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ARTICLE INFO ABSTRACT

Keywords: Objectives: Shotgun proteomics is a generic method enabling detection of multiple viral species in one assay. The
Diagnosis reliable and accurate identification of these viral species by analyzing peptides from MS-spectra is a challenging
Mass spectrometry task. The aim of this study was to develop an easy accessible proteome analysis approach for the identification
E;tt?g:;e of viruses that cause respiratory and gastrointestinal infections.

SARS-CoV-2 Methods: For this purpose, a shotgun proteomics based method and a web application, ‘proteome2virus’, were
Virus developed. Identified peptides were searched in a database comprising proteomic data of 46 viruses known to be

infectious to humans.

Results: The method was successfully tested for cultured viruses and eight fecal samples consisting of ten different
viral species from seven different virus families, including SARS-CoV-2. The samples were prepared with two
different sample preparation methods and were measured with two different mass spectrometers.

Conclusions: The results demonstrate that the developed web application is applicable to different MS data sets,
generated from two different instruments, and that with this approach a high variety of clinically relevant viral
species can be identified. This emphasizes the potential and feasibility for the diagnosis of a wide range of viruses
in clinical samples with a single shotgun proteomics analysis.

1. Introduction

Rapid, sensitive, and specific identification of pathogenic mi-
croorganisms is of utmost importance in clinical diagnostics. Mass
spectrometry (MS) has been widely used for identification of bacterial
pathogens. For the identification of viral pathogens RT-PCR is still the
most commonly used method. However, the current status is that there
are no routinely used diagnostic assays that are non-targeted based
and are able to identify viruses directly from clinical samples. The
genetic diversity between viral species makes it impossible to use an
amplicon-based strategy as is often used for bacteria [1]. An approach
closest to a diagnostic assay that can identify generic viruses directly
from clinical samples is metagenomic sequencing (MGS). However,
the use of MGS for diagnostics purposes is limited by its technical
complexity, relative long runtime and high costs [1,2]. To be prepared
for new or altered (due to genomic mutations) infectious viruses a
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non-targeted based detection method which is able to detect these
viruses directly from clinical samples is of great added value [1,2].

In recent years different MS-based proteomics methods have been
developed for the detection of viruses as alternative methods to
RT-PCR and to provide complementary data. For example, a variety
of targeted-based MS methods were published enabling detection of
SARS-CoV-2 [3-6], human metapneumoviruses (hMPV), and multiple
flavivirus species by analyzing specific protein fragments (peptides) in
clinical samples [7,8]. Recently, a multitargeted MS (multiple reaction
monitoring (MRM)) method was developed that enables to screen for
eight respiratory viruses at once [9].

Shotgun proteomics is non-targeted based and refers to direct
analysis of complex protein mixtures using liquid chromatography
tandem mass spectrometry (LC-MS/MS) [10]. In short, samples are
subjected to proteolytic cleavage, using trypsin to produce small
peptide sequences. These peptides are subjected to LC-MS/MS analysis
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in order to measure the masses of the peptides and fragments. The
acquired MS and MS/MS-spectra are compared to a protein database,
to identify the peptide sequences and subsequently the proteins.

Shotgun proteomics has become an excellent method to study expres-
sion of proteins and even protein-protein interactions in life sciences
[11]. During the COVID-19 pandemic shotgun proteomics is used in
studies to analyze the interaction of SARS-CoV-2 with the human body,
varying from studying cellular pathways in cell cultures to determining
the immune response in human samples (serum, body secretions) [11].
In addition, shotgun proteomics is used to determine which peptides are
potential good targets in MRM assays to detect SARS-CoV-2 in clinical
samples [3-6,12]. In contrast to targeted based MS assays, shotgun pro-
teomics is not limited by the fact that only viruses that match the target
of the assay can be identified. Furthermore, more viral species can be
detected in one assay.

Reliable and accurate identification of viruses by analyzing peptides
from MS-spectra is a challenging task. The occurrence of highly similar
protein and peptide sequences in different viral species and the high and
low redundancy of some of these species and strains in public databases
complicate the interpretation of results. Furthermore, extension of these
databases with detailed information increases runtime and needs more
computer power.

