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ABSTRACT: Although metaproteomics, the study of the collective proteome of microbial
communities, has become increasingly powerful and popular over the past few years, the field has
lagged behind on the availability of user-friendly, end-to-end pipelines for data analysis. We
therefore describe the connection from two commonly used metaproteomics data processing tools
in the field, MetaProteomeAnalyzer and PeptideShaker, to Unipept for downstream analysis.
Through these connections, direct end-to-end pipelines are built from database searching to

taxonomic and functional annotation.
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INTRODUCTION

In the past few years, the study of microbial communities, or microbiomes, has become an
important field, with a wide variety of applications in medicine, ecology, wastewater treatment,
and biogas plants, amongst others2. The growing popularity of microbiome studies has been
driven by technological and methodological advances in the respective omics fields®. Indeed, the
most commonly used methods to study microbiomes are metagenomics and metatranscriptomics,
which describe the genome and transcriptome of the microbial community, respectively. These
methods provide insights into taxonomic composition and functional potential of the microbiome.
However, to do an in-depth study of the actual function of the microbiome, and to gain insights
into the host-environment interaction, it is important to have information on the protein level*.
This information can be obtained through metaproteomics, the study of the collective proteome of
microbial communities®. Metaproteomics thus provides important complementary information to

metagenomics and metatranscriptomics analyses®.

A typical metaproteomics workflow is very similar to shotgun proteomics and consists of sample
preparation, protein extraction, tryptic digest and peptide analysis using liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS)’. The resulting MS/MS spectra are analyzed
using database search engines, resulting in peptide-to-spectrum matches (PSMs) that can then be
mapped back to proteins, taxa and functions. These database search engines can be used separately,
or combined to increase the number of PSMs and proteins®®. Combined search strategies are
usually  encapsulated in user-friendly software such as the well-established

MetaProteomeAnalyzer (MPA)° and the SearchGUI/PeptideShaker pipeline!*23,
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MPA is built to manage, process, and interpret complex metaproteomics data, and currently has
two versions available, MPA Portable version 2.0 and MPA Server version 3.0
(http://www.mpa.ovgu.de)*>. MPA Portable is optimized to run on desktop computers or compute
cluster environments, either with a user interface or as command line tool. MPA Server is

optimized to still run with larger datasets, adding optimized database and memory management.

PeptideShaker is also meant for the analysis and interpretation of (meta)proteomics data, enabling
data sharing and dissemination and re-analysis of publicly available (meta)proteomics data in the

ProteomeXchange Consortium?® partner PRIDEY’.

Downstream taxonomic and functional analysis of these peptide identifications is provided by

Unipept (https://unipept.ugent.be), a web application that features highly interactive data

visualizations for the comprehensive downstream analysis of identified peptides®'°. Importantly,
Unipept also performs a metaproteomics-specific type of protein matching. For each identified
tryptic peptide, Unipept calculates the lowest common ancestor (LCA) based on the mapping of
known tryptic peptides from UniProtKB? to the complete taxonomic lineage of the NCBI

Taxonomy Database?!.

However, even though MPA, PeptideShaker and Unipept are well-established and user-friendly
tools in the field of metaproteomics, connecting output from MPA or PeptideShaker to Unipept
has so far relied on a manual export and import operation by the user, a process that had to be
repeated each time for any desired false discovery rate (FDR) level. This arbitrary process does
not only requires valuable time, but is prone to errors made by the users. We therefore implemented

an intuitive and automated connection from both MPA and PeptideShaker to Unipept, allowing
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identified peptides (filtered on the chosen FDR threshold within MPA or PeptideShaker) to be

uploaded directly to Unipept.

MATERIALS AND METHODS

Implementation

We have developed two dedicated, end-to-end metaproteomics data analysis pipelines by
seamlessly integrating two popular metaproteomics data processing tools, MPA and
PeptideShaker, with Unipept for downstream data processing. The code is available on the GitHub

pages of the MetaProteomeAnalyzer (https://github.com/compomics/meta-proteome-analyzer)

and PeptideShaker (https://github.com/compomics/peptide-shaker). This connection has been

implemented in MPA Portable version 2.0, MPA Server version 3.0, PeptideShaker version 1.44,
and PeptideShaker version 2.0 (beta), and all later versions. The pipelines were tested on Windows
10 and various Linux systems with an Oracle Java version >1.8 installed. MPA, PeptideShaker

and Unipept (https://unipept.ugent.be) are freely available and licensed under a permissive open

source license (Apache 2.0, Apache 2.0 and MIT license, respectively).

Data availability

The dataset used to illustrate the power of the pipelines is publicly available in the

ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE

partner repository with dataset identifier PXD017035. For this article we reprocessed 45 raw files

(over 2.1 million MS/MS spectra) from this dataset together, more specifically the first replicate
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of each file. The data has been analyzed on a virtual machine (Ubuntu 18.04 LTS) with 32 cores

and 300 GB RAM available.

