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Forty-three reference strains involving the 24 most common serovars of Salmonella enterica were examined by using a
mass spectrometry-based H antigen typing platform (MS-H). The results indicate that MS-H can be used as a sensitive, rapid,
and straightforward approach for the typing of Salmonella flagella at the molecular level without antiserum and phase
inversion.

Salmonella bacteria are common food contaminants that can be
lethal when consumed by humans. Typing of Salmonella is

very important for identifying contaminated food sources and for
surveillance of salmonellosis, a common human infection (1). The
Salmonella genus comprises two species, with S. enterica occupy-
ing 99% of the detected isolates (2). Currently, there are 2,579
serovars according to a 2007 WHO Salmonella collaboration cen-
ter report based on different formulae representing two main sur-
face antigens, lipopolysaccharide (O antigens) and flagella (H an-
tigens) (2). Interestingly, 80% of all S. enterica strains can be
represented by only 10 different serovars (1, 3–6).

Serotyping of Salmonella is currently the gold standard and
international language of Salmonella surveillance worldwide (2,
7). Although serotyping of these bacteria is a fairly simple test to
run and observe, the preparation and procedures involved therein
are time-consuming and laborious as they involve motility induc-
tion, phase suppression/inversion, and multistep agglutination
reactions (7). No international standards pertain to antisera, and
some are difficult to obtain, especially for those involved in the
testing of rare and emerging strains of Salmonella (7). The sero-
typing procedure is more complicated for H typing than it is for O
antigens because of frequent diphasic flagellum production (3). In
such cases, a procedure called “phase inversion” must be applied
whereby the production of one type of flagella is suppressed with
antiserum while the other is identified. Motility induction is often
employed to maximize flagellum production as well. For each
phase of flagella, multiple factors need to be considered in order to
determine clear results for closely related antigen complexes (2, 7,
8), with each factor requiring an agglutination reaction. For these
reasons, our ISO-certified serotyping procedure normally takes 2
to 12 days to complete, depending on cell motility and the number
of agglutination steps required.

Different molecular typing methods have been used in at-
tempts to improve the speed, throughput, and quality of Salmo-
nella typing, especially on the basis of flagellar genes. Among the
most popular approaches are restriction fragment length poly-
morphism analysis (9–12), multiplex PCR (13, 14), and DNA mi-
croarray (15, 16). These approaches are promising in terms of
speed and throughput but do not mirror the phenotypic proper-
ties and data quality of serotyping. Antibody array has also been
investigated to improve the speed of Salmonella serotyping for

common serovars (17), but this antibody-based approach still
faces challenges when wide ranges of serovars, especially emerging
serovars, are being observed. Recently, multilocus enzyme electro-
phoresis and multilocus sequence typing have been explored to
link serotypes with housekeeping gene patterns (18–20), but nei-
ther method agreed well with results obtained by the traditional
serotyping method. The bacterial identification method using
whole-genome restriction patterns, pulsed-field gel electrophore-
sis, has been applied to some common serovars of Salmonella but
could not achieve the quality of serotyping data because of vari-
able patterns, even among strains with the same serovars (21).
Lastly, MS techniques, especially matrix-assisted laser desorption
ionization–time of flight MS, have been used to type Salmonella in
recent years because of their speed and ease of use (22, 23). This
fingerprinting-based method is also less than optimal because of
the lack of consistent results and the lack of a complete finger-
printing database detailing the wide range of Salmonella serovars.
Moreover, this platform cannot reach subspecies level analyses as
can traditional serotyping (24).

Here, we explored a new mass spectrometry-based H antigen
typing platform (MS-H) that uses liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS) to detect and type Salmo-
nella flagella. For a detailed description of the method, see Text S1
in the supplemental material. Briefly, MS-H is based on our recent
report of the Escherichia coli MS-H typing method (25). Flagellar
samples were prepared by using overnight plate cultures of Salmo-
nella reference strains without motility induction and phase inver-

Received 27 January 2014 Returned for modification 19 February 2014
Accepted 24 March 2014

Published ahead of print 2 April 2014

Editor: G. V. Doern

Address correspondence to Keding Cheng, keding.cheng@phac-aspc.gc.ca, or
Gehua Wang, gehua.wang@phac-aspc.gc.ca.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/JCM.00242-14.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JCM.00242-14

The authors have paid a fee to allow immediate free access to this article.

June 2014 Volume 52 Number 6 Journal of Clinical Microbiology p. 2189 –2192 jcm.asm.org 2189

http://dx.doi.org/10.1128/JCM.00242-14
http://dx.doi.org/10.1128/JCM.00242-14
http://dx.doi.org/10.1128/JCM.00242-14
http://jcm.asm.org


sion. Salmonella flagella were trapped and purified on a 0.22-�m
syringe filter membrane and then subjected to on-filter trypsin
digestion and online LC-MS/MS detection of flagellin tryptic pep-
tides. Peptide information was then assembled to obtain protein
sequences that were compared to a curated database containing
clear annotations of each flagellar type available for database
setup. Twenty-four serovars from 43 strains occupying �80% of
the most common serovars recently observed in our reference
laboratory were selected for MS-H. Among the strains were 25
diphasic, 1 triphasic, and 17 monophasic isolates. Each strain was
cultured twice to confirm the reproducibility and quality of the
data output. Preparation of flagella was found to be more straight-
forward with Salmonella than with E. coli, as Salmonella strains are
often motile with more stable yields of flagella than with E. coli,
which can become nonmotile after long-term storage (25). The
high-throughput platform operated continuously, with MS detec-
tion and database searches leading to flagellar identification for
the first strain in only a few hours after sample preparation from
culture growth.

