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Comparison of Typing Methods with a New Procedure Based on
Sequence Characterization for Salmonella Serovar Prediction
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As the development of molecular serotyping approaches is critical for Salmonella spp., which include >2,600 serovars, we performed
an initial evaluation of the ability to identify Salmonella serovars using (i) different molecular subtyping methods and (ii) a newly im-
plemented combined PCR- and sequencing-based approach that directly targets O- and H-antigen-encoding genes. Initial testing was
performed using 46 isolates that represent the top 40 Salinonella serovars isolated from human and nonhuman sources, as reported by
the U.S. Centers for Disease Control and Prevention and the World Health Organization. Multilocus sequence typing (MLST) was able
to accurately predict the serovars for 42/46 isolates and showed the best ability to predict serovars among the subtyping methods
tested. Pulsed-field gel electrophoresis (PFGE), ribotyping, and repetitive extragenic palindromic sequence-based PCR (rep-PCR) were
able to accurately predict the serovars for 35/46, 34/46, and 30/46 isolates, respectively. Among the methods, S. enterica subsp. enterica
serovars 4,5,12:i:—, Typhimurium, and Typhimurium var. 5— were frequently not classified correctly, which is consistent with their
close phylogenetic relationship. To develop a PCR- and sequence-based serotyping approach, we integrated available data sources to
implement a combination PCR-based O-antigen screening and sequencing of internal fliC and fIjB fragments. This approach correctly
identified the serovars for 42/46 isolates in the initial set representing the most common Salmonella serovars, as well as for 54/63 iso-
lates representing less common Salmonella serovars. Our study not only indicates that different molecular approaches show the poten-
tial to allow for rapid serovar classification of Salmonella isolates, but it also provides data that can help with the selection of molecular

serotyping methods to be used by different laboratories.

Salmonellosis is a considerable public health concern, as non-
typhoidal Salmonella serovars cause an estimated 93.8 million
cases of gastroenteritis globally each year (1). The genus Salmo-
nellais divided into two species, S. enterica and Salmonella bongori.
S. enterica is further divided into 6 subspecies, including S. enterica
subsp. I (subsp. enterica), I (subsp. salamae), 1lla (subsp. arizo-
nae), 1IIb (subsp. diarizonae), IV (subsp. houtenae), and VI
(subsp. indica) (2). Serotyping has been the traditional method of
subtyping Salmonella below the subspecies level(2, 3). Serotyping
can provide valuable information regarding likely pathogen
sources (as certain serovars are associated with specific hosts or
geographical regions), potential disease severity, and potential an-
timicrobial resistance of Salmonella isolates. The identification of
Salmonella serovars thus remains an important public health di-
agnostic need. There are >2,600 currently recognized Salmonella
serovars, with the majority (>1,500) belonging to S. enterica
subsp. enterica, which is also the group of greatest clinical rele-
vance due to its common association with humans and warm-
blooded animals (4).

Traditional serotyping is performed according to the White-
Kauffmann-Le Minor scheme, which identifies the somatic (O)
and flagellar (H) antigens based on the agglutination of bacteria
with specific sera (2). Despite its widespread use, traditional sero-
typing does have a number of drawbacks. Serotyping of Salmo-
nella takes at least 3 days to complete, is labor intensive, requires
the maintenance of >250 typing sera and 350 different antigens,
and is unable to type rough or mucoid strains. Furthermore, tra-
ditional serotyping is often not sensitive enough to provide the
level of discrimination needed for food-borne illness outbreak
investigations, and it cannot be used to infer phylogenetic rela-
tionships. Currently, 46 somatic (O) and 114 flagellar (H) variants
of Salmonella have been identified (2). The O antigen is a compo-
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nent of the lipopolysaccharide that is exposed on the bacterial cell
surface, and multiple O antigens might be expressed at the same
time (5, 6). Genes responsible for O-antigen expression (e.g.,
sugar transferases, O-antigen flippase [wzx], and polymerase
[wzy]) are located within a large regulon called the rfb cluster (5).
The comparison of wzx and wzy genes from common serogroups
has shown that these genes have little similarity even at the amino
acid-sequence level, making wzx and wzy appropriate candidates
for serogroup-specific primer design (7, 8). Additional work has
shown that sugar synthase genes within the rfb cluster can be tar-
geted to distinguish between common serogroups (9). The genes
responsible for the flagellin structure are fliC (phase 1 flagellin)
and fljB (phase 2 flagellin). Both fliC and fIjB are generally con-
served at the terminal ends but are highly variable in the central
region that encodes antigens (10, 11). In most Salmonella strains,
flagellin expression is coordinately expressed via a phase-variation
mechanism (12). A number of studies have utilized the variabili-
ties of the rfb region, fliC, and fIjB to identify serovars, typically
using probe-based assays or PCR strategies (13—15). While these
approaches have been reported to show good concordance with
traditional serotyping, the limitations of these methods include
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problems with the characterization of new or unusual serovars or
allelic variants that do not react with existing primers or probes
(13-15).

In addition to serovar identification through the use of genetic
targets that are directly responsible for O- and H-antigen expres-
sion, molecular subtyping methods (e.g., pulsed-field gel electro-
phoresis [PFGE]) can be used to predict the serovars of Salmonella
isolates. In addition to PFGE (16, 17), different ribotyping ap-
proaches (18-20), repetitive extragenic palindromic sequence-
based PCR (rep-PCR) (21, 22), multilocus sequence typing
(MLST) (23, 24), and molecular typing based on genomic markers
(25-28) have been investigated for their abilities to replace or
complement traditional serotyping. While many of these methods
have been able to reliably predict a limited set of serovars, they still
lack widespread adoption, likely due to the requirements for spe-
cialized equipment, as well as a lack of proven reliability for pre-
dicting Salmonella serovars. Furthermore, these methods are
based on genomic targets that are not directly responsible for an-
tigen expression, which might lead to serovar misidentification.
This is particularly the case for a newly emergent serovar (e.g., S.
enterica serovar 4,5,12:i:— ), which might be misidentified as the
serovar of its evolutionary ancestor (29, 30). To facilitate the fur-
ther development and implementation of DNA-based approaches
for serovar identification of Salmonella isolates, we compared dif-
ferent molecular subtyping methods (i.e., PFGE, rep-PCR, ri-
botyping, and MLST) and a newly implemented combined PCR-
and-sequencing-based approach that directly targets O- and
H-antigen-encoding genes for their abilities to predict Salmonella
serovars.

MATERIALS AND METHODS

Bacterial isolates. Salmonella isolates were selected to include represen-
tation of (i) the top 20 serovars among U.S. human sources, the top 20
serovars among U.S. nonhuman sources, and the top 20 serovars among
nonclinical nonhuman sources (all as reported to the CDC) (31) and (ii)
the top 20 serovars among human sources worldwide (as reported to the
WHO) (32). This strategy identified a total of 40 serovars (see Table S1 in
the supplemental material). Two isolates were chosen to represent the
most commonly reported S. enterica subsp. enterica serovars (Typhimu-
rium, Enteritidis, Newport, Heidelberg, Kentucky, and Javiana), and a
single isolate of S. Typhimurium var. 5— (formerly S. Typhimurium var.
Copenhagen; counted as one of the 40 serovars) was included, for a total
of 46 isolates. In addition, we assembled a set of 70 isolates that included
all additional 63 serovars present in our laboratory strain collection; these
isolates represent less-common (rare) serovars not represented in the
top-40 set (see Table SI in the supplemental material). Finally, seven
isolates that included incomplete serovar information (e.g., S. enterica
subsp. enterica serovar IIIb 35:Rough) or that were identified as “untype-
able” by traditional serotyping were also tested. Detailed isolate informa-
tion, including all sequence data associated with a given isolate, can be
found at www.foodmicrobetracker.com under the isolate ID (e.g., FSL
R8-1987).