The existing software packages mainly identify proteins in a sample
based on known peptide sequences from LC-MS/MS data. An exception
is TaxIT, which is an iterative computational pipeline for untargeted
strain level identification using MS/MS data [13]. This pipeline is inno-
vative and can be used to identify species to the strain level. Limitations
are the relative long runtime, the use of a non-curated database, and
the assumption that only one single organism is present in the analyzed
sample. Furthermore, significant bio-informatic knowledge is required
to perform the analysis with TaxIT.

Recently, we developed an easy and open internet application,
proteome2pathogen.com, that overcomes these issues. This pipeline as-
signs identified peptides to bacteria and subsequently identifies the
bacteria to the species level [14,15]. The aim of the present study
was to develop a similar, easy accessible proteome analysis approach,
proteome2virus, for the identification of viruses that cause respiratory
and gastrointestinal infections.

2. Materials and methods
2.1. MS-data

Two types of samples were tested. Set number 1 (Table 1) are gener-
ated from samples obtained from cultured viruses. SARS-CoV-2, HCoV-
0C43 and HCoV-229E were cultured in Vero cell line. Vero cells used
for infection were cultured using Dulbecco’s Modified Eagle Medium
(DMEM) containing 5 % fetal bovine serum (FBS) with 1% Pen Strep so-
lution (Gibco media). Cells were incubated at 37 °C with 5% CO,. Vero
cells were grown until a 70-80% confluent layer was formed (daily in-
spected using microscopy). The supernatant was removed and 5 ml with
1.10% genome copies/ml of virus was added. Culture was maintained
until Vero cells start floating in the liquid. Supernatant was removed
and stored in -70 °C until sample preparation was executed. The other
viruses used in this study (Influenza A, hMPV, RSV A and RSV B) were
cultured as previously described [16]. To determine the concentration
of the obtained stocks the titers of cultured viruses were determined
with standard rRT-PCRs by using a standard curve [16].

As a negative control supernatant of cell cultures used for virus cul-
turing were applied. Sample preparation was executed with the mod-
ified SP3 protocol as described by Hayoun et al. [17]. In short, super-
natant of the cultured viruses (containing the virus culture medium,
DMEM or EMEM (Eagle’s minimal essential medium) with 5% FBS, cell
debris and virus particles) were diluted in lysis buffer (4% SDS, 100 mM
DTT in 100 mM Tris/HCl pH8). HCoV-OC43 and HCoV229E were di-
luted 10 and 100 times, respectively, while the other samples were di-
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luted to the end concentration based on the number of genome copies
/ml determined with rRT-PCR. From the diluted samples, 500 ul was
used and subsequent incubated for 30 min at 95°C. Subsequently, the
sample was sonicated in a ultrasonic bath (Crest Ultrasonics) for 5 min,
followed by adding 40 pl solution of Sera-Magnetic beads (25 pg/ul of
hydrophilic beads and 25 pg/ul of hydrophobic beads). After gently mix-
ing, 500 ul 100% ethanol was added and thereafter incubated for 5 min
at 900 rpm on a thermomixer (Thermomixer, Eppendorf). Sera-Magnetic
beads were retained in solution by a neodymium magnet (MagRack 6
Cytiva product no. 28-9489-64), while the liquid was removed by pipet-
ting. Next, Sera-Magnetic beads were washed 3 times with 180 pul 80%
ethanol whereby the beads were kept in the reaction tube using the
neodymium magnet. After removal of the 80% ethanol after the third
wash 100 pL digestion buffer (1 ng/pl Trypsin Gold (Promega) in 50 mM
ABC-buffer) was added, sonicated 30 s and mixed gently to disperse the
beads homogenous in the solution and incubated for 15 min at 50 °C.
Digestion reaction was stopped by adding 5 pul 10% TFA. Subsequently,
the digests were analyzed by LC-MS/MS using a nano-liquid chromatog-
raphy system (Ultimate 3000; Dionex, Germering, Germany) coupled to
a Orbitrap mass spectrometer (Orbitrap Eclipse, Thermo Fisher Scien-
tific, San Jose, USA) equipped with a high-field asymmetric ion mobil-
ity spectrometer (FAIMS) device. After preconcentration and washing
of the sample on a C18 trap column (5 mm X 300 ym i.d.), peptides
were separated on a C18 PepMap column (250 mm X 75 pm internal
diameter; Dionex, Amsterdam) using a linear 90 min gradient (3-30%
acetonitrile/H20; 0.1% formic acid) at a flow rate of 300 nl/min. The
separation of the peptides was monitored by UV detection (absorption at
214 nm). For electrospray ionization we used coated silica nano electro-
spray emitters (New Objective, Woburn, MA, USA) at a spray voltage of
2.2 kV. FAIMS was setup for consecutively collect ion mobility fractions
at compensation voltages (CV) of -45, -60, -75 and -90 V. Blank LC-MS
runs were performed between the samples to monitor possible system
background. For data dependent acquisition (DDA) measurements, an
Orbitrap survey scan (with a resolution of 120,000 and automatic gain
control, AGC, set to 400,000) was obtained followed by consecutively
isolation (with AGC target set to 10,000), fragmentation (35% normal-
ized HCD collision energy), and ion-trap detection of the peptide precur-
sors identified in the survey scan. Number of collected MS/MS spectra
was controlled by limiting the available total duty cycle time to 3.6 s
(top speed mode) by restricting the maximum cycle times of each FAIMS
segment (1 s for CVs > -60 V and 0.8 s for CVs < -60 V).

