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Salmonella is a major cause of food-borne disease in many countries. Serotype determination of Salmonella is important for dis-
ease assessment, infection control, and epidemiological surveillance. In this study, a microarray system that targets the O anti-
gen-specific genes was developed for simultaneously detecting and identifying all 46 Salmonella O serogroups. Of these, 40 sero-
groups can be confidently identified, and the remaining 6, in three pairs (serogroups 067 and B, E1 and E4, and A and D1), need
to be further distinguished from each other using PCR methods or conventional serotyping methods. The microarray was shown
to be highly specific when evaluated against 293 Salmonella strains, 186 Shigella strains, representative Escherichia coli strains,
and 10 strains of other bacterial species. The assay correctly identified 288 (98%) of the Salmonella strains. The detection sensi-

tivity was determined to be 50 ng genomic DNA per sample. By testing simulated samples in a tomato background, 2 to 8 CFU
per gram inoculated could be detected after enrichment. This newly developed microarray assay is the first molecular protocol
that can be used for the comprehensive detection and identification of all 46 Salmonella O serogroups. Compared to the tradi-
tional serogrouping method, the microarray provides a reliable, high-throughput, and sensitive approach that can be used for
rapid identification of multiple Salmonella O serogroups simultaneously.

almonella is a facultative anaerobic Gram-negative bacterium

belonging to the family Enterobacteriaceae (14). The genus Sal-
monella is composed of two species, Salmonella enterica and Sal-
monella bongori, seven subgroups, and more than 2,600 defined
serotypes (29). Salmonella is widely distributed in nature, and it is
transmitted via contaminated food, including meat, poultry, eggs,
dairy products, and fresh produce, such as tomato and lettuce,
thereby gaining entry into almost every aspect of the human food
chain (2, 15, 24). It is recognized as the leading cause of food-
borne outbreaks and infections in many countries, causing hu-
man illnesses such as typhoid fever, paratyphoid fever, and other
salmonelloses (10, 25, 35). From May to November 2010, a mul-
tistate outbreak of human infection across the United States was
attributed to the consumption of eggs contaminated with Salmo-
nella enterica serovar Enteritidis, which resulted in 1,939 reported
illnesses (30). It is estimated that there are 1.3 million cases of
salmonellosis, 15,000 hospitalizations, and 400 deaths annually in
the United States (9).

Salmonella isolates are serotyped according to the White-
Kauffmann-Le Minor scheme on the basis of surface antigen iden-
tification of O (somatic) and H (flagellar) antigenic epitopes, per-
mitting the characterization of 46 O serogroups and 119 H
antigens and, thereby, more than 2,500 different serotypes. The
White-Kauffmann-Le Minor scheme is utilized by public health
organizations worldwide and is considered the gold standard for
the determination of Salmonella serotypes (29, 32). The O antigen
is the outermost component of the lipopolysaccharide (LPS), and
itis extremely polymorphic due to variations in the types of sugars
present, arrangements, and linkages, and it contributes major an-
tigenic diversity to the cell surface. The genes required for O anti-
gen biosynthesis are organized mainly in a large regulon on the
chromosome, which is located between the galF and gnd genes
(39). The O antigen variation among the 46 Salmonella O sero-
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groups is mainly due to the extensive genetic diversity present
within their respective O antigen gene clusters. Typically, three
different types of genes are present within O antigen gene clusters:
(i) nucleotide sugar synthesis genes that encode enzymes involved
in the synthesis of the sugars that form the O subunit; (ii) sugar
transferase genes that assemble the sugar substituents into the O
subunit; and (iii) O unit-processing genes that encode proteins
involved in the processing and assembly steps to build the O an-
tigen from the O subunit, such as the O antigen flippase (wzx) and
O antigen polymerase (wzy) (7). While the sequences of sugar
synthesis genes within the O antigen gene cluster are relatively
conserved, the processing genes wzx and wzy are highly variable
and are considered to be specific to each O serogroup (18).