PFGE. PFGE with Xbal (Roche Molecular Diagnostics, Pleasanton,
CA) was performed according to the CDC PulseNet protocol using a
CHEF Mapper (Bio-Rad Laboratories, Hercules, CA) (33). The CDC S.
enterica subsp. enterica serovar Braenderup strain H9812 was used as the
reference (34). Pictures of PFGE gels were taken with the Gel ChemiDoc
system (Bio-Rad Laboratories). BioNumerics version 5.1 (Applied Maths,
Austin, TX) was used to analyze the PFGE patterns. Similarity analysis was
performed using the Dice coefficient, and clustering was performed using
the unweighted-pair group method by arithmetic mean with a 1.5% tol-
erance limit. PFGE patterns for test isolates were compared against a cus-
tom PFGE database available at the Cornell Food Safety Laboratory (FSL).
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This database included, at the time of analysis, 5,935 isolates representing
170 serovars (this database is available upon request). A serovar was as-
signed to a given test isolate based on the serovar associated with the
isolate that provided the top match in the PFGE pattern comparison, and
only PFGE patterns that showed =3 band differences with the pattern of
the test isolate were considered. If a test isolate did not match any isolate in
the database with =3 band differences, the serovar for the isolate was
considered “unidentified.”

rep-PCR. Salmonella isolates were cultured on brain heart infusion
(BHI) agar for 18 h at 37°C, and the UltraClean microbial DNA isolation
kit (MO BIO Laboratories, Solana Beach, CA) was used to extract DNA,
according to the manufacturer’s instructions. All DNA samples were am-
plified using the DiversiLab Salmonella kit for DNA fingerprinting (bio-
Meérieux, Inc., Durham, NC), according to the manufacturer’s instruc-
tions. Analysis of rep-PCR patterns was conducted as described previously
(21), using DiversiLab software version 3.4. The “top match” feature of
the software was utilized, and a query sample that matched a serovar
library entry at >85% was considered to represent a positive identifica-
tion. At the time of analysis, the rep-PCR database included 313 isolates
(309 S. enterica subsp. enterica and 4 S. enterica subsp. arizonae isolates)
representing 55 serovars.

Ribotyping. Automated ribotyping with the restriction enzyme Pvull
was performed using the RiboPrinter microbial characterization system
and reagents from the DuPont Qualicon ribotyping kit, according to the
manufacturer’s instructions (DuPont Qualicon, Wilmington, DE). Using
the RiboPrinter software, Pvull patterns were compared against the Du-
Pont Salmonella Pvull database, which at the time of analysis included 592
isolates representing 227 serovars. The top match was used to predict the
serovar of a tested isolate; if no pattern in the DuPont database matched
with >70% similarity, the isolate serovar was reported as “unidentified.”

MLST. Partial sequencing of seven housekeeping genes (aroC, dnaN,
hemD, hisD, purE, sucA, and thrA) was performed as described previously
(35) at the Cornell University Life Sciences Core Laboratories Center
(Ithaca, NY). Sequences were assembled and analyzed using Lasergene
7.2.1 software (DNAStar). Allelic type (AT) and sequence type (ST) num-
bers were assigned by submitting the sequences and strain information to
the Salmonella MLST website (http://mlst.ucc.ie/mlst/dbs/Senterica).
When a sequence from a Salmonella isolate matched an existing ST in the
database, the serovar information for the existing ST was assigned to our
query. For new STs, the nearest ST (matching 6/7 ATs) was used to assign
a serovar, and all new ATs (including corresponding electropherograms)
and STs were submitted to the MLST database. All sequences for the
7-gene MLST are available at www.foodmicrobetracker.com.

DNA preparation for PCR. For PCR amplification of the O sero-
groups, fliC, and fljB, total genomic DNA was extracted from 1 ml of
overnight culture in BHI agar, according to the instructions in the
QIAamp DNeasy kit (Qiagen Inc., Valencia, CA). DNA concentrations
were determined using NanoDrop 1000 (Thermo Scientific, Wilmington,
DE) and were standardized to 25 ng/ul. The purity of all genomic DNA
preparations was verified using A, /A, ratios.

PCR detection of O serogroups. PCR detection of serogroups was
performed using (i) a multiplex PCR that identifies the serogroups O:4,
0:7, 0:8, 0:9, and 0:3,10 (19) and (ii) two separate single PCRs that
identify serogroups O:13 (serogroup set 1) (12) and O:18 (serogroup set
2) (13). PCRs were performed using previously published primers (Table
1) and under optimized PCR conditions (see Table S2 in the supplemental
material). PCR products were separated by agarose gel electrophoresis
using Tris-acetate-EDTA buffer and were visualized by staining with
0.005% ethidium bromide. PCR products obtained from selected O-an-
tigen PCRs were also sequenced using standard methods, as detailed
below.

PCR amplification and sequencing of genes encoding H1 and H2
antigens. Amplifications of fliC and fIjB were performed using previously
described (36, 37) primers (Table 1, fliC set 1 or 2, fljB set 1) and under
optimized PCR conditions (see Table S2 in the supplemental material).
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Reverse

Forward
primer

TABLE 1 Summary of primers used to determine Salmonella serovars

Gene target
(serogroup)
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Reference

Reverse sequence (5'-3")

primer
R-wzxB

Forward sequence (5'-3")

Amplicon
230
483

Designation

Herrera-Ledn et al.

GCCTTA ATT AAG TAA GTT AGT GGA AGC

GGCATATAT TTC TGT ATT CGC G

F-wzxB

plex PCR 1
plex PCR 1
plex PCR 1
plex PCR 1
plex PCR 1

Herrera-Leén et al.

CAA TGC TAT AAA TAC TGT GTT AAATTG C

AAG ACA TCC CTA ACT GCCCTG C

R-wzxCl1
R-wzxC2

R-tyvD

CAG TAG TCC GTA AAA TAC AGG GTG G

ACT GAA GGT GGT ATT TCA TGG G

F-wzxCl1
F-wzxC2

F-tyvD

Herrera-Ledn et al.

154
615

Herrera-Leén et al.

TAG CAA ACT GTC TCC CAC CAT AC

GAG GAA GGG AAATGAAGCTTT T

Herrera-Ledn et al.

