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Specific Discrimination of Three Pathogenic Salmonella enterica subsp.
enterica Serotypes by carB-Based Oligonucleotide Microarray

Hwa Hui Shin, Byeong Hee Hwang, Jeong Hyun Seo, Hyung Joon Cha

Department of Chemical Engineering, Pohang University of Science and Technology, Pohang, South Korea

It is important to rapidly and selectively detect and analyze pathogenic Salmonella enterica subsp. enterica in contaminated food
to reduce the morbidity and mortality of Salmonella infection and to guarantee food safety. In the present work, we developed an
oligonucleotide microarray containing duplicate specific capture probes based on the carB gene, which encodes the carbamoyl
phosphate synthetase large subunit, as a competent biomarker evaluated by genetic analysis to selectively and efficiently detect
and discriminate three S. enterica subsp. enterica serotypes: Choleraesuis, Enteritidis, and Typhimurium. Using the developed
microarray system, three serotype targets were successfully analyzed in a range as low as 1.6 to 3.1 nM and were specifically dis-
criminated from each other without nonspecific signals. In addition, the constructed microarray did not have cross-reactivity
with other common pathogenic bacteria and even enabled the clear discrimination of the target Salmonella serotype from a bac-
terial mixture. Therefore, these results demonstrated that our novel carB-based oligonucleotide microarray can be used as an
effective and specific detection system for S. enterica subsp. enterica serotypes.

Pathogenic bacteria are common reasons for food-borne dis-
eases, which are widespread and growing public health and
hygiene problems in most countries. Representatively, Salmonella
enterica subsp. enterica strains are pathogenic bacteria frequently
occurring worldwide (1). In the United States, annual statistics
estimate there are 15,000 hospitalizations and 400 deaths from 1.4
million nontyphoidal Salmonella infections (2). In addition,
among the many serotypes of S. enterica subsp. enterica, the Food
and Drug Administration has characterized 51 serotypes that can
infect humans (3) and have diverse host specificity, pathogenicity,
disease severity, and antimicrobial resistance (4, 5). To reduce the
morbidity and mortality from Salmonella infections and to guar-
antee food safety, it is important to rapidly and sensitively detect
and analyze pathogenic S. enterica subsp. enterica from contami-
nated food. Additionally, discrimination at the serotype level is
also critical to epidemiologically investigate Salmonella outbreaks
and trace the outbreak sources in addition to helping to choose an
adequate therapy (6-8).

Technically, the culture method is the standard protocol used
and can discriminate at the S. enterica subsp. enterica serotype
level. However, this method is unsuitable for rapid detection due
to the long time required for culture (usually 2 to 7 days) (9, 10).
For rapid detection and analysis, biosensors based on nucleic acids
and antibodies as the detection molecules have been developed
(11-15). Oligonucleotide microarrays have been suggested as po-
tentially effective biosensors and have been developed for rapid
and high-throughput analysis (16-19). However, effective specific
capture probes in an oligonucleotide microarray are requisite for
the successful discrimination of subtle sequence differences, and
these are controlled by particular factors, such as the genetic dis-
similarity, position of mismatch, and secondary structure of the
nucleotides (20). Therefore, the selection of an appropriate detec-
tion biomarker (DNA sequence) is an important first step in de-
signing effective and specific capture probes.

Many studies have employed 16S rRNA gene sequences as a
universal detection biomarker due to several advantages, includ-
ing usefulness in phylogenetic discrimination, the abundance of
complete gene sequence information, and the availability of uni-
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versal primers (12—14, 17, 21-24). In spite of its advantages, how-
ever, 165 rRNA-based microarray systems, including those in our
previous studies, show the limitation of difficulty in the definitive
discrimination of serotype or phylogenetically close species due to
the low sequence diversity (13). In particular, the 16S rRNA of S.
enterica subsp. enterica exhibits very low sequence variability be-
tween serotypes. Therefore, a new unified detection biomarker
that can specifically discriminate serotypes is needed.

In the present work, we introduced a new potential unified
detection biomarker for the specific and reliable serotype detec-
tion of S. enterica subsp. enterica. We employed the carbamoyl-
phosphate synthetase (CPS) large subunit (carB) gene as a detec-
tion biomarker after ascertaining its competence through genetic
analysis. We surmised that the carB gene would be suitable be-
cause this encodes an enzyme vital to bacterial survival that con-
tains both conserved and variable regions and has been already
used for phylogenetic studies (29-32, 47). We designed specific
capture probes based on the carB gene and constructed an oligo-
nucleotide microarray for the effective and specific discrimination
of three Salmonella serotypes, Choleraesuis, Enteritidis, and
Typhimurium, which are the major serotypes in South Korea
(25, 26).

MATERIALS AND METHODS

Pathogenic strains and genomic DNA isolation. Most of the bacterial
strains used in this study, including S. enterica subsp. enterica serotype
Choleraesuis (American Type Culture Collection [ATCC], Manassas,
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TABLE 1 Probes used in this study and their thermodynamic properties®

DNA Microarray for Salmonella Serotype Discrimination

Probe Antisense sequence (5'—3’, Length
Probe type Target serotype name 5’'-amine-spacer, C4 spacer) (bp) T,, (°C) Rating”
Positive control AlLS. enterica subsp. enterica Sal_POCO GATATCGAAGCGACGACGGTCT 22 63.2 88
Serotype-specific capture . enterica subsp. enterica serotype Choleraesuis ~ SC-1 CAGAGTCTGCGCGGGCG 17 64.1 82
SC-2 AAGGCTGACTTTCGGGTCGAAG 22 64.6 82
S. enterica subsp. enterica serotype Enteritidis SE-1 TCTTCAAGTACGCCCTGACGCT 22 63.8 94
SE-2 CTGTACCAAGAACCAGCGGTCAA 23 64 89
S. enterica subsp. enterica serotype Typhimurium ST-1 ATGGTAAAGCTAGGCCGGATGAT 23 63.4 83
ST-2 AAAGACGCCATCGACGGAGAG 21 64 89

@ All of the thermodynamic properties were calculated using Primer Premier 5.

b Parameter based on AG to set weights for secondary structures. The more stable the secondary structure is, the lower the rating would be.