Both the virulence and host range of Salmonella isolates are
serotype specific (5). Therefore, the rapid and accurate determi-
nation of Salmonella serotype is essential for human disease sur-
veillance and outbreak control of this important food-borne
pathogen (38). The highly variable nature of the O antigen pro-
vides the basis for serotyping. Despite its widespread utility, the
traditional serotyping method has deficiencies. The method is car-
ried out by assessing agglutination reactions using antisera raised
against the O-standard reference strains. It requires well-trained
technicians and high-quality antisera, both of which may be diffi-
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cult to obtain consistently and are very costly in resource-limited
settings (19). Furthermore, it is time-consuming and tedious, as
well as subjective in interpretation due to cross-reactivity. In re-
cent years, molecular typing methods that target the O antigen-
specific genes have been developed, and these have become an
attractive alternative to traditional approaches for O serogroup
determination (3, 7, 22, 37). Fitzgerald et al. developed an O
group-specific Bio-Plex array to detect six serogroups of Salmo-
nella in the United States (6). However, these methods only target
a very small subset of the Salmonella serogroups, which are inad-
equate for comprehensive and reliable detection of Salmonella.
DNA microarrays allow a large number of specific DNA sequences
to be detected simultaneously, and it has been shown to be useful
as a rapid and sensitive pathogen detection strategy that over-
comes the disadvantages of conventional PCR and multiplex PCR
methods.

In this study, a DNA microarray assay was developed to
identify and detect all 46 Salmonella O serogroups. PCR prim-
ers and probes were designed based on the specific DNA mark-
ers of the O antigen gene clusters, which were retrieved either
from the GenBank database or from our in-house databases.
The specificity and sensitivity assessments using pure cultures
and simulated food samples demonstrated that this new DNA
microarray assay is specific and reliable, and it could serve as an
effective alternative to traditional serotyping approaches.

MATERIALS AND METHODS

Bacterial strains examined and genomic DNA extraction. The bacterial
strains used in this study, including 290 Salmonella strains, 186 represen-
tative strains of all Shigella and Escherichia coli serotypes, and 10 strains
from other bacterial species, are listed in Table 1. All strains were inocu-
lated into Luria-Bertani (LB) medium and incubated overnight at 37°C.
Genomic DNA was prepared using a phenol-chloroform method as de-
scribed previously (1).

Oligonucleotide primers and probes. The oligonucleotide primers
and probes used in this study are listed in Table SI in the supplemental
material, and these were designed based on the GenBank sequences and
our in-house database information of O antigen gene clusters for all 46
Salmonella O serogroups (B. Liu, Y. A. Knirel, L. Feng, A. V. Perepelov,
S. N. Senchenkova, P. R. Reeves, and L. Wang, unpublished data). Two
primers and three to four probes were designed against the targeted genes
using Primer Premier 5.0 (Premier Boost International, Palo Alto, CA)
and OligoArray 2.0 software, respectively (31). The primer pair used to
amplify 16S rRNA genes has been reported previously (17). A probe based
on the region of 16S rRNA that is conserved for all bacteria was used as the
positive control. To enhance hybridization yield, each probe was 5'-
amino modified and contained 15 poly(T) oligonucleotides at the 5" end.
A probe containing 40 poly(T) oligonucleotides was used as the negative
control, and a 3'-Cy3-labeled probe was used as the positional reference
and printing control.

Multiplex PCR. Multiplex PCR, used to amplify the target genes, was
carried out in five groups (see Table S1 in the supplemental material).
Each multiplex PCR was performed in a 30-p.l reaction mixture contain-
ing 100 ng of DNA; 1X PCR buffer (50 mM KCI, 10 mM Tris-HCI [pH
8.3]); 2.5 mM MgCly; 0.16 mM (each) dATP, dCTP, dGTP, and dTTP;
0.05 to 0.2 pM respective primers based on each of targeted genes; 0.06
M (each) two primers based on the 16S rRNA gene; and 2.5 U Tag DNA
polymerase (TaKaRa Biotechnology, Dalian, China). The PCR was per-
formed with an initial denaturation step of 95°C for 5 min, followed by 30
cycles at 95°C of 30 s, 55°C for 45 s, and 72°C for 1 min, with a final
elongation step of 72°C for a 5-min elongation step. PCR products were
purified using the Microcon centrifugal filter devices kit (Millipore Cor-
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poration, MA). Two microliters of each PCR product was run on an
agarose gel to confirm the presence of appropriate amplicons (Fig. 1).

Target DNA labeling. PCR products were labeled using the PCR con-
ditions described above, except that only reverse primers were used, and
0.3 pl of 25 nM Cy3-dUTP (Amersham Biosciences UK Ltd., Little Chal-
font, England) was included. Five microliters of purified amplification
product generated from the multiplex PCR described above was added as
the template. Thermal cycling conditions were the same as those for the
multiplex PCR described above. All labeled DNA was purified using
the Microcon centrifugal filter device kit and then stored at —20°C in the
dark.