GTT AAA ATG ACA GAT TGA GCA GAG

GTT AAC CCCTCC TAA TA

R-wzxE1l

TAA AGT ATATGG TGC TGATTT AACC

CTC TTG ATG AAT GTT ATT A

F-wzxEl

345
90
360

Mul

wzx (0:4 [B])

Mul

wzx (0:7 [C1])

Mul

wzx (0:8 [C2-C3])

tyv (0:9 [D])

Mul

Mul

wzx (0:3,10 [E1])
wzy (0:13 [G])

Fitzgerald et al. (52)

0O13-wzyR
O18R
rFSal

O13-wzyF

O18F

Serogroup set 1

Fitzgerald et al. (53)

CAA CCC AGC AAT AAA GCA GAA

CTC TAG GAT CAA CTG AAG GTG GTC
ATG GCA CAA GTC ATT AAT AC

Serogroup set 2

fliC set 17

wzx (0:18 [K])

flic

Mortimer et al. (36)
Imre et al. (37)

TTA ACG CAG TAA AGA GAG GAC

sefinoratg

FL_START

~1,520
~1,520

CCG GAT CCT TAA CGC AGT AAA GAGAGGACGT

sefliCrevstop

CCG AAT TCA TGG CAC AAG TCATTA

fliC set 27

flic

ATA CAA AC
CCG AAT TCA TGG CAC AAG TAA TCA

CGG GAT CCT TAA CGT AAC AGA GAC AGC ACG Imre et al. (37)

fljBstoprev

fljBatgfor

fliB set 17 ~1,520

JyB

ACA CTA A
GGC ACA AGT AAT CAA CAC TAA CA

AAC AAC AAC CTG CAG CGT GTG

Current study
Current study

CAT TTA CAG CCA TAC ATT CCA TA

MR-23 fljBR

MR-22 fljBF

~1,600
~887

fliB set 27

JiB

GTC GGA ATC TTC GAT ACG GCT AC

MR-2 reverse

MR-1 forward

Sequencing set 1

fliC or fliB

“ When used for sequencing, these primers did not provide full double coverage of the internal variable region of fliC or fIjB.

b Primers MR-1 forward and MR-2 reverse were used exclusively for sequencing of fliC and fIjB PCR products. These primers provided double coverage of the internal variable region of fliC and fIjB.

We also designed an alternative set of f[jB PCR primers (Table 1, fljB set 2)
that was used for the amplification of an approximately 1,600-nucleotide
(nt) fragment (see Table S2 in the supplemental material for PCR condi-
tions). This set was designed because the previously described set of fIjB
primers (Table 1, fIjB set 1) did not allow for a reliable amplification of
fliB, predominately among the isolates representing rare serovars (see
Table S1 in the supplemental material, which details the primers that were
used for each isolate). Prior to sequencing, all PCR products were treated
with exonuclease I and shrimp alkaline phosphatase, according to the
manufacturer’s instructions (Affymetrix, Cleveland, Ohio). As sequenc-
ing with the previously published fliC or fIjB primers only provided single
coverage of the PCR product, the newly designed primers MR-1_forward
and MR-2_reverse were used to obtain double coverage of the variable
internal regions in fliC or fIjB (Table 1). Sequencing was carried out on the
Applied Biosystems automated 3730 DNA analyzer using BigDye Termi-
nator chemistry at the Cornell University Life Sciences Core Laboratories
Center. Sequences were assembled and analyzed using Lasergene 7.2.1
software (DNAStar, Madison, WI). BLASTn search analysis was used to
compare fliC and fIjB sequences with those in GenBank (38) and to infer
the type of fliC or fljB antigens. Alignment of fliC and fljB amino acid
sequences was performed using the FFT-NS-i method in Multiple Align-
ment using Fast Fourier Transform (MAFFT) (39), and cluster analysis
was performed using the maximum-likelihood (ML) algorithm in
RAXML (40) with rapid bootstrapping (100 bootstrap replicates). Amino
acid sequence distances (p distances) were calculated using MEGA version
5.0.5 (41). The use of amino acid sequences was chosen to allow for a more
reliable alignment of the highly divergent fliC and fljB genes.
Traditional serotyping. Immunological serotyping was completed by
either the New York State Department of Health or the National Veteri-
nary Services Laboratory (Ames, IA) using the Salmonella latex test, ac-
cording to the manufacturer’s instructions (Oxoid, Ogdensburg, NY) (2).

RESULTS

PFGE. PFGE patterns were generated for all 46 isolates tested and
then were compared to a custom database that included PFGE
patterns for the isolates representing 170 serovars, including all 40
serovars evaluated here. Using the methods detailed above, sero-
vars were predicted correctly for 35/46 (75%) isolates (Table 2).
Among the 11 isolates that were not accurately predicted, 3 iso-
lates were predicted to represent serovars that were not congruent
with traditional serotyping: one S. Typhimurium isolate matched
S. 4,5,12:i:— (0-band difference), one S. enterica subsp. enterica
serovar Saintpaul isolate matched S. Typhimurium (2-band dif-
ference), and one S. Typhimurium var. 5— isolate matched S.
Typhimurium (0-band difference) and S. Typhimurium var. 5—
(0-band difference) (see Table S3 in the supplemental material).
No serovar could be assigned for 8/46 isolates, as their PFGE pat-
terns differed by >3 bands from all isolates in the database; these
isolates represented S. enterica subsp. enterica serovar Cholerae-
suis, S. enterica subsp. enterica serovar Give, S. enterica subsp.
enterica serovar Mississippi, S. enterica subsp. enterica serovar
Orionvar. 15+,34+, S. enterica subsp. enterica serovar Reading, S.
enterica subsp. enterica serovar Virchow, S. enterica subsp. enterica
serovar Weltevreden, and S. enterica subsp. enterica serovar Wor-
thington (Table 2).

rep-PCR. rep-PCR patterns were generated on the DiversiLab
system for all 46 isolates tested. Overall, the DiversiLab rep-PCR
system accurately predicted 30/46 (65%) serovars tested when ap-
plying an 85% similarity cutoff (Table 2). Of the remaining 16
isolates, 11/16 had rep-PCR patterns that matched an existing
pattern in the rep-PCR library at >85% identity, but the assigned
serovar was not congruent with traditional serotyping (Table 2).
Among the 5 isolates that had rep-PCR patterns with <<85% iden-
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TABLE 2 Comparison of DNA based subtyping methods used to predict the top 40 Salmonella serovars evaluated in this study

No. of isolates for which
the serovar was

DNA-based identified correctly
subtyping method (n = 46) (%) Incorrectly identified S. enterica serovars (no.) S. enterica serovars not identified (no.)
MLST 42 (91) 4,5,12:i:— (1), Typhimurium var. 5— (1) Orion var. 15+,34+ (1) Reading (1)*
Molecular serotyping 42 (91) Choleraesuis (1), Senftenberg (1), Typhimurium (1), (0)
Typhimurium var. 5— (1)
PFGE 35 (76) Saintpaul (1), Typhimurium (1), Typhimurium var. 5~  Choleraesuis (1), Give (1)?, Mississippi (1)%,
Orion var. 15+,34+ (1), Reading (1)?,
Virchow (1)%, Weltevreden (1)?,
Worthington (1)?
Rep-PCR 30 (65) Derby (1), Infantis (1), Kentucky (2), Muenster (1), Give (1)¢, Javiana (1)¢, Orion var. 154,34+
Paratyphi B. var. Java (1), Reading (1), Senftenberg ()4, Typhimurium var. 5— (14,
(1), Stanley (1), Typhimurium (1), Virchow (1) Weltevreden (1)¢
Ribotyping 34 (74) 4,5,12:1:— (1), Braenderup (1), Give (1), Javiana (1), Blockley (1)¢, Dublin (1), Montevideo (1Y,

Muenster (1), Orion var. 15+,34+ (1), Uganda (1)

Typhi (1), Typhimurium var. 5— (1)°

“ For unidentified serovars, traditional serotyping information was not available for the most similar isolate(s) in the MLST database.
? PFGE patterns for the most similar patterns differed by >3 bands; thus, a serovar could not determined.

