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ABSTRACT: Pathogen identiﬁcation is crucial to conﬁrm
bacterial infections and guide antimicrobial therapy. Although
MALDI-TOF mass spectrometry (MS) serves as foundation for
tools that enable rapid microbial identiﬁcation, some bacteria
remain challenging to identify. We recently showed that top-down
proteomics (TDP) could be used to discriminate closely related enterobacterial pathogens (Escherichia coli, Shigella, and Salmonella)
that are indistinguishable with tools rooted in the MALDI-TOF MS approach. Current TDP diagnostic relies on the identiﬁcation of
speciﬁc proteoforms for each species through a database search. However, microbial proteomes are often poorly annotated, which
complicates the large-scale identiﬁcation of proteoforms and leads to many unidentiﬁed high-quality mass spectra. Here, we describe
a new computational pipeline called DiagnoTop that lists discriminative spectral clusters found in TDP data sets that can be used for
microbial diagnostics without database search. Applied to our enterobacterial TDP data sets, DiagnoTop could easily shortlist highquality discriminative spectral clusters, leading to increased diagnostic power. This pipeline opens new perspectives in clinical
microbiology and biomarker discovery using TDP.
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■

INTRODUCTION
The current method used in hospitals for rapid bacterial
identiﬁcation rely on computational tools tailored toward
matrix-assisted laser desorption ionization−mass spectrometry
(MALDI-TOF MS).1 The diagnostic is based on comparing an
experimental spectrum obtained in the 2000−20 000 Da range
generated from intact proteins from a bacterial colony and
proﬁles of known bacteria stored in a database.2 Although the
approach can characterize bacterial pathogens in more than
80% of the cases, it fails when the database lacks appropriate
proﬁles or when challenged with closely related pathogens that
give similar protein patterns. Moreover, it does not bring any
information on the presence of virulence of resistance
determinants. There is, therefore, a need for new strategies
that overcome these limitations. We recently demonstrated
that top-down proteomics (TDP) could be successfully
employed to discriminate closely related pathogenic bacterial
strains such as the enterobacteria Escherichia coli, Shigella, and
Salmonella.3 Our approach relied on LC-MS/MS analysis of
intact proteins obtained from bacterial cultures and the
subsequent identiﬁcation of speciﬁc discriminative proteoforms. Identiﬁcation was achieved using Prosight, a widely
adopted database search engine,4 and a proteoform database
generated from Uniprot. We noted that the use of Uniprot was
biased because of the high variability in the quality of the
available microbial proteomes. For reference species, such as E.
coli K12, many reviewed protein sequences are accessible and
© 2021 American Society for Mass
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allowed reliable identiﬁcation of proteoforms. In contrast, the
databases available for poorly studied microbes contained
mostly nonreviewed, missing, or misannotated sequences. In
addition, these protein databases usually contain only a little or
no information on amino acid variations or modiﬁcations of
proteins. These shortcomings justify why many high-quality
MS/MS spectra remain unidentiﬁed and opens room for new
tools to signiﬁcantly increase the repertoire of discriminant
proteoforms.
To circumvent this limitation, we present a new computational pipeline, called DiagnoTop, that uses spectral clustering
and pattern recognition to statistically list discriminant spectral
clusters based on MS/MS data, without database search. Our
pipeline relies on Top-Down Garbage Collector (TDGC) to
serve as a gatekeeper and guarantee a high-quality spectra feed
to DiagnoProt,5 a software previously introduced by us, that
shortlists discriminative spectral clusters6 and tailored here for
the analysis of TDP data. Applied to our enterobacterial TDP
data set, DiagnoTop achieves a higher number of discrimSpecial Issue: Focus: Top-Down Proteomics: Technology Advances and Biomedical Applications
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Figure 1. DiagnoTop workﬂow, including (A) spectral clustering to create the 12 knowledge bases (KB) and (B) comparison of all KBs.

