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Shortlisting SARS-CoV-2 Peptides for Targeted Studies from
Experimental Data-Dependent Acquisition Tandem Mass
Spectrometry Data

Duarte Gouveia, Lucia Grenga, Jean-Charles Gaillard, Fabrice Gallais, Laurent Bellanger,
Olivier Pible, and Jean Armengaud*

Detection of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
a crucial tool for fighting the COVID-19 pandemic. This dataset brief presents
the exploration of a shotgun proteomics dataset acquired on SARS-CoV-2
infected Vero cells. Proteins from inactivated virus samples were extracted,
digested with trypsin, and the resulting peptides were identified by
data-dependent acquisition tandem mass spectrometry. The 101 peptides
reporting for six viral proteins were specifically analyzed in terms of their
analytical characteristics, species specificity and conservation, and their
proneness to structural modifications. Based on these results, a shortlist of 14
peptides from the N, S, and M main structural proteins that could be used for
targeted mass-spectrometry method development and diagnostic of the new
SARS-CoV-2 is proposed and the best candidates are commented.

The world is facing a tremendous pandemic caused by the
SARS-CoV-2 virus.[1] The mutations naturally-occurring in the
viral genome upon its spread may challenge molecular biology
diagnostic tests.[2,3] Mass-spectrometry (MS) based detection
of organisms could be an alternative for fast deployment of
novel detection means in case of emergence of new pathogens.
More specifically, proteotyping based on peptide/protein mass
measurement can be performed with either a targeted strategy
or without any a priori.[4,5] For such purpose sample preparation,
acquisition modes and parameters should be optimized depend-
ing on the nature of the samples and the target. Targeted mass
spectrometry approaches can be applied for the routine detec-
tion of pathogens with high sensitivity.[6] Previous knowledge of
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peptide sequences and experimental pa-
rameters is required for the development
of robust methods.
This article reports high-resolution

mass spectrometry (HR-MS) experi-
mental data from SARS-CoV-2 infected
Vero cells and proposes a list of exper-
imentally observed peptides for their
possible use in targeted method de-
velopment. We recently described the
kinetic of Italy-INMI1 SARS-CoV-2
virus production in Vero E6 cells and
pointed at the key host proteins whose
abundances are correlated with those
of viral proteins.[7] One sample of this
kinetic, at 4 days post-infection (4dpi)
at Multiplicity of infection of 0.01, was

subjected to a deeper data-dependent acquisition (DDA) anal-
ysis. The spectra obtained were explored to identify and re-
trieve important experimental characteristics of peptides belong-
ing to the most abundant viral proteins. The 4dpi sample was
selected based on our previous results that show a high load of
viral protein production at this stage in these conditions. Briefly,
SARS-CoV-2-infected Vero E6 cells cultivated in a BSL3 facility
in DMEM supplemented with 5% foetal calf serum and 0.5%
penicillin-streptomycin at 37 °C under 9% CO2 were washed and
inactivated at 125 °C for 40 min. Proteins were dissolved in 100
µL LDS 1X (Lithium dodecyl sulfate) sample buffer (Invitrogen)
and supplemented with 5% beta-mercaptoethanol (v/v). For the
shotgun analysis, two 20 µL aliquots of extracted proteins were
loaded onto a NuPAGE 4–12% bis–tris gel (technical replicates)
and subjected to electrophoretic migration at 200 V for 10 min.
The proteins were stained for 5 min with Coomassie Simply-
Blue SafeStain (Thermo Fisher Scientific). Each gel band was
then sliced along their molecular weights in five fractions which
were subjected to trypsin proteolysis[8] and analyzed separately
by liquid chromatography (LC) HR-MS/MS with a Q-Exactive
HF mass spectrometer. The 90 min LC gradient comprised two
slopes of solvent B (80% acetonitrile, 0.1% formic acid in wa-
ter): 4–25% during 75 min, and 25–40% during 15 min. The
MS/MS spectra were assigned to peptide sequences using the
Mascot Server 2.5.1 (Matrix Science) against an “in-house” con-
taminants database (cRAP + additional contaminants + 23 Bos
Taurus sequences; 384 sequences; 187 250 residues), followed by
a search against a database comprising the Uniprot Chloroce-
bus sequences (20 576 sequences; downloaded March 2020) and
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the Italy-INMI1 SARS-CoV-2 protein sequences (10 sequences;
downloaded March 2020). The following parameters were used
for peptide assignation: trypsin as enzyme, two missed cleav-
ages allowed, precursor charges of +2 and +3, mass tolerances
of 5 ppm for the precursor ions and 0.02 Da for the fragment
ions, carbamidomethylated cysteines as static modification, and
methionine oxidation, asparagine, and glutamine deamidation
as dynamic modifications. Mascot DAT files were processed for
filtering peptide-to-spectrum matches (PSMs) with false discov-
ery rates inferior to 1%. Proteins identified by one or more spe-
cific peptides were retained and a label-free quantification based
on PSM counts for each peptide and protein was performed fol-
lowing the principle of parsimony. The mass spectrometry pro-
teomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE[9] partner repository with the dataset iden-
tifier PXD018804 and 10.6019/PXD018804.
Table S1, Supporting Information contains the list of proteins