¢ DiversiLab percent identity to library strains was <85%.
 Serovar not in DiversiLab library at time of analysis.
¢ Serovar was not in ribotype database at time of analysis.

fSerovar could not be assigned, as ribotype pattern did not match existing pattern in database at >70%.

tity to patterns in the DiversiLab library, four represented serovars
were not included in the library (S. Give, S. Orion var. 15+,34+,
S. Typhimurium var. 5—, and S. Weltevreden; Table 2). While
rep-PCR patterns for 5 S. Javiana isolates were in the DiversiLab
library, one S. Javiana isolate tested (FSL S5-406) did not match an
existing pattern at >85% identity (top match was S. Mississippi at
72.3% identity) (see Table S3 in the supplemental material).

Ribotyping. Automated ribotyping produced ribotype pat-
terns for all 46 isolates. A total of 34/46 (74%) serovars predicted
by ribotyping were congruent with traditional Salmonella serotyp-
ing results. Of the 12 serovars that were not accurately predicted, 7
isolates had ribotype patterns that matched database patterns with
>70% identity, but the assigned serovars were not congruent with
traditional serotyping results (Table 2). Ribotype patterns for S.
enterica subsp. enterica serovar Montevideo (isolate FSL S5-630)
and S. enterica subsp. enterica serovar Typhi (isolate FSL R6-540)
did not match any existing patterns in the database at >70% sim-
ilarity and thus could not be assigned a serovar, and both S. Mon-
tevideo and S. Typhi ribotype patterns were available in the data-
base (see Table S2 in the supplemental material). An additional 3
isolates did not match any existing patterns at >70% and the
database did not contain those serovars (i.e., S. enterica subsp.
enterica serovar Blockley [isolate FSL S5-648], S. enterica subsp.
enterica serovar Dublin [isolate FSL §5-439], and S. Typhimurium
var. 5— [isolate FSL S5-786]) (Table 2).

MLST. The Max Planck 7-gene MLST scheme was able to ac-
curately predict serovars for 42/46 (91%) isolates (Table 2). Two
isolates, representing S. 4,5,12:i:— and S. Typhimurium var. 5—
(isolates FSL S5-580 and FSL S5-786, respectively), were identified
as S. Typhimurium. An additional 2 isolates representing S. Orion
var. 15+,34+ (isolate FSL R8-3408) and S. Reading (isolate FSL
R8-1987) could not be identified; isolates representing the corre-
sponding ST's in the MLST database lacked serovar information.
Among the 322 partial housekeeping gene sequences submitted,
new ATs were identified for S. Javiana (for isolate FSL S5-406, hisD
AT520), S. enterica subsp. enterica serovar Oranienburg (for iso-
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late FSL S5-642, hemD AT315), and S. Give (for isolate FSL S5-
487, sucA AT397). A total of 6 new STs were identified for isolates
representing S. Javiana (ST1674), S. Montevideo (ST1677), S.
Oranienburg (ST1675), S. Dublin (ST1673), S. enterica subsp. en-
terica serovar Uganda (ST1676), and S. Give (ST1678) (see Table
S$4 in the supplemental material).

PCRs targeting O-antigen genes allowed for the reliable
identification of clinically important Salmonella serogroups,
but specific primers for less-common O antigens need to be de-
veloped. PCRs targeting O-antigen genes were used to determine
the serogroups of 46 isolates representing clinically important S.
enterica subsp. enterica serovars and 70 less-common S. enterica
serovars (see Table S1 in the supplemental material). Based on
traditional serotyping data, these PCRs were expected to allow for
the identification of the O groups for 44/46 isolates representing
common serovars and 40/64 isolates representing less-common
serovars, for a total of 84/110 isolates (Table 3). PCR-based sero-
group results were congruent with immunological serotyping data
for all 84 of these isolates, including 44 isolates representing com-
mon serovars. Correctly identified serogroups included O:4 (n =
21),0:7 (n=15),0:8 (n = 16),0:9 (n = 11),0:3,10 (n = 9), 0:13
(n = 11), and O:18 (n = 1) (Table 3). Sequencing of selected
O-group PCR products revealed limited diversity within a given O
group. For example, a 532-nt partial tyvD sequence obtained from
six 0:9 isolates showed only 4 polymorphic nucleotides, all
present in the same isolate (see Fig. S1 in the supplemental
material). Also, the sequencing of a 402-nt wzx fragment in one
E4 (0:1,3,19) and seven E1 (0:3,10) isolates revealed limited
diversity and no polymorphisms that could differentiate E4
from El isolates (see Fig. S2 in the supplemental material).

By traditional serotyping, 26 isolates represented O groups that
were not targeted by the O-group PCR assays used. Among these
26 isolates, 18 did not yield PCR products with any of the O-group
PCRs evaluated (Table 3). PCR inhibition could be excluded be-
cause DNA purity was confirmed by A,¢,/A,g, ratios and these
genomic DNA preparations showed amplification with other PCR
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TABLE 3 Results of O-group determination using serogroup specific PCRs

No. of isolates
within

No. of isolates with a positive PCR result for O group

No. of isolates
with neg. PCR

Serogroup serogroup” 0:4 (B) 0:7(Cl)

0:8 (C2-C3)

09 (D1) 0:3,10(E1) 0O:13(G) 0:18(K)  result

O groups with primers
for detection
0:4 (B) 21 21
0:7 (C1) 15 15
0:8 (C2-C3) 16 16
0:9 (D1) 11
0:3,10 (E1) 9
0:13 (G) 11
0:18 (K) 1

O groups lacking primers
for detection

0:2 (A)
0:9,46 (D2)
0:1,3,19 (E4)
0O:11 (F)
0:6,14 (H)
0:16 (I)
0:28 (M)
0:30 (N)
0:35 (0)
0:38 (P)
0:39 (Q)
0:40 (R)
0O:51
0:54
Untypeable

Sd

e NG S N SO NG ST NGNS RN

1¢

(=)}

11

Ju—
—
SO OO o oo

lb

C RN, R AR NRE—,O OO~

1 2

W

“ Serogroups for 116 isolates determined by immunological serotyping. Among the 116 isolates, 95 yielded positive PCR results with our primers (Table 1). The remaining 21

isolates did not show amplification with any of the 7 O-group primer sets tested.
b Analysis of serogroup O:9 primers revealed primer match to S. Baildon (0:9,46).