Set number 2 (Table 2) contains MS data generated from fecal sam-
ples of children with a known gastrointestinal virus infection. Each fecal
sample was diluted in an approximal 1:1 ratio with 100 mM ammonium
bicarbonate (pH 8), resulting in a total volume of 100 ul per sample.
The samples were thoroughly mixed and then centrifuged for 5 min at
10,000 rpm. Subsequently, the supernatant was used in the following
steps of the sample preparation. To 100 pl supernatant, 100 pl 0.2%
RapiGest (Waters Corporation, Milford, CT, USA) in 100 mM ammo-
nium bicarbonate (pH 8) was added (final concentration of RapiGest
as advised by manufacturer is 0.1%). Subsequently, the sample was
sonicated in an ultrasonic bath (Branson 2510). After heating the sam-
ple for 5 min at 95 °C, the sample was cooled down and centrifuged
for 5 min at 10,000 rpm (Eppendorf minispin). Five pl 200 mM DTT
(DL-dithiothreitol, Sigma-Aldrich) was added to a final concentration of
5 mM. Next, the sample was incubated for 30 minutes at 60 °C, sub-
sequently cooled down, and then centrifuged for 5 min at 10,000 rpm.
Five pl 600 nM iodoacetamide (IAM) was added (final concentration
of IAM 15 mM). Once again, the sample was incubated for 30 min at
60 °C after which the reactionmixture was quenched by adding 5 pl
700 nM cysteine (final concentration of cysteine 17.5 mM). Next, 5 ul
trypsin (20 ng/ul in 50 mM acetic acid) was added (~pH8) followed
by incubating the sample overnight at 37 °C. Subsequently, 5 ul 20%
trifluoroacetic acid (TFA) was added to the sample and the sample was
incubated for 30 min at 37 °C to stop the trypsin enzymatic reaction
and to break down RapiGest components. The sample was centrifuged
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Table 1
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Viruses identified with proteome2virus after PEAKS X and LC-MS/MS analysis of (diluted) virus cultures. Samples measured with Orbitrap Eclipse lined up

with a FAIMS.