and peptides identified. The ten nanoLC-MS/MS runs originated
a total of 485 396 MS/MS spectra, from which 167 048 were at-
tributed to 16 929 non-redundant peptide sequences. This data
allowed identifying and quantifying 2900 protein sequences from
the whole-cell content of the sample. The viral proteome rep-
resents a small but valuable fraction of the dataset: 3363 PSMs
(2%), 101 peptide sequences (0.6%), and six proteins (0.2%). The
six viral proteins identified in these samples were proteins N
(Nucleoprotein—39 peptides), S (Spike protein—31 peptides),
M (membrane glycoprotein—eight peptides), ORF1ab (12 pep-
tides), ORF3a (three peptides), and ORF8 (one peptide). To pro-
pose the most suitable viral peptides for the development of tar-
geted approaches, we analyzed the dataset within the Skyline
software (v20.1.0.76, University of Washington).[10] We created
a spectral library based on the two DAT files from the Mascot
search (cut-of 0.95) and uploaded the MS1 full scan information
contained in the ten RAW files. The protein database previously
used for the Mascot search was used as background proteome.
Only the viral proteins were added to the target panel. The pep-
tide settings were then changed as follows: trypsin as enzyme;
no missed cleavages; enforce peptide uniqueness by species; use
measured retention times; peptide length from seven to 25 amino
acids; no structural modifications; and pick peptides matching
the library. For transitions: precursor charges of one and three;
ion charges of one; ion types p, b, and y; up to five product ions
picked; ion match tolerance = 0.05m/z; method match tolerance
= 0.055 m/z; MS1 filtering centroided with 5 ppm of mass accu-
racy;MS/MSfilteringwith a resolving power of 15 000 at 200m/z.
These parameters output a list of 300 transitions, 60 precursor
ions, 53 peptides reporting for five viral proteins. Peak peaking
was manually checked for all peptides. To remove peaks with un-
reliable isotope patterns, possible misidentifications, or signals
below the limit of detection with excessive noise or interferences,
we further optimized the peptide filtering by selecting only pre-
cursors with an isotope dot products (idotp) superior to 0.90. The
idotp provides a measure to assess precursor isotope distribution
and its correlation between the predicted and the observed pat-
tern, with “1” being an optimal match.[11]

The final list of peptides, precursor, and fragment ions is pre-
sented in Table 1. The table shows the sequences of the precursor
ions, their charges andm/z, and the top three ranked transitions
in the library. The corresponding Skyline LC peaks and MS/MS

spectra for each of the 16 precursor ions fromTable 1 are available
in SD1, Supporting Information. As shown in Table 1, protein N
is the most represented with seven peptides, followed by protein
S with four peptides, and protein M with three peptides. The re-
tention times and peptide intensities in the chromatogram are
represented in Figure 1. The figure shows that these 14 peptides
are distributed essentially in three zones of the chromatogram:
five peptides in the first 25 min; four peptides in the 38–50 min
window; and five peptides in the 75–85 min window. The five
early-eluting peptides could be of great interest for proteotyping
viral peptides by concentrating the mass spectrometry efforts on
their detection. If their elution could be achieved earlier, extra-
short LC gradients could be developed for their targeted detec-
tion. Moreover, these five peptides report for the three major pro-
teins of the virus (two peptides for proteins N andM, one peptide
for protein S). In terms of abundance, all peptides were observed
with high intensities at least in one of the fractions (peak areas
between 107 and 108). The five precursor ions that showed high-
est peak intensities were: AYNVTQAFGR (+2), GFYAEGSR (+2),
ADETQALPQR (+2) from protein N, and peptides EITVATSR
(+2) and VAGDSGFAAYSR (+2) from protein M. For protein S,
the most intense precursor was LQSLQTYVTQQLIR (+2), which
correspond to the seventh most intense peak from the list. The
less abundant precursors from this list were GWIFGTTLDSK
(+2, protein S), IAGHHLGR (+2, protein M), WYFYYLGTG-
PEAGLPYGANK (+3, protein N). More detailed information on
precursors and transitions can be found on the two reports ex-
tracted from skyline (Tables S2 and S3, Supporting Information).
Next, we verified peptide inter-species specificity and sequence