value of 5 × 105, and MIT of 250 ms. All experiments were
performed in biological triplicates.
The 36 corresponding raw ﬁles were processed with
ProSight PC v4.1 (Thermo Scientiﬁc) and Proteome
Discoverer v2.4 (Thermo Scientiﬁc) using the ProSight PD
3.0 node. Spectral data were ﬁrst deconvoluted and deisotoped
using the cRAWler algorithm. Spectra were then searched
using a two-tier search strategy with searches against an
Uniprot XML database created from the sequences identiﬁed
in the individual TDP analysis of the 12 strains after removing
duplicates (1516 protein entries and 10 425 proteoforms).
Search 1 consists of a ProSight Absolute Mass search, and
Search 2 is a ProSight Biomarker search (tolerance of 10 and 5
ppm for MS 1 and MS2, respectively). Identiﬁcations with Evalues better than 1 × 10−10 (−log (E-value) = 10) and
between 1 × 10−10 and 1 × 10−5 were respectively considered
conﬁdent and medium hits. A 1% proteoform spectrum match
(PrSM)-level FDR was employed.
DiagnoTop Workﬂow. Figure 1 summarizes the DiagnoTop workﬂow. The ﬁrst step was to use the quality control
ﬁlter (TDGC) on all MS/MS spectra to select the high-quality
ones. TDGC uses an automatic scoring function that considers
the distribution of isotopic envelopes and signal-to-noise ratios
throughout the spectrum to classify whether it is of highquality or not. We used TDGC with its default parameters. For
the task at hand, TDGC also helped speed up the processing
and increase clustering precision (data not shown).
In what followed, DiagnoTop was used to generate the
Knowledge Base (KB). We deﬁne KB as a collection of spectral
clusters derived from the various bacterial strains. We deﬁne a
spectral cluster as a set of similar MS/MS spectra grouped
according to a similarity function, in our case, the spectral
angle.8,9 To compute the spectral angle, the spectra were ﬁrst
vectorized using bins of 0.02 m/z width. Only spectra whose
precursor ion retention time was within a 10 min tolerance and
the precursor mass diﬀer at most by 3.5 Da were considered
for belonging to the same cluster. This aimed to group all
similar MS/MS spectra arising from the fragmentation of the
same proteoform.
The second part of DiagnoTop includes evaluating the
separability between bacterial strains. For this, we used the
Jaccard index with the information on number of shared
clusters for each condition; these results can be used to
generate a PCA. We also provide a clustergram that displays

inative features than the widely adopted search engine
approach.

■

EXPERIMENTAL SECTION
Computer Setup. DiagnoTop is composed of TDGC and
DiagnoProt; both components are programmed in C# and
require .NET Framework 4.8 to be installed in a computer with
at least 16 GB RAM and Windows 10. TDGC is available at
http://patternlabforproteomics.org/tdgc/, and DiagnoProt at
http://patternlabforproteomics.org/diagnotop/. Our software
support MS2, MGF format ﬁles, and can read directly from
Thermo RAW ﬁles. Our pipeline can handle various activation
approaches, e.g., Higher-Energy C-trap Dissociation (HCD),
Electron Transfer Dissociation (ETD), and ETD combined to
HCD (EThcD).
TDP Data Set. We used DiagnoTop on a TDP data set
previously published by us3 and available in ProteomeXchange7 (PXD019247). Brieﬂy, 12 enterobacterial strains from
the Collection of Institut Pasteur were investigated: four
Salmonella enterica enterica (serotype Enteritidis, Typhimurium, Newport, and Muenchen), one Shigella sonnei, two
Shigella ﬂexneri (serotypes 2a and 3), and ﬁve E. coli
(O157:H7, O157:H7 with Shiga-toxin 1 (stx1), and Shigatoxin-2 genes, O26:H11 with stx1 and eae genes, O26:H11
with eae gene, and MG155 K12). All bacteria were cultured
overnight and subcultured for ∼4 h at 37 °C in LB medium to
be harvested at late exponential growth phase. Cell lysis was
performed in PBS (1×) with protease inhibitors (PMSF, 1
mM; EDTA, 1 mM) by mechanical disruption.
LC analyses were conducted on a Dionex Ultimate 3000
RSLC nanosystem (Thermo-Scientiﬁc) using a 150 min LC
gradient and in-house packed C4 columns (5 μm porous
spherical particles of 300 Å pore size, Reprosil). MS analyses
were performed with an Orbitrap Fusion Lumos mass
spectrometer ﬁtted with a nano-electrospray ionization source
using the Intact Protein Mode (2 mTorr). The MS method
includes full MS scans acquired at 60K resolving power (at m/
z 400) with a scan range set to 500−1750 m/z, two μscans per
MS scan, an AGC target value of 5 × 105, and maximum
injection time (MIT) of 50 ms. Top 4 ions with an intensity
threshold >1 × 105 were isolated with 1.2 m/z width,
fragmented with EThcD (10 ms, 10%) and then added to a
dynamic exclusion window for 60 s. MS/MS scans were
acquired at 60K resolving power, with 2 μscans, an AGC target
1296
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(DiagnoTop) or proteoform identiﬁcations (ProsightPD)
found exclusively for a bacterial strain. As shown in Table 1,
it is clear that DiagnoTop overperforms ProsightPD, whatever
the conditions used, for the number of discriminant features.
The DiagnoTop computing time was 6h30 while Prosight PD
took approximately 10 days to create the proteoform databases
and perform the searches.
Figure 3 shows a clustergram generated considering the
discriminative spectral cluster provided by DiagnoTop as input

the number of similar spectral clusters between each pairwise
comparison and a dendrogram for the bacterial strains.