Sample Titer” Number of presented Identified virus family ~ Identified virus Unique peptide Total peptide
peptides (unique®) number of virus number of virus
species identified species identified

SARS-CoV-2 10° 1273 (1212) Coronaviridae SARS-CoV-2 30 40

SARS-CoV-2 108 1352 (1295) Coronaviridae SARS-CoV-2 28 36

SARS-CoV-2 107 427 (415) Coronaviridae SARS-CoV-2 13 16

HCoV-0C43 n.d¢ 8262 (8030) Coronaviridae Betacoronavirus OC43 93 94
HCoV-0C43 n.d¢ 7842 (7649) Coronaviridae Betacoronavirus OC43 89 90

HCoV-229E n.d® 5180 (5041) Coronaviridae Human coronavirus 229E 42 42

HCoV-229E n.dd 4315 (4201) Coronaviridae Human coronavirus 229E 39 42

Influenza HIN1 1010 13562 (13041) Orthomyxoviridae Influenza A virus 236 237

Influenza HIN1 10° 1392 (1325) Orthomyxoviridae Influenza A virus 54 54

Influenza H3N2 10 16473 (15739) Orthomyxoviridae Influenza A virus 122 122

Influenza H3N2 10° 2451 (2363) Orthomyxoviridae Influenza A virus 34 34

RSV A 10° 7571 (7355) Pneumoviridae Human orthopneumovirus 134 134

RSV A 108 1264 (1223) Pneumoviridae Human orthopneumovirus 43 43

RSV B 1010 27765 (26331) Pneumoviridae Human orthopneumovirus 159 159

RSV B 10° 9838 (9453) Pneumoviridae Human orthopneumovirus 79 79

hMPV 1010 21326 (20570) Pneumoviridae Human metapneumovirus 125 127

hMPV 10° 3989 (3856) Pneumoviridae Human metapneumovirus 45 45

Hep2 cell line supernatant

32070 (31033)

No virus detected
No virus detected

LLC-MK2 cell line supernatant - 9084 (8864)

a Number of genome copies in sample.

b number of unique peptides after isoleucine (I) amino acid residues in the input peptides are replaced with leucine (L) and subsequent removal of all

duplicates.
¢ Not determined. Tenfold diluted cell culture.
4 Not determined. Hundred fold diluted cell culture.

Table 2

Viruses identified with proteome2virus after PEAKS X and LC-MS/MS analysis of fecal samples. Samples measured with Orbitrap Q Exactive Plus.

Virus Ct-value? Number of presented Identified virus Identified virus Unique peptide Total peptide

peptides (unique®) family number of virus number of virus
species identified species identified

Astrovirus 18 1078 (1037) Astroviridae Mamastrovirus 1 7 7

Norovirus 19 379 (369) Caliciviridae Norwalk virus 6 6

Astrovirus 18 1922 (1848) Astroviridae Mamastrovirus 1 6 6

Rotavirus 18 1331 (1283) Reoviridae Rotavirus A 221 221

Adenovirus 40 or 41 13 1691 (1644) Adenoviridae Human mastadenovirus F 34 96

Rotavirus 22 323 (314) Reoviridae Rotavirus A 8 8

Norovirus 18 2413 (2351) Caliciviridae Norwalk virus 22 22

Adenovirus 40 or 41 14 1403 (1332) Adenoviridae Human mastadenovirus F 33 123

2 Number of cycles for the PCR reaction in which positive signal is higher than the threshold signal. The lower the Ct-value the higher number

of genome copies of the targeted nucleic acid sequences.

b Number of unique peptides after isoleucine (I) amino acid residues in the input peptides are replaced with leucine (L) and subsequent removal

of all duplicates.

for 5 min at 10,000 rpm. The supernatant was cleaned and concentrated
using a C18 column (Thermo Fisher Scientific).