Oligonucleotide probe sets and microarray construction. Probes
were dissolved in 50% dimethyl sulfoxide (DMSO) to a final concentra-
tion of 1 pg/pl and then spotted onto aldehyde group-modified glass
slides (CapitalBio Corporation, Beijing, China) using a SpotArray 72 in-
strument (Perkin-Elmer Corporation, CA). Each probe was spotted in
duplicate to eliminate irregular data due to physical defects on the glass
slides. Printed slides were dried for 24 h at room temperature in the dark
and scanned at 532 nm to assess and confirm spotting quality. A schematic
diagram of the respective probe positions is shown in Fig. 2A.

DNA microarray hybridization. Eight microliters of the labeled tar-
get DNA was mixed with an equal volume of preheated (50°C) hybridiza-
tion buffer (25% formamide, 0.1% sodium dodecyl sulfate, 6X SSPE [1X
SSPE consists of 0.18 M NaCl, 10 mM NaH,PO,, and 1 mM EDTA, pH
7.7]). The mixture was applied to a hybridization chamber and incubated
at 50°C for 1.5 h in a water bath. After hybridization, the slide was washed
with solution A (1X SSC [1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate] and 0.1% SDS) for 3 min, followed by a wash with 0.05X SSC for
3 min and a final wash with 95% ethanol for 1.5 min. The slide was dried
under a gentle airstream prior to scanning.

Simulated food samples. Fresh tomatoes were purchased from a local
market, fully cleaned, and homogenized by a sterile blender. Bacterial
cultures were serially diluted and quantified by the plate-counting
method. Aliquots (100 pl) of each dilution were used to seed 25 g of
tomato homogenate in 225 ml buffered peptone water (BPW). A total of
10 Salmonella serogroup strains were selected randomly and mixed with
tomato samples, including serogroups E1, C1, B, D3, 061, 065’052, 053,
F, and M. The spiked tomato samples were incubated at 37°C overnight
with shaking. After the enrichment, DNA was extracted from each sample
(1 ml) and tested on the DNA microarray.

Fluorescence scanning and data analysis. The hybridized microarray
was scanned using a GenePix personal 4100A microarray scanner (Axon
Instruments, CA) with a laser beam at 532 nm, the photomultiplier tube
(PMT) gain set to 650, and a pixel size of 5 um. Two files were generated
with GenePix Pro 6.0, one with the images saved as a TIF file and the other,
for signal intensities, was saved as a GPR file. The signal-to-noise ratio was
calculated for each spot using Bactarray Analyzer 1.0, developed in our
laboratory, with the signal-to-noise ratio threshold set at 3.0. A serotype
was confirmed and reported when the positive-control probes, the nega-
tive-control probes, and the printing control probes generated were cor-
rect and all of the probes of the given serogroup generated positive signals
above the threshold.

RESULTS
Identification of target genes. The O antigen gene clusters of all
46 Salmonella serogroups were retrieved from GenBank and our
in-house databases. Multiple-sequence alignments of O antigen
genes were carried out to select specific genes for different O sero-
groups. The highly divergent O-unit-processing genes wzx and
wzy were selected as target genes for all of the Salmonella O sero-
groups, with the exception of serogroup O54 and serogroups A
and D1, for which the glycosyltransferase gene wbbE and the O
antigen synthesis gene prt (CDP-paratose synthase) were selected,
respectively.

Primer screening. Specific primers were designed based on the
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TABLE 1 Salmonella strains and other bacterial species used in this study

No. of strains

Genus/species and from each Total
serogroup Serotype source no.
Salmonella (n = 293)

