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Selection and detection of taxon-specific peptide markers for identification of 

Salmonella to the serovar level by mass spectrometry 

Introduction 
We present a pipeline to identify taxon-specific tryptic peptide markers for Salmonella identification down 

to the serovar level, with the end goal of use in complex matrices. Currently there more than 2,500 known 

Salmonella serotypes and over 220,000 publicly available sequenced bacterial genomes, nearly 15,000 of 

which are for Salmonella. Consequently, the specificity of a peptide marker needs to be confirmed with all 

publicly available genomic data for use in analysis of unknown samples. The pipeline presented here 

combines LC-MS/MS analysis of a subset of closely related Salmonella serovars with a bioinformatics 

pipeline to determine combinations of viable peptide markers based on results of BLAST searches against 

publicly available protein sequences.  

Table 3. Major marker peptides for identification of Salmonella for genus, species, subspecies, and serovar level specificity.  

 Proteomic comparison among the five Salmonella serovars 

Figure 4. Extracted ion 

chromatograms from 

targeted analysis of a 

pure A2 (T; 

Typhimurium), A24 (S; 

Saintpaul), A39 (H; 

Heidelberg), A50 (P; 

Paratyphi B), A63 (M; 

Muenchen) culture as 

well as a mixture of the 

five serovars. Signal 

intensities were adjusted 

for visualization (labeled 

above the peaks). A 

peak denoted by the 

asterisk in the targeted 

elution time window of 

T1 was confirmed as 

LGPTFAADIR from 

protein arginine 

deiminase by tandem 

mass spectrometry. See 

Table 3 for the detailed 

properties of the 

markers. 

Targeted mass assay for major Salmonella markers 

Methods 
• Salmonella enterica subsp. enterica serovar Typhimurium and its four closest serological relatives 

Saintpaul, Heidelberg, Paratyphi B, and Muenchen were evaluated. 

• Salmonella isolates were grown on trypticase soy agar plates for 16 h. Cells were harvested, washed 

with water and 70% ethanol, and suspended in lysis buffer (50:49:1 acetonitrile:water:formic acid). Cell 

lysis and protein extraction were performed on a Barocycler pressure cycling device.  

• Whole cell lysates were digested with trypsin and analyzed by LC-MS/MS using an Orbitrap Elite mass 

spectrometer (Thermo Scientific) and a nanoACQUITY UPLC system equipped with a C18 BEH column 

(Waters).  

• Tandem mass spectra were searched with MASCOT search engine (Matrix Science) against a custom-

made database composed of protein sequences from five Salmonella, two E. coli and two Shigella strains 

(see Table 1). 

•  Peptides common to the five Salmonella proteomes were further evaluated for their applicability as 

genus, species, and subspecies markers by BLAST searches against the entire NCBI non-redundant (nr) 

database (Figure 1). 

• Peptides specific to two and fewer Salmonella strains were subject to BLAST searches against the 

NCBI nr database for their candidacy as serovar markers (Figure 1).  

• A decision tree approach was developed based on the combination of taxon-specific markers.  

• A subset of these markers were evaluated in each of the Salmonella serovars as well as a mixture of the 

same five serovars. 
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Figure 1. Schematic representation of the experimental setup and data processing for selection of 

Salmonella markers. 
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Table 1. Bacterial strains examined by the LC-MS/MS assay and used to construct the custom 

database. 

Figure 2. Tryptic peptides of the Salmonella isolates identified in a minimum of four of six serovar replicates were 

compared. The intersection/complement among the five sets of peptides is shown by the different colored bars. The first 

letter of each serovar (T/t, S/s, H/h, P/p, M/h) denotes the peptides identified in each serovar’s proteome. Uppercase 

black/lowercase grey letters signify the presence/absence of the serovar respectively. For example, TshpM represents 

the peptides identified only in S. Typhimurium and S. Muenchen strains. 

 Numbers of Salmonella peptide markers 
Table 2. The numbers 

of peptides specific at 

different Salmonella 

taxonomic levels 

determined by 

proteomic analyses, 

among the strains in 

the custom database, 

confirmed by BLAST 

searches against all 

genomic databases 

without and with a 

spectral count cutoff 

of 50 for genus, 

species, and 

subspecies markers 

and 10 for serovar 

markers .  

genus species subsp. serovar strain

Typhimurium A2 (LT-2) Salmonella enterica  subsp. enterica  serovar Typhimurium str. LT2-4 DT

Saintpaul A24 Salmonella enterica  subsp. enterica  serovar Saintpaul str. A26 DS

Heidelberg A39 Salmonella enterica  subsp. enterica  serovar Heidelberg str. A39 DH

Paratyphi B A50 Salmonella enterica  subsp. enterica  serovar Paratyphi B str. SPB7 DP

Muenchen A63 Salmonella enterica subsp. enterica  serovar Muenchen str. ATCC8388 DM

Escherichia coli str. K-12 substr. MG1655 DK

Escherichia coli O157:H7 EDL933 DO

Shigella flexneri 2a str. 2457T DF

Shigella sonnei Ss046 DN

Common contaminants DC

taxonomy (experimental strains)

Salmonella enterica enterica

reference database

Conclusions  

• Approximately 7,000 peptides were reproducibly identified from a 100 ng bacterial lysate. The peptide-based LC-MS/MS 

method provides improved proteome coverage as compared to intact analysis, providing greater opportunity to identify 

markers that differentiate closely-related bacteria in complex mixtures. 