LC-MS/MS measurements of fecal samples were conducted on a
nano LC (Ultimate 3000; Thermo Fisher Scientific, Germering, Ger-
many) coupled to Orbitrap Q Exactive Plus mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany). Samples were loaded (0.5-5 pl)
onto a trap column (Acclaim PepMap; 5 mmlength x 300 ym inner
diameter, ID; Thermo) and desalted and preconcentrated for 10 min
using 0.1% aqueous TFA at a flowrate of 20 ul/min. Next, the trap
column was switched in-line with the analytical column (Acclaim
PepMap, 250 mm X 75 um ID, 3 pm particle size; Thermo) and peptides
were eluted and separated using the following binary gradient: first a
60 min linear gradient from 4 to 25% solvent B followed by a 30 min
gradient from 25 to 50% solvent B, where solvent A consisted of 2%
acetonitrile and 0.1% formic acid (rest water), and solvent B consisted
of 80% acetonitrile and 0.08% formic acid. LC chromatograms were
monitored by an UV detector (absorption at 214 nm). For electrospray
ionization we used coated silica nano electro-spray emitters (New
Objective, Woburn, MA, USA) at a spray voltage of 1.7 kV. All samples
were measured with a data dependent acquisition method using survey

scans with a resolution of 70,000 (AGC target = 10°) followed by up to
12 MS/MS scans (NCE = 28%, resolution = 17,500, 60 ms maximal ion
injection time and 50,000 AGC target).

2.2. Protein database development

Our goal was to develop a rapid virus peptide analysis applica-
tion with a high reliability for the identification of human pathogenic
viruses. In this section, development of a fasta protein database
(46Virus_db_v01) for the identification of 46 different viral species is de-
scribed. Included are gastrointestinal and respiratory viruses that cause
infections in humans, and human Herpesviridae. In total 46 virus species
of 10 different viridae families, that are able to cause an infection in
humans were included in the 46Virus_db_v01. Proteins were extracted
from the NCBI virus database [18]. If available the proteomes of refer-
ence genomes were extracted. Otherwise, annotated proteins based on
nucleotide completeness or, if these were not available, either partial
and complete sequences were extracted (TableS1). For Influenza A, sub-
types were included most relevant to human infections (HIN1, H3N2,
H5N1, H7N9, H9N2 and H10N8). From HIN1 and H3N2, proteomes
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of 13 and 7 strains were selected (TableS2), respectively. For H5N1,
H7N9, H9N2 and H10N8, annotated proteins based on nucleotide com-
pleteness were selected. For SARS-CoV-2, 14 proteomes that contain all
known variations (as of May 19, 2021) and originated from different
locations were included (TableS2).

The database 46Virus_db_v01 contains viruses of Adenoviridae, As-
troviridae, Caliciviridae, Coronaviridae, Herpesviridae, Orthomyxoviridae,
Paramyxoviridae, Picornaviridae, Pneumoviridae and Reoviridae (supple-
ment file 46Virus_db.fasta). In the 46Virus.db_v01 all isoleucine (I)
amino acid residues are replaced with leucine (L) because of the iso-
baric nature of leucine and isoleucine.

As a contaminant database, the proteome of Homo sapiens
(UP000005640_9606) was used to remove identified peptides that po-
tential have sequence similarities in human and virus proteomes [19].

2.3. Peptide assignment

From each sample the obtained MS spectra were assigned to peptides
using PEAKS X (Bioinformatics Solutions Inc., Waterloo, Canada), the
46virus_db_v01 and as a contaminant database the proteome of Homo
sapiens. The peptides were identified using a semi-specific trypsin di-
gestion setting. For sample Set 1, oxidation of methionine moieties was
set as a variable modification and the mass tolerances for ‘De Novo’
and Database searches were used with the following settings; precur-
sor ion mass tolerance 10 ppm and the product ion mass tolerance at
0.5 Da. For sample Set 2 the same settings were used only the precur-
sor ion mass tolerance was set on 20 ppm and the fixed modification:
carbamidomethylation of cysteines was added.

For all peptide assignments, only peptides with a high degree of cer-
tainty (false discovery rate [FDR] of < 0.1%) were used to determine
which viruses were present in the original sample. The obtained pep-
tides were exported in comma-separated values (.csv) file format from
PEAKS X. The list of peptide sequences was extracted (Column ‘peptide’
from peptide.csv), the header of the table removed and annotations of
PTMs (oxidation of methionine and carbamidomethylation of cysteine)
were removed. The obtained cleaned list with the identified amino-acids
sequences of the peptides can be used for downstream data analysis.