conservation among proteins N, M, and S from different hu-
man and animal SARS-CoV-2. As shown in Table 1, blastp[12]

results at 100% query coverage and identity show that ten pep-
tides are specific to SARS-CoV-2, if one does not take into
account the hits on bat and pangolin coronaviruses (see col-
umn “Inter-species specificity”). However, peptides EITVATSR,
IAGHHLGR, GFYAEGSR, and GPEQTQGNFGDQELIR are
shared with other organisms and should be avoided for de-
tection purposes. For assessing the intra-species conserva-
tion of peptide sequences, 3,217 genomes were downloaded
from the GISAID website (https://www.gisaid.org/) on the 2nd
of April 2020. After multiple sequence alignment and cura-
tion against a reference genome assembly (GCA_009858895.3),
genes were annotated using the corresponding GFF file
(GCA_009858895.3_ASM985889v3_genomic.gff) and translated
into proteins. Proteomes with more than two undetermined
residues “X” due to nucleotide uncertainty in one of the 10 tar-
get protein sequences were eliminated, and 2005 curated pro-
teomes were kept in the alignment. All the peptide sequence
variants found in this analysis for the most mass spectrometry
detectable candidates are displayed in Figure 2. The three pep-
tides from protein M are well-conserved and no variants were
found. Among the four peptides identified for protein S, pep-
tide GWIFGTTLDSK shows some slight sequence variability in
one human-virus sequence (USA|WA-UW370), and four non-
human-virus sequences (pangolin sequences). Peptides HTPIN-
LVR, LQSLQTYVTQQLIR and FQTLLALHR are well-conserved
among human-virus and no variants were found. The peptides
from protein N presented the highest diversity in terms of se-
quence. While the majority of peptide variants from protein
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Figure 1. Retention times and peak areas from the 16 precursor ions identified from the skyline analysis.

Figure 2. Sequence variants identified for each of the 14 peptides from Table 1. The sequences of these peptides are indicated in bold. Variants were
identified through multiple sequence alignments of the ten viral proteins from virus Italy-INMI1 strain with other sequenced human SARS-CoV-2, bat,
and pangolin closely related viruses. Variations in the amino acid sequences are highlighted in red.

N were found for non-human-viruses, variability was found
also among human-virus sequences: peptide AYNVTQAFGR
has one variant, peptide GPEQTQGNFGDQELIR has two vari-
ants, peptide WYFYYLGTGPEAGANK has three variants, and
peptides NPANNAAIVLQLPQGTTLPK, IGMEVTPSGTWLTYT-
GAIK, ADETQALPQR have four variants. Peptide GFYAEGSR
was the only peptide from protein N which did not present any
sequence variant. Thus, seven peptides could be interesting ultra-
conserved candidates. Among the five peptides from the 7–25
min window, four peptides are well-conserved and only one pos-

sible variant would have to be monitored if necessary (one HT-
PINLVR variant from a non-human virus).
Table 1 also shows some additional parameters for guiding