¢ Primer design was based on Salmonella sequences representing serogroups 0:3,10 and 0:1,3,19.
 Analysis of serogroup O:7 primers revealed a nonspecific primer match to S. Rubislaw (0:11).
¢ Factor O:54 is plasmid-controlled and might mask factors 0:6,7,14 (C1) for S. Montevideo.

primers. However, 8 isolates each yielded a positive PCR result
with one primer set; for these isolates, including O groups O:11
(n=5), 0946 (n = 1), 0:1,3,19 (n = 1), and O:54 (n = 1),
PCR-based serogroups were not congruent with traditional typ-
ing. All five O:11 isolates were positive with O:7 primers (Table 3).
We subsequently found that the serogroup O:7 forward (22/22 nt)
and reverse (23/23 nt) primers matched tyv (an O-antigen gene
present in the rfb region) in S. enterica subsp. enterica serovar
Rubislaw (O:11), with a predicted amplicon size (615 nt) that
matched the size expected for O:7. The only isolate representing
serogroup 0:9,46 was positive with the O:9 primers. The sero-
group O:9 forward (24/25 nt) and reverse (28/29 nt) primers
matched tyvin S. enterica subsp. enterica serovar Baildon (0:9,46).
Sequencing and alignment of tyvD in serogroup O:9 revealed that
this gene is highly conserved (see Fig. S1 in the supplemental ma-
terial). The one isolate of serogroup O:1,3,19 was positive with the
0:3,10 primers, and sequencing and alignment revealed that wzx
was highly conserved between the two serogroups (see Fig. S2 in
the supplemental material) and the primers had been designed to
detect both 0:3,10 and 0:1,3,19 (8). S. Montevideo (serogroup
0:54) was detected by O:7 primers; this exception was not com-
pletely unexpected, as Montevideo serogroup expression is plas-
mid controlled and might mask factor O:7 (42).

Among the 7 isolates that could not be classified by immuno-

1790 jcm.asm.org

logical serotyping, three isolates yielded positive results with one
of the O-group primer sets used here. These isolates were classified
as serogroups O:3,10 (isolate FSL R8-2289) and O:18 (isolates FSL
R6-592 and FSL R8-904) (Table 4). The remaining 4 untypeable
isolates (FSL R8-3567, FSL A4-524, FSL R8-143, and FSL R8-756)
did not yield PCR products with any of the O-group primer sets
used.

fliCand fljB sequencing allows for H1 and H2 antigen predic-
tion that is congruent with serological typing. Among the 109
isolates with serovar information that were tested, 28 H1 antigens
and 15 unique H2 antigens were represented. Flagellar antigens
for these isolates were identified through a molecular approach
that included amplification of fIiC and fIjB, encoding H1 and H2,
respectively, and sequencing to obtain coverage of the internal
variable region. The results for PCR- and sequence-based deter-
mination of H1 antigens were congruent with traditional serotyp-
ing for all 109 isolates (see Table S1 in the supplemental material),
while H2-antigen determination was congruent with traditional
serotyping for 104/109 isolates. Isolates for which molecular and
traditional H2-antigen determinations did not match included 2
from the isolate set representing the 40 most common serovars, as
well as three isolates from the set representing less-common sero-
vars (Table 5). Specifically, for one S. Typhimurium isolate (FSL
S5-433), we obtained a PCR product but were unable to sequence
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TABLE 4 Molecular serotyping results for serologically untypeable isolates”

Molecular Serotyping of Salmonella

Immunological serotyping results®

Molecular serotyping results

Salmonella
Isolate Serogroup HI antigen H2 antigen serovar Serogroup®  Hl antigen(s) H2 antigen(s) Salmonella serovar’
FSLR8-3567 0:35(0) NA NA IIIb 35:Rough ND Lv 1,5 Requires O-antigen identification
FSL R6-592 NA NA NA Untypeable 0:18 (K) 74,723 S. L 11, or Ila 18:24,223: —
FSL R8-904 NA NA NA Untypeable 0:18 (K) 74,223 S. L 11, or Illa 18:24,223:—
FSL R8-2289 NA NA NA Untypeable 0:3,10 (E1)4 g [s]t S.113,10:g,[s],t:—
FSL A4-524 NA NA NA Untypeable ND y 1,7 Requires O-antigen identification
FSLR8-143  NA NA NA Untypeable ND 252 1,7 Requires O-antigen identification
FSLR8-756  NA NA NA Untypeable ND k 1,57 Requires O-antigen identification

@ Represents all isolates where immunological determination of antigens was inhibited by strain phenotype (e.g., rough, mucoid, or nonmotile).
b Species other than S. enterica subsp. enterica are designated by the following symbols: II for serovars of S. enterica subsp. salamae; I11a for serovars of S. enterica subsp. arizonae.
¢ ND indicates serogroup was not detected with primer sets tested in this study (i.e., primer sets for detection of O:4, O:7, O:8, 0:9, 0:3,10, O:13, and O:18).

4 Serogroup primers for O:3,10 (E1) were also found to detect serogroup O:1,3,19 (E4).
¢ NA, not available.

the product, and for one S. Choleraesuis isolate, no PCR product
was obtained with the fIjB primers. In addition, for an S. enterica
subsp. enterica serovar Corvallis isolate, sequencing determined
the H2 antigens to be 1,5, while immunological serotyping indi-
cated [z6], and for an S. enterica subsp. enterica serovar Wand-
sworth isolate, sequencing determined the H2 antigens to be 1,7,
while traditional serotyping indicated a 1,2 H2 antigen (Table 5).
Finally, for one S. enterica subsp. enterica serovar Wangata isolate,
no fljB PCR product could be obtained (Table 5). While H1 anti-
gens could be determined by molecular serotyping for all seven
untypeable isolates tested here, the H2-antigen-encoding gene
was only amplified for four isolates, which were identified as 1,5
(n=1),1,7 (n=2),and 1,5,7 (n = 1) (Table 4).

Cluster analysis performed on the 116 partial fliC amino acid
sequences obtained here (Fig. 1) showed three distinct clades that
represented (i) the g complex with g or m,t antigenic factors, (ii)
the 74,223 antigenic group, and (iii) a large cluster with predom-
inately single antigens (e.g., a or b, those described previously as
the “non-g-complex”) (36). The tree also included a large number
of well-supported nodes (bootstrap values, >90) within these
clades, typically supporting branches that included sequences for a
given H1 antigen (a total of 26 unique antigenic factors were rep-
resented in this tree). Most fliC antigenic groups represented
highly homologous sequences; for example, the sequence similar-
ities within antigenic group r were >99%. However, not all fliC
antigen groups were as homologous; for example, the sequence sim-
ilarities for antigenic group k ranged from 74.1% to 100%. Despite
this, the k antigenic group represented a clearly defined clade.

Cluster analysis of 90 fIjB partial amino acid sequences (Fig. 2)
also showed that the majority of the 11 unique antigenic factors
(represented by 32 isolates representing common serovars, 54 iso-
lates representing rare serovars, and 4 untypeable isolates)
grouped into well-defined clades, with many antigenic groups dis-
playing a high level of amino acid homology. For example, the
partial amino acid sequence similarities for antigenic group e,n,x
ranged from 99.5 to 100%. Antigenic group 1,5 showed the lowest
level of homology, as its sequence similarities ranged from 88.4 to
100%, and even though this group is paraphyletic with the amino
acid sequences for antigenic factors 1,6, fljB sequencing still al-
lowed for antigen determination that was congruent with tradi-
tional serotyping. Overall, phylogenetic trees based on partial
amino acid sequences for fliC and fljB display clearly defined clus-
ters that allow for the identification of antigenic groups, indicating
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their potential for sequence-based identification of H1 and H2
antigens, respectively.