We created a curated Salmonella flagellum database contain-
ing 385 entries by using those available in the literature and the
NCBI nr database to aid in the database search. Since different
serovars may share antigen/antigen factor complexes (2) and di-
phasic flagellum production is very common, Salmonella flagellar
identification could be performed only at the antigen/antigen fac-
tor complex level by measuring sequence coverage and the asso-
ciated identification confidence score. Both monophasic and di-
phasic isolates were identified with high confidence and accuracy
because of the unique enrichment method used to extract high-
purity flagella (25). As shown in Table 1 (also see Fig. S1 in the
supplemental material) for monophasic Salmonella strains, all
monophasic flagella were correctly identified with excellent repro-
ducibility. The occasional identification of an “m,t” antigen com-
plex as “m,p,t,u” was due to close sequence similarity, a scenario
that would be difficult to differentiate during conventional sero-
typing as well. Successful and efficient identification of monopha-
sic flagella should be very useful for rapid, high-quality H typing

of Salmonella enterica serovars Enteritidis, Oranienburg, and
Paratyphi, which are among the 10 most commonly reported se-
rovars (1).

Identification of diphasic Salmonella flagellar types by MS-H
was also shown to be faster and easier than by conventional sero-
typing. For an example of data output for flagellar identification of
S. enterica serovar Newport (6,8:e,h:1,2), a common serovar with
diphasic flagellum production, see Fig. S2 in the supplemental
material. Here, four H antigen factors were identified concur-
rently in a single sample run with clear phylogenic differentiation,
high confidence scores, peptide molecular weights, total and spe-
cific peptides identified, and relative quantities expressed as expo-
nentially modified protein abundance indexes (emPAI; 10 to the
power of [the number of observed peptides over the number of
observable peptides] minus one) (26). Table 2 shows that all di-
phasic flagellar antigens were determined at the antigen factor
complex/cluster level (8), with the majority identified at the indi-
vidual-antigen level, particularly phase 1 H antigens. Complica-
tions arising during the characterization of different phase 2 Sal-
monella antigen factor 1 complexes (1,2; 1,5; 1,6; and 1,2,7) and
phase 1 antigen groups (“r,” “i,” and “r,i”) were due to extremely
close sequence similarities (8), a phenomenon that often produces
cross-reactions and hence ambiguous results during serotyping.
As only 1/120 of the flagellin digest derived from one loopful of
culture was used for routine sample loading during LC-MS/MS,
an increase in data quality and accuracy would likely be achieved
simply by repeating sample runs with a larger amount of protein
digest (25). For the relationship between the loading amount and
data accuracy when testing serovars Newport (6,8:e,h:1,2) and
Infantis (6,7:r:1,5), respectively, see Tables S1 and S2 in the sup-
plemental material. There was an interesting case in Table 2 in
which MS-H on one isolate of Typhimurium kept getting serotyp-
ing factor “i” as “b” with high sequence coverage of 82% at a larger
amount of sample loading. Although they are in the same � anti-
gen cluster (8), this phenomenon needs to be explored further.

Phase 3 antigen z49 of serovar Infantis (6,7:r:1,5:z49), the only
serovar containing phase 3 flagella, was likely not identified be-
cause of the lack of an available z49 sequence for comparison
(Table 2). In addition, phase 2 flagella were not detected for some
isolates, possibly because they were “spare flagella” and not con-
sistently expressed (2, 7, 27). Further research on these observa-
tions is also necessary.

Overall, MS-H was found to be 100% accurate at the antigen
level for 17 monophasic Salmonella strains and 100% accurate at
the antigen cluster/complex level for 25 diphasic strains. Of these
25 diphasic strains, there was 75% accuracy for phase 1 antigens
and 69% accuracy for unstable phase 2 antigens.

This report indicates that the fast, easy, sensitive, accurate, and
high-throughput MS-H system can be applied to Salmonella bac-
terial H typing. This platform closely reflects traditional serotyp-
ing at the flagellar protein level with similar diagnostic sensitivity,
excellent analytical sensitivity and specificity, and a more straight-
forward procedure. In addition, the observations from this report
indicate that MS-H will be useful in Salmonella outbreak situa-
tions for the rapid screening of flagellar types. Lastly, as more
flagellar genes are sequenced, particularly rare Salmonella sero-
vars, this platform should decrease the labor and cost associated
with antisera production and their maintenance in traditional se-
rotyping.

TABLE 1 Data summary of MS-H-based flagellar typing of monophasic
Salmonella reference strains

S. enterica serovar Antigens
No. of
strains

Top hita (top hit/no. of
tests)b

Enteritidis 9,12:g,m:� 3 g,m (6/6)
4,5,12:i:� 4,5,12:i:� 1 i (2/2)
Derby 4,12:f,g:� 1 f,g (2/2)
Monophasic Paratyphi

B var. Java
4,12:b:� 2 b (4/4)

Paratyphi A 2,12:a:� 2 a (4/4)
Monophasic

4,[5],12,[27]:�:1,2
4,5,12:�:1,2 1 1,2 (2/2)

Alachua 35:z4,z23:� 1 z4,z23 (2/2)
Tennessee 6,7:z29:� 1 z29 (2/2)
Oranienburg 6,7,14:m,t:� 4 m,t (6/8); m,p,t,u (2/8)
Typhi 9,12:d:� 1 d (2/2)
a The top hit is the identified protein showing the highest Mascot score (signifying
identification confidence) and emPAI value (signifying protein coverage, equal to 10 to
the power of [the number of observed peptides divided by the number of observable
peptides] minus one [reference 26]) and is regarded as the correct flagellar type.
b Top hit/no. of tests is how often the top hit was identified as such during MS-H
testing.
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