2.4. Peptide-based VIRUS detection engine analysis

The developed application proteome2virus processes a list of pep-
tides (which can be in a .csv or .txt format and independent of the
used software application for peptide assignment). The cleaned pep-
tide lists (see supplementary data for cleaned peptide lists generated in
this study) were processed through a web application (app) developed
by our team that identifies the virus based on discriminatory peptides
(proteome2virus).

To support also peptide lists generated with other software applica-
tions, the app replaces all isoleucine (I) amino acid residues in the in-
put peptides with leucine (L) before analysis. Duplicate input peptides,
including duplicates caused by the “I-to-L” replacement, are removed.
Subsequently, the analysis follows a two-step workflow: it starts with a
family-level search followed by a species-level search in each relevant
family. Both steps use a fast string searching algorithm (Ag) to search
for matches between a query peptide and the 46Virus_db_v01 database
[20].

In more detail, in the family-level step, the app searches for matches
between all input peptides and a family-level viral database, which con-
tains the proteomes of the included viruses at family level. For each
peptide with a match, it determines for which family the peptide has a
“hit” (i.e. a perfect match for a reference sequence of a virus family in
46Virus_db_v01) and also whether the peptide has a “family discrimina-
tive hit” (i.e. whether the peptide matches only one viral family in the
46Virus_db_v01 and for that reason is discriminative). Each family with
at least 3 family discriminative hits is considered to be present in the
sample and therefore selected for the species-level search. At this species
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level, a search is performed for each selected family separately. All pep-
tides previously identified in that family are searched in a species-level
database, which contains the proteomes of all included species belong-
ing to this family, to determine “hits” and “species discriminative hits”
(i.e. whether the peptide matches exactly one viral species within this
selected family).

In the end, the app reports results, which contain for each identified
family one species together with the unique hits (species discriminative
peptides) and the total (all peptides identified in the identified species)
number of peptide hits for this species. A file can be downloaded, which
contains the peptides that have a perfect match for a reference sequence
of the final identified virus or viruses. In this table it is also indicated
whether the peptide is unique for the identified virus.

The final identified species is the species within a family with the
highest number, but at least 3, unique peptides. If there is a draw within
a family based on the highest number of unique peptides, the species is
selected with the highest number of total peptides. If there are multiple
species with similar number of unique and total number of peptides, all
species will be reported. If no species with at least 3 species discrimina-
tive peptides is detected within a family, it is determined whether there
is a species with at least 3 total peptide hits. When at least 3 total pep-
tide hits are identified in a species of this family only the family name
will be reported and the species name will be depicted as ‘Uncertain’
because discrimination of the detected virus to the species level is too
uncertain based on these results. The returned total number of hits is the
number of total peptides that was identified at the family level, while
the number of discriminative hits is undefined (NA). In case in the first
family-level step at least 3 family-discriminative peptides were identi-
fied, but at the second species-level step no species was present with at
least 3 total peptide hits, the identified family is considered to be a false
positive hit and is excluded from the report. The app was written in R
(version 4.2.0), using the “shiny” package for web development [21].

3. Results

Virus infections in humans are caused by numerous viral species.
To be able to screen in one assay for a wide selection of common viral
species that cause respiratory or gastrointestinal tract infections, shot-
gun MS methods were developed. For respiratory and gastrointestinal
tract samples the protocols followed are summarized in Fig. 1 and Fig.
2, respectively.

In the undiluted samples >10,000 peptides can be identified
(Table 1). To interpret the identity of a virus quickly and accurately, the
list of peptides can be processed by proteome2virus. After uploading the
file (.csv or .txt) with peptides to the app, the file is processed as shown
in Fig. 3, which generates a report on the screen within reasonable anal-
ysis time. For example, the proteome analysis of a Hep2 cell line super-
natant generated the largest list of peptides 32,070 (31,033 unique after
I to L replacement) in this study, and was analyzed by proteome2virus
in seven minutes. The highest number of peptides was detected in a
sample from an undiluted RSV B virus culture in which 27,765 (26,331
unique after I to L replacement) peptides were identified in 5.81 min. In
samples with < 500 peptides, the identification time was less than 10 s.