Protein identification

The raw files were converted using the ThermoRawFileParserGUI1%? (version 1.2.1) to peak lists
(.mgf files) using the “native Thermo library peak picking” as peak picking option and “Ignore

missing instrument properties” as error option.

The peak lists (.mgf files) obtained from MS/MS spectra were identified using X! Tandem version
X! Tandem (Vengeance version 2015.12.1)?%, MS Amanda (version 2.0.0.9695)%* MS-GF+
(version v2018.04.09)?, and Comet (version 2018.01 rev. 3)%. The searches were conducted using

SearchGUI version 3.3.17%2.

Protein identification was conducted against a concatenated target/decoy database of all the
reference proteomes of the species present in the extended simplified human intestinal microbiota
(SIHUMIX) sample?’, concatenated with a CcRAP database of contaminants

(https://thegpm.org/cRAP). The decoy sequences were created by reversing the target sequences

in SearchGUI, and the identification settings were as follows: specific cleavage with trypsin with
a maximum of two missed cleavages; 10.0 ppm as MS1 tolerance and 0.02 Da as MS2 tolerance;
Carbamidomethylation of C as fixed modification; Oxidation of M as variable modification;
Acetylation of protein N-termini, Pyrrolidone from E and Q as variable modifications during the

refinement procedure of X! Tandem.
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Peptides and proteins were inferred from the spectrum identification results using PeptideShaker
version 1.16.433, PSMs, peptides and proteins were validated at a 1% FDR estimated using the

decoy hit distribution.

RESULTS AND DISCUSSION

To illustrate the user-friendliness of the pipeline, we reprocessed 45 RAW-files of the SIHUMIX
dataset with the SearchGUI/PeptideShaker pipeline. This dataset reflects the majority of known
metabolic activities typically found in the human intestine and consists of eight bacterial species
(Anaerostipes caccae, Bifidobacterium longum, Bacteroides thetaiotaomicron, Blautia producta,
Clostridium butyricum, Clostridium ramosum, Escherichia coli and Lactobacillus plantarum)
covering the dominant genera Firmicutes, Bacteroidetes and Proteobacteria in human faeces?’. We
reprocessed the dataset with SearchGUI and imported the identification files in PeptideShaker (for
more details, see the Methods section). In total, 1.097.782 of the 2.156.648 PSMs were identified

(50.9% PSM identification rate), leading to 67905 uniquely identified peptides (Supporting.

These validated peptides were exported via the Export menu > Follow Up Analysis > Export to
Unipept [Figure 1]. A similar approach in MPA is described here:

https://github.com/compomics/meta-proteome-

analyzer/blob/master/docu/Suppl MPA Unipept.pdf.

In the Unipept web application, we visualize the taxonomies via a treemap, sunburst plot, treeview
and hierarchical outline [Figure 2]. Moreover the user can determine the function of the proteins

identified in the sample by browsing through their EC (Enzyme Commission) numbers or GO
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(gene ontology) annotations®®%°. Moreover, all of the results can be easily exported to a comma-

separated, semi-colon-separated and tab-separated file.
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Figure 1. Screenshot of PeptideShaker version 1.44 providing the user with options to export only

the validated peptides, all peptides, the validated PSMs or all PSMs to Unipept.
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Figure 2. The exported peptides from MPA or PeptideShaker are immediately visible in Unipept

(left). Several visualizations are instantly visible on the Unipept webbrowser: a treemap (A),

sunburst (B) and treeview (C) for taxonomic analysis. For functional analyses the GO trees (D) for
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biological processes, cellular components and molecular functions are available, as well as the

trees for EC numbers (E).

oNOYTULT D WN =

9 CONCLUSIONS

12 Here, we have presented two end-to-end pipelines for metaproteomics data analysis. We therefore
have combined two powerful and commonly used metaproteomics data analysis tools in the field,
17 MetaProteomeAnalyzer and PeptideShaker, with the user-friendly Unipept web interface for

19 taxonomic and functional downstream analysis.
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AVAILABILITY
The ~code is available on the GitHub pages of the MetaProteomeAnalyzer

(https://github.com/compomics/meta-proteome-analyzer) and PeptideShaker

(https://github.com/compomics/peptide-shaker) and are licensed under the Apache License,

version 2.0.

We reprocessed publicly available data of the ProteomeXchange Consortium

(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository with dataset

identifier PXD017035.

SUPPORTING INFORMATION
The Default Peptide report exported from PeptideShaker version 1.44 is available in the

Supporting information.
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Figure 1. Screenshot of PeptideShaker version 1.44 providing the user with options to export only the

23 validated peptides, all peptides, the validated PSMs or all PSMs to Unipept.
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Figure 2. The exported peptides from MPA or PeptideShaker are immediately visible in Unipept

(left). Several visualizations are instantly visible on the Unipept webbrowser: a treemap (A), sunburst

(B) and treeview (C) for taxonomic analysis. For functional analyses the GO trees (D) for biological

processes, cellular components and molecular functions are available, as well as the trees for EC

numbers (E).
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