further the selection of peptides for targeted assays. Notably, we
provide the potential susceptibility of each peptide to bemodified,
by looking into our DDA data, and through searching the peptide
sequences in the Global Proteome Machine Database (GPMDB,
https://www.thegpm.org/index.html) and checking the number
of occurrences of modifications in other datasets containing
these peptides. As detailed in the table, four peptides are more
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prone to modifications, peptides IGMEVTPSGTWLTYTGAIK,
WYFYYLGTGPEAGLPYGANK, and NPANNAAIVLQLPQGT-
TLPK from protein N, and peptide GWIFGTTLDSK from
protein S, respectively. In terms of occurrence of missed cleav-
ages in the DDA data, six peptide sequences are present as one
single sequence: IAGHHLGR, FQTLLALHR, GWIFGTTLDSK,
HTPINLVR, LQSLQTYVTQQLIR, and IGMEVTPSGTWLTYT-
GAIK. Peptide ADETQALPQR appears to be the most suscep-
tible to the occurrence of missed cleavages, with four different
sequences observed in the data: ADETQALPQRQK, ADE-
TQALPQRQKK, KADETQALPQRQR, KADETQALPQRQRQK,
KKADETQALPQR. Furthermore, as observed in Figure 2, these
peptides are belonging to potential mutation hotspot zones
being also more prone to residue changes.
In summary, this dataset provides new data on SARS-CoV-2

protein and peptide sequences that could be of use for fu-
ture developments of targeted assays for the detection of the
virus in medical samples. Based on our experimental data and
decision criteria, we consider that the best theoretical candi-
dates for this purpose would be peptides LQSLQTYVTQQLIR,
FQTLLALHR, HTPINLVR from protein S, along with peptide
VAGDSGFAAYSR from protein M. Nevertheless, peptides ADE-
TQALPQR, AYNVTQAFGR, NPANNAAIVLQLPQGTTLPK,
and WYFYYLGTGPEAGLPYGANK from protein N, due to
their specificity for SARS-CoV-2, could be of use if one takes
into account their variants and their structural modifications.
Peptides EITVATSR and IAGHHLGR (protein M) and peptide
GFYAEGSR (protein N) showed good analytical characteristics
but unfortunately their sequences are shared with other eukary-
otes and bacteria. They can still be used for targeted method
development but only in the presence of another peptide from
the same protein which is specific to SARS-CoV-2. Taking into
account the good signals obtained for these peptides in the
presence of a background matrix in DDA mode, we expect
that some peptides can be detected in real clinical samples
by using sensitive targeted approaches, but we recommend
specific rigorous studies to establish the limit of detection of
any methodology. We believe this study reinforces and comple-
ments some currently on-going projects that aim at providing
MS-based tools for use in diagnostic of SARS-CoV-2, but until
now unpublished.[13–15] To our knowledge, only one proteomic
dataset related to COVID-19 has been published,[16] presenting
an interactomics study with viral proteins individually produced
in host cells. The present dataset is the first published work on
proteomics carried out with SARS-CoV-2 virus. Compared to
other on-going studies, the information provided here covers
important analytical characteristics of peptides from the differ-
ent structural viral proteins for the development of MS-based
diagnostic. We present the conservation of peptides among
the different types of SARS-CoV-2 sequenced up until recently
because mutations naturally occurring in the viral genome upon
its spread may challenge molecular biology diagnostic tests.
Furthermore, the search of naturally attenuated variants that has
been recently proposed as an interesting perspective[17] could be
carried out with a systematic search of these peptides. This ex-
perimental dataset allows researchers to use this information in
order to select and develop the most appropriate MSmethods for
the detection of the virus. All the MS raw files and peptide search
results are made available for researchers to mine the data and

search for other relevant peptides that could be of use for their
studies.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
The authors are indebted to Dr. Silvia Meschi (National Institute for In-
fectious Diseases “Lazzaro Spallanzani” IRCCS, via Portuense 292, 00149
Rome, Italia) for making the Human 2019-nCoV strain 2019-nCoV/Italy-
INMI1 (008N-03893) available. This publication was supported by the Eu-
ropean Virus Archive goes Global (EVAg) project that has received funding
from the European Union’s Horizon 2020 research and innovation pro-
gramme under grant agreement N°653316. The authors are also grateful
to the French Alternative Energies and Atomic Energy Commission (CEA),
and the ANR program “Phylopeptidomics” (ANR-17-CE18-0023-01) that
supported part of this study. Two days after the submission of our revised
manuscript, another SARS-CoV-2 proteomic dataset of interest has been
published (doi: https://10.1038/s41586-020-2332-7). We hope that the in-
ternational proteomics community joint efforts will contribute our under-
standing and eradication of the COVID-19 disease.

