transcriptomic level. In a multi-omic clinical investigation, co-authors of this review have performed
guantitative proteomics in patient-derived skin samples to investigate underlying molecular
pathomechanisms in a rare genetic skin disease called Netherton syndrome [140]. For robust and
reproducible proteome quantification, the data-independent acquisition (DIA) strategy was applied,
yielding comprehensive and complex quantitative proteomic data. The multi-omic approach enabled
the detection of a shared immune signature in Netherton syndrome and distinct allergic responses
between two clinical subtypes. Ultimately, the study proposes a pathophysiologic model that paves
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the way toward novel therapeutic targets and improved medical treatment. The complete proteomic
data analysis was performed using DIA analysis tools in Galaxy (including diapysef, OpenSwath tools,
and PyProphet). Furthermore, the complete analysis and datasets have been published as Galaxy
histories, promoting transparent and reproducible data analysis. The DIA strategy combined with the
published, complete analysis history also allows for future reanalysis e.g., when additional samples
are included, which is particularly interesting in rare diseases such as Netherton syndrome. This is
one example of Galaxy playing an important role in clinical proteomics by empowering researchers
to perform and share proteomic analysis of patient-derived samples.

5. Conclusions

MS-based proteomics will undoubtedly continue to advance technologically, and end-user biologists will
need flexible, user-friendly informatics platforms that can easily adapt to these changes and facilitate
onboarding and straightforward application to research questions that may require tailored informatics
solutions. Researchers employing MS-based proteomics can use the Galaxy bioinformatics system as a
comprehensive solution for processing protein-level data across many applications. The multifaceted
Galaxy ecosystem, supported by a thriving community, should continue to play a significant role in
addressing future challenges in MS-based proteomics and, more importantly, in accelerating new findings
in biological and clinical research.

6. Expert Opinion

The continued emergence of new MS-based proteomics technologies will only increase the value of
bioinformatics platforms such as Galaxy, which can democratize access to best-practice bioinformatics
and meet evolving data analysis and informatics requirements. Here, we provide thoughts on areas
focused on emerging approaches in MS-based proteomic over the next five years where Galaxy platform
could be particularly valuable.

6.1.Scalability and adaptability. Galaxy democratizes access to computational proteomics so that a
researcher does not need to be concerned with the technical execution of software but can
instead focus on obtaining results to advance their research. With new MS instruments capable
of rapid data generation from thousands of samples (e.g. ion mobility coupled with DIA data
generation [141]), the volume of data that needs processing and management will grow
exponentially - a trend observed in genomics research [142]. Furthermore, multi-step workflows
need to keep pace with new software requirements for this data [143]. Galaxy will continue to
offer adaptable workflows deployed on scalable high-performance computing resources to meet
these requirements. Data analysis accomplished within Galaxy can be readily shared and
downloaded by users. Although the current capability to directly upload data to public
repositories (e.g., ProteomeXchange repositories such as PRIDE, MassIVE) is absent, there exists
an alternative approach. The publicly accessible URLs (Uniform Resource Locator) linked with
Galaxy histories and workflows can be seamlessly incorporated into a repository submission,
along with raw data and processed results. These histories contain all raw input data,
intermediate and results data, as well as records of all analyses and software parameters used,
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promoting transparency and reproducibility. The workflows contain all software and optimized
settings, facilitating their use for analysis of raw data generated by others.

6.2.Deep-learning-based spectral predictions and spectral library searching. In recent years,
approaches based on spectral library searching of MS/MS data have gained momentum. Due to a
significantly smaller search space and simpler matching offered by annotated MS/MS spectra,
spectral library searching can be orders of magnitude faster and more accurate than conventional
sequence database searching [144]. To avoid the laborious creation of spectral libraries from
empirical MS/MS datasets, deep learning tools, notably PROSIT [145], have been developed to
predict the fragmentation spectra of peptide sequences. These predicted spectral libraries can be
matched to empirically generated MS/MS DDA data, using tools such as SCRIBE [146], or to DIA
data using tools such as EncyclopeDIA [44] and DIA-NN [75]. Given the reliance of these methods
on multiple, interoperable tools, Galaxy should provide a platform well-suited for spectral library
analysis coupled with deep learning methods.

6.3.Microbe-host analysis in clinical samples. Over the past decade, various contributions of the
microbiome in human disease have been explored and accepted in clinical research [147]. With
tools accommodating end-to-end analysis of clinical datasets - from raw data processing to
identification and quantification of host and microbial-expressed proteins, to functional
characterization and visualization of results [148], we see Galaxy as an ideal platform for
facilitating “clinical metaproteomics” studies ( e.g. similar to COVID-19-focused studies
[29]. Leveraging Galaxy's extensive metaproteomics workflows will help researchers better
understand the role of microbiome with respect to disease progression.

6.4.Environmental metaproteomics. With increasing application of metaproteomics to characterize
microbiome contributions to ocean samples [128] and soil samples [149-151], there is a need for
robust bioinformatics workflows that can address questions in microbial ecology in these complex
systems. The Metaproteomics Initiative [126] recently announced the CAMPI2 study [152] to
establish a collaborative research focus on methods for best practice sample handling to preserve
proteins contained in different environmental sample types. Galaxy’s established capabilities for
metaproteomics should prove useful for these emerging applications studying microbial ecology
in environmentally relevant systems.