3.1. Identification of cultured viruses

All cultured viruses were analyzed on an Orbitrap Eclipse mass
spectrometer with FAIMS and sample preparation was executed with
the SP3 protocol [17]. Peptide lists were generated from the MS-data
using PEAKS X. The cleaned peptide lists were uploaded in the pro-
teome2virus application (proteome2virus) (Fig. 1). Subsequently, all the
tested viruses SARS-CoV-2, HCoV-0C43, HCoV-229E, Influenza A (HIN1
and H3N2), RSV A, RSV B, and hMPV were correctly identified based on
13 to 236 species discriminating peptides (Table 1). The outputted pep-
tide lists of proteome2virus from all results in this study are described in
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Fig. 1. Schematic overview of the liquid
chromatography-tandem mass spectrometry-
based method for identifying viruses in Sample
set 1. Sample preparation: SP3 protocol, Data
acquisition with Orbitrap Eclipse lined up with
a FAIMS and Data interpretation; identification
of virus peptides in PEAKS X and peptide based
virus identification using proteome2virus.

Fig. 2. Schematic overview of the liquid
chromatography-tandem mass spectrometry-
based method for identifying viruses in Sam-
ple set 2. Sample preparation: A traditional in
dilution digestion protocol as described in ma-
terial and methods, Data acquisition Orbitrap
Q Exactive Plus and Data interpretation; iden-
tification of virus peptides in PEAKS X and
peptide based virus identification using pro-
teome2virus.

Fig. 3. A file with peptides generated with
PEAKS X is uploaded to the proteome2virus
app. (1) The peptides are then preprocessed
by replacing I to L and removing the dupli-
cate peptides. (2) After this, a family search is
performed. In this search, input peptides are
searched in proteomes of all families in the
database. If a match is identified for a family,
the match is determined to be discriminative
(only present in this family) or not discrimina-
tive for this family. (3) After the family search,
all families are selected with at least 3 fam-
ily discriminative peptides. (4) In each family,
a species search is performed. In this species
search, all identified peptides for this family are
searched in proteomes of the species present
in the database that belongs to this family. If
a match is identified for a species, it is deter-
mined to be discriminative (only present in this
species) or not discriminative for this species
within the family that is selected. (5) A final
species is then selected based on the number of

species discriminative peptides (and if necessary also by the number of total identified peptides for this species). The proteome2virus app subsequently generates
an output table, which contains the number of species discriminative (unique) peptides and the total number of species identified peptides for each selected family.
With a button a table can be downloaded, which contains the peptides that have a perfect match for a reference sequence of the identified virus or viruses. In this
table it is also indicated whether the peptide is unique for the identified virus species.

the supplemented file: Peptides lists of identified viruses.xlsx. Discrep-
ancy between species name in the tested sample and the reported virus
is caused by difference in the commonly used name in clinical diagnos-
tics and the official name as described by the International Committee
on Taxonomy of Viruses (ICTV) [22]. In the supernatant of Hep2 and
LLC-MK2 cell cultures that were not infected, no viruses were identified.

3.2. Identification of viruses in fecal clinical samples

To determine whether gastrointestinal viruses could be identified,
clinical fecal samples from eight patients with virus infection were an-

alyzed by shotgun proteomics and compared with RT-PCR test results
(Table 2, Fig. 2). In all eight samples only one viral species was iden-
tified. Again, the discrepancy between species name in the tested sam-
ple and the reported virus (see Table 2) is caused by difference in the
commonly used name in clinical diagnostics and the official name as
described by the ICTV.

Mamastrovirus 1, Norwalk virus, Rotavirus A, and Human mastaden-
ovirus F were identified. Each virus was identified twice in the eight dif-
ferent patient samples. The number of species discriminating peptides
for each virus varied from 6 to 221.
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3.3. Data availability

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository [23,24]
with the dataset identifier PXD36663 and 10.6019/PXD036663. The
samples with an overview of the associated data (raw datafiles on
PXD036663, supplemented cleaned peptide lists, outputted peptide
lists of proteome2virus) are described in TableS3.