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
D.G., L.G., O.P., and J.A. conceived the study. J.C.G. performed the pro-
teomic experimental work. F.G. and L.B. contributed the biological mate-
rial. D.G., L.G., J.C.G., O.P., and J.A. analyzed the data. D.G., L.G., and J.A.
wrote the manuscript with help from all the co-authors.

Keywords
COVID-19, mass spectrometry, peptides, proteomics, SARS-CoV-2, viral
protein detection

Received: April 25, 2020
Revised: May 12, 2020

Published online: June 21, 2020

[1] S. Jiang, L. Du, Z. Shi, Emerging Microbes Infect. 2020, 9, 275.
[2] D. F. Gudbjartsson, A. Helgason, H. Jonsson, O. T. Magnusson, P.

Melsted, G. L. Norddahl, J. Saemundsdottir, A. Sigurdsson, P. Sulem,
A. B. Agustsdottir, B. Eiriksdottir, R. Fridriksdottir, E. E. Gardarsdottir,
G. Georgsson, O. S. Gretarsdottir, K. R. Gudmundsson, T. R. Gun-
narsdottir, A. Gylfason, H. Holm, B. O. Jensson, A. Jonasdottir, F.
Jonsson, K. S. Josefsdottir, T. Kristjansson, D. N. Magnusdottir, L.
le Roux, G. Sigmundsdottir, G. Sveinbjornsson, K. E. Sveinsdottir, M.
Sveinsdottir, et al., N. Engl. J. Med. 2020. https://www.nejm.org/doi/
full/10.1056/NEJMoa2006100

Proteomics 2020, 20, 2000107 2000107 (6 of 7) © 2020 The Authors. Proteomics published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advancedsciencenews.com
http://www.proteomics-journal.com
https://10.1038/s41586-020-2332-7
https://www.nejm.org/doi/full/10.1056/NEJMoa2006100
https://www.nejm.org/doi/full/10.1056/NEJMoa2006100


www.advancedsciencenews.com www.proteomics-journal.com

[3] H. Yao, X. Lu, Q. Chen, K. Xu, Y. Chen, L. Cheng, F. Liu, Z. Wu, H.
Wu, C. Jin, M. Zheng, N. Wu, C. Jiang, L. Li, medRxiv 2020. https:
//www.medrxiv.org/content/10.1101/2020.04.14.20060160v1

[4] L. Grenga, O. Pible, J. Armengaud, Clin. Mass Spectrom. 2019, 14, 9.
[5] R. Karlsson, L. Gonzales-Siles, F. Boulund, L. Svensson-Stadler, S.

Skovbjerg, A. Karlsson, M. Davidson, S. Hulth, E. Kristiansson, E. R.
B. Moore, Syst. Appl. Microbiol. 2015, 38, 246.

[6] Y. Charretier, O. Dauwalder, C. Franceschi, E. Degout-Charmette, G.
Zambardi, T. Cecchini, C. Bardet, X. Lacoux, P. Dufour, L. Veron, H.
Rostaing, V. Lanet, T. Fortin, C. Beaulieu, N. Perrot, D. Dechaume,
S. Pons, V. Girard, A. Salvador, G. Durand, F. Mallard, A. Theretz,
P. Broyer, S. Chatellier, G. Gervasi, M. Van Nuenen, C. A. Roitsch,
A. Van Belkum, J. Lemoine, F. Vandenesch, et al., Sci. Rep. 2015, 5,
13944.

[7] L. Grenga, F. Gallais, O. Pible, J. C. Gaillard, D. Gouveia, H. Batina, N.
Bazaline, S. Ruat, K. Culotta, G. Miotello, S. Debroas, M.-A. Roncato,
G. Steinmetz, C. Foissard, A. Desplan, B. Alpha-Bazin, C. Almunia,
F. Gas, L. Bellanger, J. Armengaud, BioRxiv 2020. https://doi.org/10.
1101/2020.04.17.046193

[8] E. M. Hartmann, F. Allain, J. G. Gaillard, O. Pible, J. Armengaud, in
Host-Bacteria Interactions (Eds: A. C. Vergunst, D. O’Callaghan), Vol.
1197, Humana Press, NY 2014, pp. 275–285.