• Informative peptide markers were identified by bottom-up proteomics and a set of filtering criteria were applied to the results 

of BLAST searches against the NCBInr database, yielding 217 markers for Salmonella genus, 122 for S. enterica, 11 for S. 

enterica subsp. enterica, 19 for S. Typhimurium, 3 for S. Saintpaul, 30 for S. Heidelberg, 16 for S. Paratyphi B and 12 for S. 

Muenchen . 

• A decision tree classification was derived from Salmonella genus to serovar level. These markers were verified in each of the 

Salmonella serovars as well as a mixture of five serovars. 
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 Decision tree classification 

Figure 3. 

Representative 

decision tree 

classification for 

Salmonella 

identification. A set of 

markers was selected 

as major markers for 

identification of 

Salmonella from the 

genus to serovar level. 

Properties of these 

selected peptides are 

provided in Table 3.  

Salmonella genus 350 217

Salmonella enterica 199 122

Salmonella enterica

subsp. enterica

S. Typhimurium 524 164 54 19

S. Saintpaul 405 86 7 3

S. Heidelberg 586 242 90 30

S. Paratyphi B 755 112 38 16

S. Muenchen 344 141 27 12

15 11

a single Salmonella 

strain proteome

specific to two or fewer of 

the Salmonella  strains

specific to ten or fewer S. 

enterica subsp. 

enterica serovars 

specific to ten or fewer S. enterica 

subsp. enterica  serovars with a minimum 

of 10 tandem mass spectral counts

proteome level
genome-level, among the 

strains in custom database

genome level, across all 

public databases (confirmed by 

BLAST searches)

genome level, across all public 

databases, with a spectral count cutoff

common across the five  

Salmonella  proteomes

common to Salmonella but not 

strains E. coli  and Shigella in 

the custom database

taxon-specific 

taxon-specific with a minimum 

of 50 total tandem mass spectral 

counts from the five serovars

4228 1475

genus species subspecies serovars

Salmonella SG SLTDTLEEVLSSSGEK 847.9205 putative inner membrane protein Salmonella
bongori,

enterica
all 

120 S. enterica  subsp. enterica  serovars

SEE1 GLDLSPTNELLIDESLIGWK 1107.0890
carbamoyl phosphate synthase-

large subunit
27 genera 

bongori,

enterica
enterica

42 S. enterica  subsp. enterica  serovars

serovar/antigen formula

H2 INDNQVIDGGESR 708.8397
2,3,4,5-tetrahydropyridine-

2,6-carboxylate N-succinyltransferase
Salmonella enterica enterica

Crossness, Heidelberg, Nitra, 

Paratyphi B

P1 IGAADYTILGTVK 661.3721 isoleucine--tRNA ligase

Citrobacter,

Kluyvera,

Salmonella

enterica
enterica, 

indica

Bareilly, Enteritidis, Infantis, 

Inverness, Mishmarhaemek, Muenchen, 

Oranienburg, Paratyphi B, Tallahassee

ATPase Salmonella 

Paratyphi B

4,[5],12:b:1,2

TVNYTDATGATK 621.3044 hypothetical protein Salmonella

4,[5],12:i:-, Aqua, Give, 

Kentucky, Paratyphi B, Saintpaul, 

Typhimurium

enterica enterica

4,5:i:-, 4,[5],12:i:-, Aqua, 

Give, Heidelberg, Kentucky, 

Saintpaul, Typhimurium

peptide sequence
target 

m/z
proteins

BLAST hits against NCBInr

Salmonella enterica APAVEPAAQPALGAR 709.8915 dihydrolipoamide succinyltransferase Salmonella enterica all 
117 S. enterica  subsp. enterica  serovars

enterica enterica
12 S. enterica  subsp. enterica  serovars

Typhimurium

4,[5],12:i:1,2

EVTPFGAALR 530.7933 2-oxoglutarate dehydrogenase  E1 Salmonella enterica
arizonae, 

enterica

4,[5],12:i:-, Aqua, Give, 

Kentucky, Typhimurium

GNTIVGSGSGGTTK 618.3149 neuraminidase Salmonella enterica

Salmonella enterica 

subsp. enterica
AGNVIGGGDWAK 572.7912 CDP-glucose 4,6-dehydratase 67 genera

YDANNVYLAAQYSQTYNATR 1163.5407 outer membrane porin protein C

Citrobacter,

Enterobacter,

Klebsiella,

Kosakonia,

Salmonella

enterica

diarizonae, 

enterica
Mbandaka, Typhimurium

Saintpaul

4,[5],12:e,h:1,2

LLTEHNLEASAIK 719.8990 dihydrolipoamide succinyltransferase Salmonella enterica enterica
Inverness, Muenchen, Oranienburg, 

Saintpaul, Stanleyville

TAIIWEGDDTSQSK 775.8706 acetyl-CoA synthetase

Enterobacter,

Raoultella, 

Salmonella

enterica
arizonae, 

enterica

Heidelberg

4,[5],12:r:1,2

AAEESAQISQR 595.2944

enterica, 

diarizonae

Java, Mbandaka, Muenchen, 

Paratyphi B, Wandsworth

SE

SEE2

markers

T1

T2

S1

S2

H1

P2

M1

M2

bongori,

enterica

enterica,

houtenae,

indica,

salamae

4,[5],12:i:-, Abony, Hvittingfoss, 

Java, Mygdal, Paratyphi B, 

Wandsworth, Wien

Muenchen

6,8:d:1,2

VNLIESLESLSVTK 766.4329 phosphatidylserine decarboxylase Salmonella enterica enterica
Alachua, Inverness, Muenchen, 

Newport, Oranienburg, Virginia