A(O2) Paratyphi A, Nitra, Kiel, Koessen 3,720 5
B(0O4) Hessarek, Drogana, Essen, Kingston, II, Derby, Hato, Agona, Chester, Stanley, Saintpaul, 35,920 37
Huettwilen, Banana, Coeln, Albert, Ball, Haduna, Clackamas, Brezany, Kiambu, Indiana
C1(06,7) Choleraesuis, I1Ib, Sanjuan, Montevideo, I, Livingstone, Oranienburg, Birkenhead, VI 12¢ 12
C2(08) Muenchen, Glostrup, Newport, Tallahassee, Bovismorbificans, Litchfield, Kottbus, Takoradi 8,20 10
D1(09) Dublin, IT 2,020 4
D2(09,46) Strasbourg, Marylebone, Bergedorf 54 5
D3(09,46,27) I 5¢ 5
E1(03,10) Anatum, Westhampton, 1T 47 4
E4(01,3,19) Senftenberg 14 1
F(O11) 1L, VI, I1Ib, I1Ia, Marseille, Gallen, Luciana, Aberdeen 11,75 16
G(013) Durham, Raus, II, IIIa, IIIb, Havana, Poona 10° 10
H(06,14) Carrau, II, ITIb, Soahanina 57 5
1(016) Hannover, Brazil, Hvittingfoss, II, IV 5 5
J(017) Jangwani, IIIb, IV, IIIa, Bonames 8 8
K(018) Cerro, IITa, I1Ib, II, Blukwa, IV 5,30 8
L(021) Assen, Ghana, II, I1Ia, IT1Ib 6 6
M(028) Dakar, I1, IIIb, Brisbane, Solna 6 6
N(030) Urbana, Sternschanze, Overvecht, IT 44 4
0O(035) Adelaide, Umhlatazana, Monschaui, 11 6 6
P(0O38) Lansing, IV, IlIa, IIIb 5¢ 5
Q(039) Champaign, II, Wandsworth 37 3
R(040) Karamoja, Shikmonabh, II, IIIa, IIIb, IV, V 8 8
S(041) Burundi, Waycross, II, IV, VI 114 11
T(042) Faji, Ursenbach, II, I1la 7¢ 7
U(043) Berkeley, II, I1Ib, IV 54 5
V(044) Niakhar, Niarembe, Tiergarten, I, IIla, V 8¢ 8
W(045) Dugbe, Meekatharra, Karachi, Illa, VI, II 8 8
X(047) 11, Bootle, Sya 4 4
Y(048) 11, IlTa, IIIb, IV, V, VI, Buckeye, Dahlem 137 13
Z(050) 1L, IIa, IIIb, IV, VI 13° 13
051 Dan, II, I1Ia, ITIb, Karaya 7¢ 7
052 Utrecht, Ord, IT 47 4
053 1L, I11a, Leda 6 6
054 Uccle 1 1
055 11 27 2
056 I 14 1
057 11, ITIb, Antonio, Maryland 6" 6
058 11 1¢ 1
059 11, I1Ta, IIIb 44 4
060 11, I1Ib 47 4
061 1L, IIb 34 3
062 1Ila 2¢ 2
063 1la 27 2
065 1IIb 14 1
066 \ 3¢ 3
067 Crossness 1¢ 1

Other (n = 196)
Shigella and E. coli 165,20, 1 186
Pseudomonas aeruginosa 1 1
Staphylococcus aureus 1¢ 1
Klebsiella pneumoniae 1¢ 1
Yersinia enterocolitica 14 1
Enterococcus faecalis 1 1
Enterococcus faecium v 1
Enterococcus cloacae 14 1
Vibrio parahaemolyticus 1’ 1
Vibrio cholerae 14 1
Citrobacter freundii 1# 1

“ Institute of Medical and Veterinary Science, Adelaide, Australia.
b Center for Disease Control and Prevention, Shanghai, China.

¢ Federal Institute for Risk Assessment, Berlin, Germany.

4 Institute of Microbiology, Chinese Academy of Sciences, China.
¢ National Center for Medical Culture Collection, China.
/Chinese Center for Disease Control and Prevention.

£ Tianjin Entry-Exit Inspection and Quarantine Bureau.
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FIG 1 Agarose gel electrophoresis of multiplex PCR products for all 46 Salmonella serogroups. (a) Group A. Lanes 1 and 16, DL2000 DNA markers; lanes 2 to
15, DNA templates from Salmonella serogroups F, G, H, 1, ], K, L, M, S, R, Q, P, O, and N, respectively. (b) Group B. Lanes 1 and 15, DL2000 DNA markers; lanes
2 to 14, DNA templates from Salmonella serogroups 057, 055, 054, 053, 052, 051, Z, Y, X, W, V, U, and T, respectively. (c) Group C. Lane 9, DL2000 DNA
marker; lanes 1 to 8, DNA templates from Salmonella serogroups 066, 065, 063, 062, 061, 060, 059, and 058, respectively. (d) Group D. Lane 1, DL2000 DNA
marker; lanes 2 to 9, DNA templates from Salmonella serogroups A, D1, D3, D2, B, 067, E1, and E4. (e) Group E. Lane 1, DL2000 DNA marker; lanes 2 to 6, the

DNA templates from Salmonella serogroups C1, E1, E4, 056, and C2.