4. Discussion

To enable detection of the most commonly occurring respiratory and
gastrointestinal viruses in a single assay, a data analysis approach for
shotgun mass spectrometry data has been developed. With this devel-
oped data analysis pipeline, it is possible to identify 46 viral species
within one test. The analysis report provides an easy-to-interpret result,
which describes the identified virus (or viruses) and the number of dis-
criminatory peptides on which the identification is based.

Viruses were correctly identified with the developed web applica-
tion, based on at least three species discriminative peptides. In the sam-
ples used, it was unknown which virus was present and because virus
species contains multiple proteins the cut-off number was increased to
three discriminative peptides in order to reduce the possibility of en-
countering false positive results. Moreover, in proteomics a cut-off of
two or more peptides is often used to identify a protein.

In total ten different viral species were identified from seven different
virus families.

Using the constructed database with 46 viral species, PEAKS X, and
the developed MS-data analysis approach proteome2virus, viruses can
be identified based on shotgun mass spectrometry data. The analyzed
data were acquired using two different sample preparations methods
and measured on two different Orbitraps (Orbitrap Q Exactive Plus and
Orbitrap Eclipse equipped with FAIMS). This implicates that our data
analysis pipeline is applicable for different MS data sets.

Our study results show that with shotgun LC-MS/MS and the devel-
oped data analysis pipeline, it is possible to screen for different viral
species simultaneously. Another advantage of our method is its simplic-
ity, which ensures that all viruses (DNA or RNA viruses, enveloped or
non-enveloped viruses) can be detected with the same procedure and
reagents. Subsequently, the identification of a virus is highly reliable
because the identification is based on at least three but most often more
unique peptide sequences. The database can easily be extended with
other virus genomes.

There are some drawbacks to shotgun mass spectrometry which need
to be further studied before this method can be used as a routine virus
diagnostic test in clinical laboratories. The relative low throughput and
sensitivity, and the risk of carryover should be addressed. Concerning
the risk of carryover, Foundraine et al. demonstrated that by using an
Evosep One LC system, which uses a disposable StageTip for sample
loading, there was no carryover between the tested samples [25]. An-
other practical approach is to re-analyze a sample if it detects the same
viral species as in the previous sample [6]. The throughput is mainly
limited by the serial measurement of samples in contrast to RT-PCR.
Throughput, can be increased by optimizing elution gradients and/or
the data acquisition method of the mass spectrometer. Recently, scan-
ning SWATH was introduced as a new acquisition method that enables
the measurement of several hundreds of proteomes per day on a sin-
gle LC-MS instrument [26,27]. So far, the sensitivity of shotgun mass
spectrometry is relatively low, which limits its clinical applicability for
certain infections or certain samples like cerebrospinal fluid, where viral
loads are often low. However, in acute phase samples or samples from
immunocompromised patients, and in certain infections like gastro-
intestinal infections, viral loads are usually high. Moreover, in immuno-
compromised patients the infectious agent is more often unpredictable.
In these cases shotgun mass spectrometry as non-targeted based method
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could already be of additional value despite the relative low sensitivity.
Another advantage of the developed shotgun MS-method compared to
PCR or antibody based detection methods, is that this-method is less
sensitive for genetic mutations, and less dependent on specific reagents.
Therefore, MS-based proteomic applications may play a role in detecting
new virus variants in patients as previously suggested [11].

Despite the fact that the presented data were acquired with con-
ventional nano-LC settings and not in a high-throughput manner, the
method can be applied in critical, rare or complex situations to comple-
ment clinical diagnostics.

In summary, we have developed an open access, simplified data anal-
ysis pipeline for the diagnosis of most common causes of respiratory and
gastrointestinal infections, using shotgun LC-MS/MS. Results indicate
that the causative agent of viral diseases can be elucidated using shot-
gun mass spectrometry in combination with an easily accessible data
analysis approach which is feasible in a meaningful time frame and can
assist in the screening of a suspected viral infection.
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