Comparison of DNA-based subtyping methods and their
ability to predict serovars. Based on the 46 isolates representing
the 40 most common Salmonella serovars, the predictive ability of
DNA-based subtyping methods evaluated in this study ranged
from 30/46 (65%, rep-PCR) to 42/46 (91%, MLST and molecular
serotyping) (Table 2). Salmonella serovars 4,5,12:i:—, Typhimu-
rium, and Typhimurium var. 5— represented the 3 serovars for
which molecular methods were most frequently unable to predict
a serovar that was congruent with traditional serotyping.

DISCUSSION

Salmonella serotyping remains a critical component of Salmonella
surveillance efforts, as it facilitates the rapid identification and
source tracking of salmonellosis outbreaks, particularly if rapid
access to molecular subtyping, such as PFGE, is not available. Tra-
ditional serotyping not only provides subtyping data that allow for
worldwide comparison, which has facilitated the detection of a
number of salmonellosis outbreaks with international scope (43—
45), but it also facilitates comparison with historical data sets,
since serotyping has been in use for about 70 years. As new meth-
ods for serotyping and subtyping of Salmonella are developed, it is
thus important that these methods can be referenced and corre-
lated to serovars according to the existing White-Kauffmann-Le
Minor scheme, both to maintain the continuity of serovar data
and to facilitate communication with laboratories that use tradi-
tional serotyping approaches. Conceptually, molecular ap-
proaches to the serotyping of Salmonella might use either (i) char-
acterization of genetic targets that are directly responsible for O-
and H-antigen expression or (ii) genetic characterization of Sal-
monella through banding- or sequence-based subtyping methods
(targeting genes unrelated to O- and H-antigen expression), fol-
lowed by serovar prediction through comparison with databases
that contain references patterns for isolates with traditional sero-
var information.

Our study indicates that (i) serovar prediction based on band-
ing-pattern-based methods (i.e., PFGE, rep-PCR, and ribotyping)
and DNA-sequence typing schemes (i.e., MLST) is feasible for
most serovars but requires large and comprehensive databases
and that (ii) sequence-based serotyping provides an alternative
method to SNP- or microarray-based O- and H-antigen determi-
nation or subtyping-based serovar prediction.
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Conclusion

S. enterica serovar

4,5,12:1:—

antigen(s)

*b

H2

H1
antigen(s)

Molecular serotyping results

Serogroup
0:4 (B)
0:7 (C1)

S. enterica
serovar

antigen(s)
1,2

1,

H2

antigen(s)

H1

Immunological serotyping results

Serogroup

Discrepancy

Isolate

TABLE 5 Discrepancies between traditional and molecular serotyping of O, H1, and H2 antigens

Isolate
set
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Nonspecific serogroup primer

fliB sequencing failure”
fliB primer exception

Westhampton

6,7:c:—

1
C
g [slt

0:3,10 (E1)?

Typhimurium
Choleraesuis
Senftenberg

H2 antigen
H2 antigen
Serogroup

FSL S5-433“
FSL R8-3632¢
FSL $5-658

Top 40

H2 identification error

6,8:24,223:1,5
9,12:24,223:—
Lomalinda

1,5

74,723
74,723

0:8 (C2-C3)
0:9 (D1)

Corvallis
Wangata
Baildon

H2 antigen

FSL R8-092

Rare 70

fliB primer exception

H2 antigen
Serogroup

FSL R8-1542

Nonspecific serogroup primer®
Nonspecific serogroup primer®
Nonspecific serogroup primer
Nonspecific serogroup primer®
Nonspecific serogroup primerf

Nonspecific serogroup primer®

H2 identification error

Augustenborg
6,7:a:e,n,z15
S. enterica subsp. 11

Incomplete’
6,7:1:€,n,X

Singapore

© O Mo @ = N

)
)
)
)

09 (D1)*
NAS
0:7(C1)
0:7 (C1
0:7 (C1
0:7 (C1
0:7 (C1

‘Wandsworth
Kisarawe
Nyanza

Aberdeen
Rubislaw

Luciana

H2 antigen
Serogroup
Serogroup
Serogroup
Serogroup
Serogroup

FSL R6-199
FSL R6-526
FSL A4-595
FSL R8-3524
FSL R8-3555"
FSL S5-477
FSL S5-654

¢ Repeated immunological serotyping confirmed the isolate was S. Typhimurium.

b Primers amplified PCR product of expected size. Asterisks indicate that sequencing quality was noisy and deteriorated and could not be interpreted.

¢ Repeated immunological serotyping confirmed the isolate was S. Choleraesuis.
 Primers targeting serogroup O:3,10 also detected serogroup 0:1,3,19.
¢ Primers targeting serogroup O:9 also detected serogroup 0:9,46.

/NA indicates primers were not available for the detection of serogroup 0:39, which led to an incomplete molecular method-based serovar result.

¢ Primers targeting serogroup O:7 also detected serogroup O:11.

" Tsolate chosen to represent five serogroup O:11 (F) isolates with O-group discrepancy. Repeated immunological serotyping confirmed the isolate was S. Luciana (serogroup O:11).

Serovar prediction based on banding-pattern-based meth-
ods and DNA-sequence-typing schemes is feasible for most se-
rovars but requires large and comprehensive databases. For
banding-pattern-based subtyping methods, the ability to correctly
predict serovars ranged from 65% to 76% for isolates representing
the 40 most common Salmonella serovars, and by comparison,
MLST correctly predicted the serovars of 91% of these isolates.
Previous studies typically only tested the ability of one or a few
subtyping methods to predict serovars in isolates representing limited
diversity and a small number of serovars (19, 21, 22, 46-48). For
example, Gaul et al. (47) compared one banding-pattern method,
PFGE, to traditional serotyping on a collection of 674 swine Salmo-
nella isolates. Future large-scale studies will be necessary, though, to
determine whether other subtyping methods that do not target ge-
netic targets that are directly responsible for O- and H-antigen ex-
pression (e.g., 20, 27, 28) can provide reliable serovar prediction.