selected target genes for each serogroup. These primers were
screened against the representative strains from each of the 46
Salmonella O serogroups with the capacity to generate single PCR
products of the anticipated sizes of the corresponding strains,
while negative results were generated consistently from the strains
belonging to other serogroups or other species. The identifications
based on PCR products were validated with all the serogroups
except for three pairs of serogroups, A/D1, B/O67, and E1/E4.
Each of these three pairs generated the same PCR product from
the same primers due to the high levels of similarities between
their O antigen gene clusters, and a further serological test was
needed for their differentiation. Nonspecific PCR products were
detected from the serogroups D2 and D3 with the primer pair of
serogroups A/D1 and also from the serogroups E1/E4 with the
primer pair of serogroup D2 (Table 2). The serogroup O54 strain
used in our study was subtyped as serotype Uccle (O3, 54) and
produced positive results with both O54 and E1/E4 primers. Since
the serogroups D2, D3, E1/E4, and O54 have their own serogroup-
specific probes, these serogroups could still be correctly identified.
Therefore, 43 specific primer pairs were selected from the 81
primer pairs initially designed for the multiplex PCR amplifica-
tion and labeling (see Table S1 in the supplemental material).
Multiplex PCR to amplify the target genes. Multiplex PCR
was used to amplify and label the target genes in five groups.
Group A targeted serogroups F, G, H, 1, ], K, L, M, N, O, P, Q, R,
and S; group B targeted serogroups T42, U43, V44, W45, X47,
Y48, 750, O51, 052, 053, 054, 055, and O57; group C targeted
serogroups 058, 059, 060, 061, 062, 063, 065, and O66; group
D targeted serogroups B/O67, A/D1, D2, and D3; and group E
targeted serogroups C1, C2, 056, and E1/E4. We initially used the
same concentration of 0.2 wM for all primers; however, several
serogroups failed to generate expected hybridization signals under
these conditions, which was probably due to the competition or
interference between different primer pairs in the multiplex PCR.
Therefore, the primer concentrations were adjusted in the range
of 0.03 to 0.58 wM, and these were evaluated as the optimized
amplification conditions (see Table S1 in the supplemental mate-
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rial). For each target strain, at least two bands were generated by
the multiplex PCR, one for the 16S rRNA primer pair and the
other for the O serogroup-specific primer pair. PCR products
ranging in size from 205 to 1,132 bp were amplified (Fig. 1).

Specificity of the probes. The DNA microarray was tested
against 148 Salmonella strains representing all 46 O serogroups,
186 Shigella and E. coli strains, and 10 strains from other bacterial
species (Table 1). From the 183 oligonucleotide probes initially
designed, 133 probes were selected for use, including 130 specific
probes, one positive-control probe, one negative-control probe,
and one printing and reference control probe (see Table S1 in the
supplemental material). All representative Salmonella strains
tested against the probes on the microarray hybridized consis-
tently to their corresponding probes and could be successfully
differentiated into the correct serogroups. The isolates belonging
to Shigella and E. coli and the other bacterial species reacted only to
the 16S rRNA gene probe, and none of them bound to the sero-
group-specific probes on the microarray. The microarray hybrid-
ization patterns observed for 20 representative Salmonella O sero-
groups are shown in Fig. 2B.

Sensitivity of detection with DNA. To determine the sensitiv-
ity of the assay, serial dilutions of genomic DNA from strains
representing each of the 46 serogroups were prepared in volumes
of 1, 10, and 50 to 100 ng and used as the templates for multiplex
PCR. The positive signals were obtained with DNA levels of 10
ng or above, while the negative results or very weak fluores-
cence signals were detected at lower DNA amounts. However,
50 ng DNA provided consistent identification results; thus, this
amount was chosen as the base amount for the microarray. At
this concentration, all 46 Salmonella serogroups could be de-
tected accurately. Therefore, the sensitivity of the assay was
determined as 50 ng DNA.