[9] Y. Perez-Riverol, A. Csordas, J. Bai, M Bernal-Llinares, S. Hewapathi-
rana, D. J. Kundu, A. Inuganti, J. Griss, G. Mayer, M. Eisenacher, E.
Pérez, J. Uszkoreit, J. Pfeuffer, T. Sachsenberg, S. Yilmaz, S. Tiwary, J.
Cox, E. Audain, M. Walzer, A. F. Jarnuczak, T. Ternent, A. Brazma, J.
A. Vizcaíno, Nucleic Acids Res. 2019, 47, D442.

[10] B. MacLean, D. M. Tomazela, N. Shulman, M. Chambers, G. L.
Finney, B. Frewen, R. Kern, D. L. Tabb, D. C. Liebler, M. J. MacCoss,
Bioinformatics 2010, 26, 966.

[11] B. Schilling, M. J. Rardin, B. X. MacLean, A. M. Zawadzka, B. E.
Frewen, M. P. Cusack, D. J. Sorensen, M. S. Bereman, E. Jing, C. C.
Wu, E. Verdin, C. R. Kahn, M. J. Maccoss, B. W. Gibson, Mol. Cell.
Proteomics 2012, 11, 202.

[12] S. F. Altschul, T. L. Madden, A. A. Schaffer, J. Zhang, Z. Zhang, W.
Miller, D. J. Lipman, Nucleic Acids Res. 1997, 25, 3389.

[13] K. Bezstarosti, M. M. Mamers, B. L. Haagmans, J. A. A. Demmers,
BioRxiv 2020. https://doi.org/10.1101/2020.04.23.057810v1

[14] C. Ihling, D. Tänzler, S. Hagemann, A. Kehlen, S. Hüttelmaier, A. Sinz,
BioRxiv 2020. https://doi.org/10.1101/2020.04.18.047878

[15] B. C. Orsburn, C. Jenkins, S. M. Miller, B. A. Neely, N. M. Bumpus,
BioRxiv 2020. https://doi.org/10.1101/2020.03.08.980383

[16] D. E. Gordon, G. M. Jang, M. Bouhaddou, J. Xu, K. Obernier, K. M.
White, M. J. O’Meara, V. V. Rezelj, J. Z. Guo, D. L. Swaney, T. A.
Tummino, R. Huettenhain, R. M. Kaake, A. L. Richards, B. Tutun-
cuoglu, H. Foussard, J. Batra, K. Haas, M. Modak, M. Kim, P. Haas,
B. J. Polacco, H. Braberg, J. M. Fabius, M. Eckhardt, M. Soucheray,
M. J. Bennett, M. Cakir, M. J. McGregor, Q. Li, et al., Nature 2020.
https://www.nature.com/articles/s41586-020-2286-9

[17] J. Armengaud, A. Delauney-Moisan, J. Y. Thuret, E. van Anken, D.
Acosta-Alvear, T. Aragón, C. Arias, M. Blondel, I. Braakman, J.-F. Col-
let, R. Courcol, A. Danchin, J.-F. Deleuze, J.-P. Lavigne, S. Lucas, T.
Michiels, E. R. B. Moore, J. Nixon-Abell, R. Rossello-Mora, Z. Shi, A.
G. Siccardi, R. Sitia, D. Tillett, K. N. Timmis, M. B. Toledano, P. van
der Sluijs, E. Vicenzi, Environ. Microbiol. 2020. https://sfamjournals.
onlinelibrary.wiley.com/doi/abs/10.1111/1462-2920.15039

Proteomics 2020, 20, 2000107 2000107 (7 of 7) © 2020 The Authors. Proteomics published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advancedsciencenews.com
http://www.proteomics-journal.com
https://www.medrxiv.org/content/10.1101/2020.04.14.20060160v1
https://www.medrxiv.org/content/10.1101/2020.04.14.20060160v1
https://doi.org/10.1101/2020.04.17.046193
https://doi.org/10.1101/2020.04.17.046193
https://doi.org/10.1101/2020.04.23.057810v1
https://doi.org/10.1101/2020.04.18.047878
https://doi.org/10.1101/2020.03.08.980383
https://www.nature.com/articles/s41586-020-2286-9
https://sfamjournals.onlinelibrary.wiley.com/doi/abs/10.1111/1462-2920.15039
https://sfamjournals.onlinelibrary.wiley.com/doi/abs/10.1111/1462-2920.15039