In general, if subtyping data are to be used for serovar predic-
tion, large and comprehensive libraries of subtype patterns are
needed. While it would be ideal for these databases to represent at
least a majority of the >2,600 Salmonella serovars, a database that
includes the majority of typically encountered serovars might be
sufficient for many applications. We specifically observed that in
some cases, common serovars could not be identified due to da-
tabase limitations; i.e., the serovar was not available in the data-
base. In contrast to most databases for banding-pattern methods,
which are typically proprietary (e.g., for automated ribotyping,
rep-PCR) or have restricted access (e.g., PulseNet), MLST is char-
acterized by the availability of open-source databases (http:
//pubmlst.org/databases.shtml), with continuous community ad-
ditions of subtype data. Among the subtype methods evaluated,
PFGE and MLST have the largest databases, even though the
PulseNet PFGE database could not be used for the study reported
here, as it is not publicly available. However, the PFGE database is
available for PulseNet laboratories, an important group of end
users for molecular serotyping methods. One recent study indeed
indicates that the PulseNet database might be a valuable tool for
predicting Salmonella serovars based on PFGE data (16). While
the Salmonella MLST database is large (it included >5,700 Salmo-
nella isolates and >600 serovars as of 15 October 2012), a recent
study suggested that the reliable MLST-based prediction of Sal-
monella serovars might remain challenging (24). In particular, this
study showed that a number of phylogenetic groups (e-BURST
groups) contained multiple serovars and that many serovars
are distributed among distinct e-BURST groups, suggesting
polyphyletic origins. In our study, rather than using phylogenetic
groupings to predict serovars, we used perfect ST matches to iso-
lates in the MLST database to predict serovars; data for closely
related isolates (matches in 6 of 7 ATs) were used to predict the
serovar for a query isolate only in cases where no perfect ST match
was available. While this approach is more pragmatic and might
be more likely to not yield a “match” that allows for serovar pre-
diction, based on our data, it shows a good ability to predict sero-
vars. Importantly, traditional serotyping of Salmonella has been
estimated to allow for correct serovar identification with about
92% to 95% of isolates (25), suggesting that at least for the isolate
set used here, the accuracy of MLST for prediction of serovars is in
the same range as that expected for traditional serotyping. For
example, Wattiau et al. (49) reported that 90.8% of 754 S. enterica
subsp. enterica isolates were correctly serotyped by classical methods,
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FIG 1 Midpoint-rooted maximume-likelihood phylogenetic tree of partial fliC amino acid sequences from 116 Salmonella isolates representing 46 common, 63
uncommon, and 7 untypeable serovars. The scale represents the estimated number of amino acid substitutions per site. Numerical values represent the
percentage of bootstrap replications that support the respective node. Bootstrap values of >60 are shown for major clades. Each label shows the H1 antigen
followed by Food Safety Laboratory (FSL) number; e.g., b_S5-410 indicates H1 antigen b, isolate FSL S5-410.

with 9.1% of isolates showing no results with classical serotyping due
to strain autoagglutination or lack of antigen expression.

While the development of larger databases for subtyping meth-
ods might allow for some improvements with regard to their abil-
ity to correctly predict Salmonella serovars, there are inherent lim-
itations to serovar prediction by subtyping methods, for example,
those detailed by Achtman et al. (24) for MLST-based prediction
of serovars. Our data specifically support that many subtyping
methods are likely not able to correctly identify and differentiate
the closely related Salmonella serovars Typhimurium (4,5,12:i:
1,2), 4,5,12:i:—, and Typhimurium var. 5—. This is consistent
with recent studies (16, 47) that also showed that the majority of
isolates for which serovars were not correctly predicted by PFGE
belonged to S. 4,5,12:1:—; in one study, 135 misclassified S. 4,5,12:
i:— isolates were predicted to either be S. Typhimurium (95 iso-
lates) or S. Typhimurium var. 5— (40 isolates) (16). Similar limi-
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tations with closely related Salmonella serovars have been
reported when evaluating ribotyping; in one study, 20 S. 4,5,12:
i:— isolates were predicted to be S. Typhimurium (19). While
rep-PCR was reported to correctly predict S. 4,5,12:1:— in one
study with three S. 4,5,12:i:— isolates (21), our study identified
problems with the correct prediction of S. 4,5,12:i: — across band-
ing-pattern-based subtyping methods. This is consistent with the
observation that strains of this serovar appear to represent multi-
ple independent emergence events from S. Typhimurium ances-
tors. In addition, previous studies have also shown that subtyping
methods can, in some instances, not correctly predict serovars that
differ by one or two antigens, such as (i) S. Newport (subsp. I
6,8,20:e,h:1,2) and S. enterica subsp. enterica serovar Bardo
(subsp. I 8:e,h:1,2) (50) or (ii) S. enterica subsp. enterica serovar
Hadar (subsp. I 6,8:210:e,n,x) and S. enterica subsp. enterica sero-
var Istanbul (subsp. I 8:210:e,n,x) (21). On the other hand, Salmo-
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FIG 2 Midpoint-rooted maximum-likelihood phylogenetic tree of 90 partial fIjB amino acid sequences from Salmonella isolates representing 32 common, 54
uncommon, and 4 untypeable serovars. The scale represents the estimated number of amino acid substitutions per site. Numerical values represent the
percentage of bootstrap replications that support the respective node. Bootstrap values of >60 are shown for major clades. Each label shows the H2 antigen
followed by the Food Safety Laboratory (FSL) number; e.g., 1,2_R8-457 indicates H2 antigen 1,2, isolate FSL R8-457.
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nella characterization methods that allow for phylogeny recon-
struction (e.g., MLST) might provide some advantages over
traditional or molecular serotyping approaches, which do not
provide phylogenetic information. For example, MLST can differ-
entiate isolates into distinct phylogenetic groups even if they rep-
resent the same serovar, and this has been demonstrated for a
number of polyphyletic serovars (51).

Sequence-based serotyping provides an alternative method
to SNP- or microarray-based O- and H-antigen determination.
Methods that directly characterize genetic targets that are respon-
sible for O and H antigens conceptually represent an attractive
opportunity for molecular serotyping, which should address a
number of the drawbacks of serovar prediction based on molecu-
lar subtyping methods. To date, some methods have been devel-
oped that use primers and probes in various assay formats to de-
tect specific O-, H1-, and H2-antigen markers (within the rfb
cluster, fliC, and fIjB, respectively), including a Luminex-based
system (15, 52) and ArrayTube genoserotyping tool (13). In initial
evaluations, these methods have demonstrated good congruency
with traditional serotyping. For example, the Luminex-based sys-
tem developed by the CDC allowed accurate O-group prediction
for 362/384 isolates (94.3%) representing 6 common O groups
(52) and accurate H-antigen prediction for 461/500 isolates
(92.2%) (15). In a smaller study, the ArrayTube genoserotyping
tool allowed for correct serovar prediction for 76/100 (76%) iso-
lates (13). While these methods offer the potential for rapid re-
sults, ease of use, and high-throughput molecular serovar predic-
tion, including for both rough and mucoid strains, these methods
can currently only identify a portion of the >1,500 S. enterica
subsp. I serovars. For example, the most recently described Lu-
minex assay was not able to determine H antigens for 46/500 iso-
lates due to a limited number of probes (15), and the ArrayTube
genoserotyping tool is currently only able to detect 41/114 flagellar
antigens (13). While both of these approaches appear to work
reasonably well for the identification of common serovars where
sufficient genetic information (e.g., full-genome sequence data) is
available for design of appropriate reagents (i.e., primers and
probes), difficulties are likely encountered when these systems are
challenged with isolates representing rare serovars that were not
used for the design of the primers or probes. Examples of specific
concerns include (i) no reaction with primer and probes because
the genes encoding O or H antigens are not targeted by primer and
probes and (ii) false-positive results for a given O or H antigen if
primers and probes target a region that is conserved between com-
mon and rare antigens that were not considered in the assay de-
sign. An additional concern for all methods that target the genes
responsible for antigen expression includes the potential for de-
tection of alleles (primarily fljB) that might not be expressed due
to a mutation in the phase-variation mechanism, even though the
genes are still present in the genome (11); this would lead to mis-
classification of monophasic serovars.