Blind test. The specificity and sensitivity of the designed mi-
croarray system was further tested using a double-blind approach.
A total of 142 strains were randomly selected (Table 1) and used to
hybridize to the microarrays without any prior knowledge of their
identity, and agglutination tests with specific antisera were per-
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OA-2801 [OA-2802 |OA-2803 |(OBSSSONNN OA-2795 | OA-2796 | OA-2797
0A-2779 |OA-2780 |OA-2781 |OA-2782_|OA-2783 |OA-2784 |OA-2785 | OA-2786 | OA-2787
OA-2788 _|OA-2789 |OA-2790 |OA-3114 |OA-3115_|OA-3116_|OA-2798 | OA-2799 | OA-2800
OA-2809 [OA-3200 |[OA-3201 |OA-2812 |OA-2813 |OA-2814 |OA-2872 |OA-2873 | OA-2874
OA-3118 _|OA-3119 |OA-3208 |OA-3122 | (OBSSSONNNI OA-2804 | OA-2805 | OA-2806 | 50%DMSO
OA-2831 |OA-2832_|OA-2833 |OA-2838 | OA-2839 |OA-2840 |OA-2849 | OA-2850 | OA-2851
OA-2856_|OA-2857 |OA-2858 |OA-2850 |OA-2860 |OA-2861 |OA-2866 | OA-2867 | OA-3099
OA-2822_|OA-2823 |OA-2824 |OA-2825 |OA-2826 |OA-2827 |OA-2829 | OA-2830 | OA-3097
OA-2818 [OA-2819 |OA-2820 | 50%DMSO|(OASSSEINN OA-2815 | OA-2816_| OA-2817 | 50%DMSO

\Ooo\lc\un.l;wn\)._.>

10 [0A-2845 |OA-2846 |OA-2848 |OA-2852 |OA-2854 |OA-2855 |OA-2875 | OA-2876 | OA-2877
11 [0A2882_[OA-2883 |OA-2884 |OA-3204 |OA-3011 |OA-3012_ |OA-3021 |OA-3022_| OA-3023
12 [0A-3025_[OA-3026 |[OA-3027 |OA-3014 |OA-3015 |OA-3016_|OA-3018 | OA-3019 | OA-3020
13 [0A-2835_|OA-2836|OA-2837 |50%DMSO|(DASSEINN OA-2842 |OA-2843 | OA-2844 | 50%DMSO
14 [0A-2862_|OA-2863 |OA-2865 |OA-2878 |OA-2880 |OA-2881 |OA-3029 |OA-3030 | OA-3031
15 [OA-2886_|OA-2887 |OA-2888 |OA-3102_ |OA-3103 |OA-3104 |OA-3107 |OA-3108 | OA-3109

16 [OA-3205 |OA-3206 |OA-3112 |50%DMSO| 50%DMSO| OA-3197 | OA-3198 | OA-3199

(17) (18)

FIG 2 (A) Probe positions on the microarray slide. OA-532 is the positive-control probe based on the bacterial 16S rRNA gene. WL-4006 is the negative-control
probe. OA-Cy3 is the positional reference and printing control probe. The rest of the probes are specific probes for the target strains. (B) Microarray hybridization
patterns for representative Salmonella serogroup strains. Pattern 1, Salmonella serogroup P; 2, Salmonella serogroup S; 3, Salmonella serogroup M; 4, Salmonella
serogroup O; 5, Salmonella serogroup U; 6, Salmonella serogroup O55; 7, Salmonella serogroup O51; 8, Salmonella serogroup W; 9, Salmonella serogroup O58;
10, Salmonella serogroup O59; 11, Salmonella serogroup 62; 12, Salmonella serogroup 063; 13, Salmonella serogroup B; 14, Salmonella serogroup A; 15,
Salmonella serogroup D2; 16, Salmonella serogroup D3; 17, Salmonella serogroup Cl; 18, Salmonella serogroup C2; 19, Salmonella serogroup O56; and 20,
Salmonella serogroup E1.
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TABLE 2 Molecular characterization of six closely related serogroups

Positive probes by microarray Se.rogroup by
microarray
Serogroup  Serogroup specific Nonspecific determination
A 0OA-3118, OA-3119, AorD1
OA-3208,
OA-3122
D1 0OA-3118, OA-3119, AorD1
OA-3208,
OA-3122
D2 0OA-3205, OA-3206, OA-3118, OA-3119, D2
OA-3112 OA-3208,
OA-3122
D3 0A-2779, OA-2780, OA-3118, OA-3119, D3
OA-2781 OA-3208,
OA-3122
El 0OA-2785, OA-2786,  OA-3205, OA-3206, El or E4
OA-2787 OA-3112
E4 0A-2785, OA-2786, OA-3205, OA-3206, Elor E4
OA-2787 OA-3112

formed separately. All of the detection results from the microar-
rays were consistent with those obtained by the conventional se-
rotyping methods with five exceptions, three for serogroup 028
and two for serogroup 059 (Table 3). To evaluate the simultane-
ous detection efficacy of multiple strains, mixed cultures contain-
ing two Salmonella O serogroups strains (i.e., serogroups G and
050, Q and 057, 061 and 066, D1 and D3, or C1 and C2) were
prepared and tested with the microarray. All of the samples gave
the correct results. The consistency of the double-blinded test with
the conventional serotyping method was 96.48%.