6.5.Deeper and more accurate proteome quantitation. Recent advances in MS instrumentation, in
particular, the inclusion of ion mobility for mixture fractionation, signal extraction and scoring of
identified peptides, has enabled researchers to achieve deep proteome coverage and improved
guantitative accuracy and reproducibility [153]. For example, combining Zeno trap technology
with orthogonal quadrupole time-of-flight, called the ZenoTOF system™, enables high acquisition
rates in MS1 and MS/MS mode [154], improving sensitivity without loss in acquisition speed or
spectral resolution [155]. Other new MS platforms (Thermo Scientific™ Orbitrap™ Astral™ and
Bruker timsTOF™ Ultra mass spectrometer) have significantly increased the depth of quantifiable
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peptides generated with short analysis times [156,157]. Galaxy should offer a platform to
implement new software for these emerging data types [75].

6.6.MS Imaging (MSI). Tremendous advancement in MSI has opened new avenues leading to the
integration of single-cell omics and imaging approaches into large multi-omics/multimodal
experiments. Galaxy offers a single platform to analyze this diverse data, already having tools for
common ‘omics and imaging techniques focused on proteomic and metabolomics [158], single-
cell transcriptomics [159], traditional imaging, and multiplexed tissue imaging [160,161].
Accessible, cloud-based Galaxy public instances provide ample computing power, required not
only for the ever-increasing file sizes due to higher mass and spatial resolution, but also for
utilizing emerging machine and deep learning methods for MSI analysis [162].

6.7.Single-cell proteomics. Analysis of the molecular phenotypes of specific cell types (or ‘single cell
analysis’) within complex, heterogeneous tissue samples holds great power in understanding
disease pathogenesis and treatment [163,164]. Galaxy already offers a suite of tools for single-
cell RNA-Seq data analysis [165]. Although still difficult, single-cell proteomics using MS and
specialized sample preparation [166,167] and analysis approaches have begun to emerge [168].
We foresee a need for access to specialized single-cell proteomics analysis tools, integrated with
other single-cell genomic tools, which Galaxy can facilitate.

6.8.Strengthening community participation and value for MS-based proteomics informatics in
Galaxy. The GTN resources will expand as new MS-based proteomics applications and
technologies emerge. Domain-specific gateways will guide users to available training material and
software. Underlying infrastructure is being developed to ensure software tools and reference
databases can be shared seamlessly across public servers. The Intergalactic Utilities Commission
(IUC) and the Intergalactic Workflows Commission (IWC) seek to aid developers by vetting tools
and workflows prior to public release. Guided by online documentation, developers can
contribute their own tools and become part of the thriving global community which sustains these
resources. We expect steady growth in users and contributors to Galaxy for MS-based proteomic
informatics, collectively enabling more discoveries advancing studies in biology and medicine.
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Tables and Figures:

Table 1: Examples of MS-based Proteomics tools in Galaxy classified into various analysis categories.

Analysis Category

Software Tools available in Galaxy

DDA proteomics

SearchGUI/Peptide Shaker[27,28,169], MaxQuant[36], OpenMS[21],
TransProteomic Pipeline[22], MSFragger/Fragipe (in development)[170]

DIA proteomics

OpenSWATH[46], diapysef[171], pyprophet[55], EncyclopeDIA[44], DIA
Umpire[172]

Peptide/Protein
Quantitation

FlashLFQ[173], moFF[174,175], MaxQuant[36], MSstats[176]

Peptide Verification

PepQuery[73]

MS Imaging

Cardinal[93], MALDIquant[94]

Multi-omics

metaQuantome[83,84], QuanTP[75], CustomProDB[68], MetaNovo[81],
MT2MQ[177]

Taxonomic/Functiona

Unipept[82], Blast-P[178], eggNOGmapper[179,180],

Analysis/Visualization

| Annotation MetaProteomeAnalyzer[181]
Statistical & MSstats[176], TRIC[56], Multiomics Visualization platform[86], ProteoRE
Functional Enrichment & Pathways analysis[97-99]
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Figure 1: Workflow extraction process from a Galaxy history. A: History with input data files and analysis
steps. B: Select the “Extract workflow option” from the dropdown menu. C. List of tools that will be
extracted to create the workflow. D. Editable workflow naming field. E. Preview of the extracted workflow
which can be archived, shared, and further customized as desired.
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Figure 2: Overview of the Galaxy Ecosystem for MS-based proteomics studies
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Figure 3: ProteoRE’s Galaxy workspace with visualization components. (A.) Navigation Bar: provides tabs
to switch between current workspace, workflows, visualization options, shared data libraries, and user
repositories. (B.) Tools Panel: consists of ProteoRE and Galaxy proteomics tools along with text and data
manipulation tools. (C.) Central Panel: Displays information from the user-selected tools. for e.g: (i) GO
term enrichment analysis between up and down-regulated proteins. (ii) Reactome pathways analysis
displaying the pathways topology of the proteins.(iii) Venn Diagram to show the protein overlap between
two conditions. (D.) History Panel: shows results from the data analysis performed by the user along with
metadata.
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Figure 4: Galaxy MS-based metaproteomics workshops conducted over the years globally, exemplifying
the use of GTN resources to support training activities aimed at new users.
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