In contrast to molecular serotyping systems that rely on prim-
ers and probes to identify genes that determine or indirectly cor-
relate to the antigenic formula for Salmonella isolates, we imple-
mented an approach that combines (i) PCR-based detection of
genes that are specific for a given O antigen based on previous
studies that used PCR to identify major O-antigen groups (8, 53)
and (ii) PCR amplification of fliC and fIjB, followed by sequencing
of the internal variable region of these genes to allow for H1- and
H2-antigen determination. Overall, this approach allowed for the
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correct identification of 91% of the isolates representing the 40
most common serovars and of 86% of the isolates representing
less-common serovars. While the sequencing of fliC and fIjB has
previously been used to discover target sequences for the develop-
ment of probe-based molecular-serotyping approaches, we are
not aware of any comprehensive studies that used the sequencing
of these two genes as the primary approach for molecular serotyp-
ing. While our data suggest that PCR-based O-antigen typing
along with fliC and fIjB sequencing presents a viable approach for
molecular serotyping, some challenges remain in developing this
method so that it can be used broadly and allow for serotyping of
a wide range of Salmonella serovars. For one, our current method
only detects 7 common O antigens, with some primers showing a
positive reaction with two antigens. This causes some false-posi-
tive results, including one primer set that yields positive results
with both serogroup 0:3,10 (E1) and O:1,3,19 (E4) isolates (8)
and a set that yields positive results with both the serogroups O:7
(C1) and O:11 (F). The design of better PCR primers and ap-
proaches that use PCR and subsequent sequencing of target genes
that contribute to O-antigen expression should, in the future, be
able to address this issue. Specifically, as full-genome sequences
for isolates representing additional O groups become available
(54, 55), the design of primers capable of detecting all 46 Salmo-
nella serogroups should be feasible. Without full-genome se-
quences and the ability to compare rfb clusters, the ability to de-
sign new robust O-antigen primers for serogroup determination
is limited. With regard to the identification of H1 and H2 antigens,
the design of primer sets that allow for the reliable amplifications
of fliC and fIjB remains a challenge. These genes include internal
variable and external conserved regions, which represent a chal-
lenge in the design of primers that only amplify the target gene
(i.e., either fliC or fIjB) and allow for reliable amplification among
diverse serovars. For example, we found that previously reported
fliB primers failed to amplify fIjB in a number of isolates represent-
ing less-common serovars. Although the majority of isolates eval-
uated here allowed for successful fliC and fIjB amplification, even
with the new set of fIjB primers designed here, we found a few
exceptions, including the inability to amplify fIjB in one S. Chol-
eraesuis isolate. This supports the need to develop additional or
improved primers. Again, the availability of full-genome se-
quences for additional serovars should help in the design of im-
proved primers for fliC and fljB amplification, even though the use
of more than one primer set might be necessary to allow for am-
plification in isolates representing diverse serovars. Additional
testing of clinical and nonclinical isolates, including a blinded
analysis, will be necessary to fully validate the current set of prim-
ers, plus any newly developed primers, for molecular serotyping.
Genome sequences should also facilitate the development of PCR-
based approaches for the detection of rare flagellar antigens that
are encoded by other genes (56). Finally, the development of ro-
bust and large fliC and fIjB sequence databases will be necessary to
allow for broad use of the sequencing-based molecular serotyping
approaches described here. To this end, we have deposited the fliC
and fljB sequence data reported here in the public Food Microbe
Tracker database (www.foodmicrobetracker.com) (57).
Implementation of the PCR- and sequencing-based molecular
serotyping scheme detailed here should be financially feasible for
most laboratories. In a clinical setting, DNA would be isolated
from Salmonella isolates and then used for up to 3 PCRs for sero-
group determination (in a multiplex format) and 2 PCRs for fliC
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and fIjB determination. PCR products for fliC and fljB would then
be purified and sequenced. The resulting sequences could be que-
ried against a publicly available or an in-house database, and an-
tigens for the Salmonella isolate could be assigned. As the cost of
7-gene MLST has been estimated at <$35 per isolate (24) when
typing ~200 isolates per week, the molecular serotyping proce-
dure described here, which involves sequencing of 2 genes plus up
to three multiplex PCRs, should only cost about $15 to $20 per
isolate. This is less expensive than traditional serotyping (esti-
mated at $35 to $185 per isolate) (20).

Conclusions. As a variety of efforts are under way to replace or
supplement the traditional serotyping of Salmonella with molecular
methods, many laboratories are faced with decisions as to which tech-
nologies or approaches to implement. Current approaches use either
serovar prediction based on molecular subtyping data or the direct
characterization of genes affecting O- or H-antigen expression.
Among the methods evaluated here, sequencing-based approaches,
including (i) MLST and (ii) a combination of a PCR-based O-antigen
screening and sequencing of internal fliC (H1 antigen) and fjB (H2
antigen) fragments, provided the best serovar prediction. Both of
these methods also use equipment that can be used for a variety of
applications, compared to the more specialized equipment that is
used for many banding-pattern-based subtyping (e.g., ribotyping,
rep-PCR) or other molecular serotyping methods that were not eval-
uated here (e.g., PremiTest [49], Luminex [15, 52], or ArrayTube
genoserotyping [13]). This might favor the implementation of PCR-
and sequencing-based methods in some laboratories, particularly as
advances in sequencing technology might make these methods more
attractive. Sequencing-based approaches for serovar determination
can also be easily integrated into whole-genome sequencing-based
approaches for Salmonella characterization, which are emerging as a
viable alternative to other subtyping methods (58, 59). Sequence data
for fliC, fljB, genes in the 7fb cluster, and genes targeted by MLST can
be rapidly extracted from full-genome sequence data and used for
serovar identification. In the future, given sufficient databases, the
clustering of full-genome data should also allow for accurate serovar
classification in all but a few cases (e.g., where a recent genetic change
occurred in a gene that is responsible for serovar expression). Our
data also indicate that banding-pattern-based subtyping methods
might have the potential to allow for serovar prediction which might
be adequate under some conditions, particularly for users that have
or can develop larger databases that contain subtype patterns for iso-
lates representing diverse serovars or at least the serovars typically
encountered by a given laboratory. In addition, the combination of
multiple molecular and possibly traditional serotyping approaches
will facilitate improved serovar classification of Salmonella.

Importantly, the combination of a PCR-based O-antigen screen-
ing and sequencing of internal fliC and fljB fragments reported here
allows for continuity with traditional serotyping data. While some
authors have proposed that MLST-based approaches should fully re-
place serotyping (24), we believe that compatibility with traditional
serovar data is critical for Salmonella characterization, at least in the
medium-term future. On the other hand, a combination of MLST or
other phylogenetic characterization methods with the molecular se-
rotyping approach described will provide considerable advantages
over using only one of these approaches.
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