Test of the simulated food samples. Artificially contaminated
tomato samples were evaluated using the microarray. A total of 10
Salmonella O serogroup strains, including serogroups E1, C1, B,
D3, 061, 065’052, 053, F, and M, were cultured and mixed with
tomato samples. After overnight enrichment, DNA was extracted
from the samples and tested using the microarray assay. As few as
2 to 8 CFU (initial inoculum) of Salmonella was detected in 1 g
tomato sample, and all serotypes inoculated were successfully
identified. The unspiked tomato sample failed to give a positive
signal. Representative hybridization patterns using DNA ex-
tracted from tomato samples are shown in Fig. 3.

DISCUSSION

In this present study, we describe a microarray method for the
determination of Salmonella O serogroups based on the O sero-

TABLE 3 Properties of Salmonella serogroups 028 and 059

Microarray

Serogroup Serotype Antigenic formula determination
028 Dakar 28:a:1,6 Positive
028 Dakar 28:a:1,6 Positive
028 1IIb 28:210:z Positive
028 Brisbane 28:z;e,10,2,5 Negative
028 Solna 28:a:1,5 Negative
028 I 28:a:e,n,X Negative
059 11 59:k:(z) Positive
059 I 59:k:zg5 Positive
059 JISE 59:2,4,2,5:- Negative
059 1IIb 59:cie,n, X,z 5 Negative
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c d

FIG 3 Microarray hybridization patterns representative of a Salmonella sero-
group from DNA extracted from spiked tomato samples. (a) Salmonella sero-
group B, 2 CFU/g; (b) Salmonella serogroup B, 11 CFU/g; (c) Salmonella se-
rogroup B, 10* CFU/g; (d) Salmonella serogroup B, unspiked tomato sample.

group-specific genes. This is the first report to describe a molecu-
lar method for the comprehensive detection and identification of
all 46 Salmonella O serogroups. Compared to other molecular-
based detection methods, such as PCR and DNA sequencing, mi-
croarrays are more applicable for high throughput, are highly spe-
cific in combination with PCR, and are more efficient than DNA
sequencing. PCR is rapid and easy to process, but it is hard to
differentiate similar amplicon sizes from different serotypes. The
DNA sequencing is very accurate; however, it requires more ex-
pensive equipment, has higher testing costs, and takes a lot of time
and work for library preparation and sequencing (34).

In this study, the O unit-processing genes wzx and wzy were
selected to be the target genes for the majority of Salmonella sero-
groups. In the cases where other genes were selected, Salmonella
054, for which the transferase gene wbbE was selected as a specific
gene (13), has its O antigen gene cluster on a small mobilizable
plasmid which lacks wzx and wzy genes, and it usually has a chro-
mosomally encoded O antigen which is coexpressed with the O54
factor (12). The O54 strain used in our study also produced pos-
itive results with E1/E4 primers, as it is subtyped as serotype Uccle
(03, 54) and expresses additional O3 (E) factor. The O antigen
gene clusters of serogroups A and D1 shared high levels of homol-
ogy to serogroups B, D2, D3, E1, and E4. The wzx genes had 94 to
99% identities among serogroups A, D1, D2, and D3, while the
wzy genes of serogroups A, D1, and B are identical (4, 26). There-
fore, the O antigen synthesis gene prt was used for molecular dif-
ferentiation of serogroups A and D1 from other serogroups (22).
The serogroups D2 and D3 also produced positive results with the
primer pair and probes for serogroup A/D1, as they have identical
prt genes (4) and were distinguished by their own serogroup-spe-
cific primer pair and probes (Table 2). The wzy genes of sero-
groups E1/E4 shared 98% identities with serogroup D2; therefore,
E1/E4 also produced positive results with the primer pair and
probes for D2 (40). The serogroups E1/E4 were distinguished
from D2 by their own serogroup-specific primer pair and probes
(Table 2).
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The microarray assay provided serogroup designations com-
parable to those of traditional methods in the vast majority of
cases. However, this method alone was unable to differentiate
three closely related serogroup pairs: serogroups E1 and E4, sero-
groups A and D1, and serogroups O67 and B. The O antigen gene
cluster of serogroup E1 shares great similarity to that of serogroup
E4 (39). The O antigen gene cluster of serogroup A is identical to
that of serogroup D1 except for a frameshift mutation in the tyv
gene (21), and there is not a serogroup-specific probe that can
distinguish them (8, 22). Molecular markers for the differentia-
tion of those three pairs are currently unavailable, and further
serological tests are needed for the differentiation of these sero-
groups. Serogroup O67 is very rare and appears to be a variant of
serogroup B (6, 18), and the region between galF and gnd in Sal-
monella serogroup O67 is the same as that in the serogroup B O
antigen gene cluster. However, there is no cross-reaction for
group B and O67 antisera, and their structural analysis revealed
that the O67 gene cluster is not located between galF and gnd. The
draft genome of the Salmonella O67 type strain was obtained by
our laboratory recently, and a potential 067 O antigen gene clus-
ter was found elsewhere in the genome, which is consistent with its
O antigen chemical structure (Liu et al., unpublished). Based on
this gene cluster, we designed an additional PCR primer pair tar-
geting the wejV gene (see Table S2 in the supplemental material).
PCR assays showed that this primer pair was specific to serogroup
067, as none of the serogroup B strains tested gave positive results.
In future work, probes based on the O67-specific gene can be
incorporated into the microarrays to distinguish between the se-
rogroups 067 and B.