■

RESULTS AND DISCUSSION
We processed the 36 raw ﬁles obtained for the TDP analysis of
our 12 enterobacteria using the DiagnoTop pipeline described
above. We determined the optimal spectral angle threshold for
clustering by repeating the DiagnoTop routine by varying the
spectral angle from 0.25 to 0.60 with a 0.05 step. We selected
the spectral angle that maximized the Bhattacharyya distance
(BD)10 applied to the set of points resultants from a 3D PCA
mapping for diﬀerent bacteria. We recall that the BD is a
measure of the dissimilarity (or similarity) between diﬀerent
probability distributions that measures the relative closeness of
the two samples. Figure 2 shows the BD resulting from the

Figure 2. Bhattacharyya distance versus spectral clustering angle when
comparing E. coli versus Salmonella TDP data.

various spectral angles veriﬁed and suggests 0.4 as optimal. We
hypothesize 0.4 should be adequate for most TDP data set
using a similar setup as ours.
TDGC shortlisted 82 878 high-quality spectra when
considering all our mass spectrometry runs. Table 1
summarizes the number of discriminant spectral clusters
obtained using DiagnoTop and the discriminant proteoforms
identiﬁed by ProsightPD 3.0. For example, Table 1 indicates
that Salmonella enteritidis contains 207 unique spectral clusters
in at least two replicates, i.e., spectra found in two or more
biological replicates of Salmonella enteritidis and in no other
strain. We considered as discriminant only spectral clusters

Figure 3. Clustergram generated using DiagnoTop results and
HeatMapper.

to HeatMapper11 using Kendall’s Tau distance. Figure 3 shows
that strains belonging to the same species cluster together, with
Salmonella clustering further than E. coli and Shigella, as
expected. Dupre et al.’s3 dendrogram, generated only by
considering Prosight, shows the same disposition as ours
achieved with DiagnoTop. Figure 4 shows a PCA generated
with DiagnoTop’s data that corroborates with the clustergram.

Table 1. DiagnoTop and Prosight PD result summary
DiagnoTop
1 replicate

prosight PD

2 replicates

3 replicates

Exclusive proteoforms

strains

exclusive

total

exclusive

total

exclusive

total

total proteoforms

1 replicate

2 replicates

3 replicates

Salmonella enteritidis
Salmonella typhimurium
Salmonella
Salmonella Muenchen Newport
Shigella sonnei
Shigella ﬂexneri 2a
Shigella ﬂexneri 3
E. coli O157H7 (Stx 1 and 2)
E. coli O157H7
E. coli O26:H11 (Stx 1 and eae)
E. coli O26:H11 (eae)
E. coli MG1655 (K12)

1537
2091
1017
1097
1007
1168
1037
992
784
983
1157
689

3151
3319
2280
2197
2316
2306
2301
2318
2178
2390
2666
1944

207
544
146
145
96
142
78
101
78
141
187
61

1821
1772
1409
1245
1405
1280
1342
1427
1472
1548
1696
1316

75
244
64
58
44
73
30
36
25
65
82
24

1437
1255
1165
1027
1221
1080
1149
1256
1281
1307
1425
1180

1190
863
578
473
432
532
430
454
604
499
644
478

521
375
139
147
84
189
77
58
105
97
175
82

53
76
31
18
26
21
17
16
17
12
40
22

10
15
12
6
11
7
4
6
8
2
10
13
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Figure 4. Principal component analysis generated with DiagnoTop.

■
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¶
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participated in the data analysis, wrote the manuscript, and
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We introduced a computational pipeline named DiagnoTop
that compares large TDP data sets and identiﬁes discriminative
spectral clusters without a database search. Applied to the
analysis of 12 enterobacterial strains that cannot be diﬀerentiated with MALDI-TOF MS, DiagnoTop converged, in all
cases, to a high number of exclusive spectral clusters that can
be used to discriminate all strains from each other. We show
that, in signiﬁcantly less time, we reported many more
discriminative spectral clusters than Prosight PD, a widely
adopted commercial solution to analyze TDP data and
characterization of proteoforms. DiagnoTop paves the way to
classifying unknown bacterial strains (many times lacking
sequence databases) by comparing discriminative spectral
clusters to those previously stored in a spectral database. Thus,
we believe that DiagnoTop holds great promise in the future
for clinical microbiology applications.
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