The unexpected negative results were obtained with 5 of the
290 Salmonella isolates tested, including three serogroup O28
strains (six in total) and two serogroup O59 strains (four in total)
(Table 3). These might be due to variations of Salmonella O anti-
gen clusters within a serogroup, as such cases were reported pre-
viously (6). The two serogroup O59 strains that failed to be iden-
tified by the microarray belong to subspecies Illa and IIIb
serogroup O59. It has been reported that O59 in subspecies I1Ib
had different O-polysaccharide structures than O59 in subspecies
11, although both of their O antigens include a common disaccha-
ride, which could provide a common epitope responsible for their
serological relatedness (28). Since O antigen gene cluster sequence
information for those two subspecies are not available, the specific
primers and probes designed based on the O antigen gene cluster
of subspecies II serogroup O59 might not be suitable for subspe-
cies ITTa and I1Ib. We are currently in the process of sequencing the
O antigen clusters of serogroup 059 subspecies IIla and IIIb to
reveal any sequence variations that can be used for the identifica-
tion of these two subspecies. Salmonella serogroup O28 was orig-
inally divided into three subfactors (028,, 028,, and 028;) with-
out structural differences being ascribed (16). The wzx and wzy
genes from the O antigen gene clusters of serotype Dakar (028,
and O28;) and serotype Pomona (028, and O28,) share 51 and
48% identity, respectively (11). The specific primers and probes
for O28 were targeted on the wzy gene of S. enterica serotype Dakar
in our microarray. An additional PCR primer pair was designed
against the wzy gene of S. enterica serotype Pomona (see Table S2
in the supplemental material). The three O28 strains initially giv-
ing negative results were positive when tested using this additional
primer pair (data not shown). Thus, the extra primer pair could be
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incorporated into the microarray in further studies to increase the
power of the assay.

Salmonella and E. coli are known to be evolutionarily related
(27). There are several pairs of Salmonella and E. coli strains that
are known to have identical or closely related O antigen organiza-
tions, such as serotype O35 and E. coli O111, serotype O50 and E.
coli O55, and serotype O30 and E. coli 0157 (33, 36). Nonetheless,
their gene clusters at the nucleotide level are divergent, and the
average identities of wzx and wzy are 70 and 63%, respectively,
which is enough difference to discriminate them from each other.
Our microarray was tested against the 186 Shigella and E. coli
representative strains to validate the specificity of the new assay,
and each of these strains produced a negative signal against the
Salmonella-specific probes.

In conclusion, this study presents a new multiplex PCR-based
microarray assay for the comprehensive detection and identifica-
tion of all 46 Salmonella O serogroups. This new method provides
an accurate and reliable approach for differentiating Salmonella at
the serogroup level and contributes significantly to large-scale ep-
idemiology studies, and it could be employed to monitor local,
regional, and national trends in human salmonellosis. Although
the microarrays developed here allow the analysis of all Salmonella
O serogroups simultaneously, serotyping of Salmonella based on
flagellar antigens (H antigens) still needs to be done using the
conventional method. Currently, the sequences of flagellin alleles
representing 67 out of the 114 known Salmonella flagellar anti-
genic types have been reported (23), with more to come. In future
work, it will be worthwhile to incorporate flagellar antigen-spe-
cific probes into the microarrays for more comprehensive analysis
and practical uses.
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