VA), S. enterica subsp. enterica serotype Enteritidis (Institute for Fermen-
tation [IFO], Osaka, Japan), S. enterica subsp. enterica serotype Typhimu-
rium (IFO 12529), S. enterica subsp. enterica serotype Newport (ATCC
6962), Bacillus cereus (ATCC 13061), Escherichia coli K-12 (ATCC 29425),
Shigella boydii (ATCC 8700), Shigella dysenteriae (ATCC 13313), Shigella
sonnei (ATCC 29930), Staphylococcus aureus (ATCC 6538), and Yersinia
enterocolitica (ATCC 23751) were cultured in nutrient broth (NB) me-
dium (0.5% [wt/vol] peptone and 0.3% [wt/vol] beef extract) at 37°C.
Vibrio cholerae (ATCC 14035), Vibrio vulnificus (ATCC 27562), and
Vibrio parahaemolyticus (ATCC 17802) were grown in Trypticase soy
broth (TSB) medium (1.7% (wt/vol) tryptone, 0.3% (wt/vol) peptic digest
of soybean meal, 0.5% (wt/vol) NaCl, 0.25% (wt/vol) K,HPO,, and 0.25%
(wt/vol) dextrose) with 2% (wt/vol) NaCl at 37°C. Clostridium perfringens
(ATCC 13124) was grown in reinforced clostridial medium (RCM) (1%
[wt/vol] peptone, 1% [wt/vol] beef extract, 0.3% [wt/vol] yeast extract,
0.5% [wt/vol] dextrose, 0.5% [wt/vol] NaCl, 0.1% [wt/vol] soluble starch,
0.05% [wt/vol] cysteine-HCI, 0.3% [wt/vol] sodium acetate, and 0.05%
[wt/vol] agarose) at 37°C in an anaerobic environment. The isolated chro-
mosome of Campylobacter jejuni (ATCC 33291) was acquired from the
Korean Collection for Type Culture (KCTC), Daejeon, South Korea.
Genomic DNA was extracted and purified by the same procedure as in our
previous studies (12, 13, 27). The purified genomic DNA was used as the
template for the PCR to prepare amplified target DNAs.

Genetic analysis for evaluation of carB biomarker. All available carB
sequences of 27 S. enterica subsp. enterica serotypes were downloaded
from the National Center for Biotechnology Information (NCBI) GenBank
database (http://www.ncbi.nlm.nih.gov/gene). The carB sequence of each
serotype was searched in the NCBI BLAST site (http://blast.ncbi.nlm.nih
.gov). To evaluate the distinctive ability of the carB biomarker gene, mu-
tations that are the numbers of sequence mismatches and numbers of
candidate regions for specific probe design were counted from 16 repre-
sentative serotypes out of 27 Salmonella serotypes (see Tables S1, S2, and
S3 in the supplemental material). The criterion for the candidate region
was the dissimilarity over 10 to 15% within 20 to 30 bp, which was also
major criterion for design of serotype-specific capture probes. Mutations
and numbers of capture probe candidate regions for 16S rRNA gene were
also analyzed from 15 representative serotypes out of 27 Salmonella sero-
types for the comparison (see Tables S4 and S5 in the supplemental ma-
terial).

Probe design and synthesis. The carB sequences of the S. enterica
subsp. enterica serotypes and other bacteria were downloaded from NCBI
GenBank. The oligonucleotide probes were designed using the BioEdit
software (Ibis Biosciences, Carlsbad, CA) and Primer Premier 5 (Premier
Biosoft International, Palo Alto, CA). First, we compared the aligned se-
quences of the target S. enterica subsp. enterica serotypes and target-re-
lated bacteria to identify specific regions (see Fig. S1 in the supplemental
material). Based on these regions, capture probe candidates were designed
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with the criteria of a length of 15 to 25 bp, sequence dissimilarities of over
10 to 15%, and similar melting temperatures (7T,,). Finally, the six sero-
type-specific capture probes and one Salmonella-positive-control probe
were determined through NCBI BLAST searches (Table 1 and Fig. 1A).
The selected probes were chemically synthesized with 5’-end modifica-
tion (Integrated DNA Technology, Coralville, IA).

Design and construction of DNA microarray. We designed the for-
mat of the DNA microarray in a manner similar to that of our previous
reports (13, 14). Each serotype-specific capture probe was horizontally
repeated as four spots and rectangularly surrounded by five replicate spots
of an artificial standard capture probe, which was used to correlate chip-
to-chip or regional variations (13, 14, 27). Consequently, 1 X 4 spots of
the Salmonella positive-control probe in the first row, 1 X 4 spots of each
of the 6 serotype-specific capture probes, and 7 X 5 spots of the artificial
standard capture probe (27) are contained on each oligonucleotide mi-
croarray (Fig. 1B). The DNA microarray was prepared by the same
method described in our previous reports (12—14, 27).

PCR amplification of the carB gene. We designed and synthesized
universal primers (Sal_220f, 5'-GGAAGTGGTGCGCAAAATC-3';
Sal_1596r, 5'-CGAATTCCGCCGCGC-3") (Genotech, Daejeon, South
Korea) to amplify the carB genes from S. enterica subsp. enterica chromo-
somes as the target DNA. PCRs were performed using each DNA from 17
bacteria, including three S. enterica subsp. enterica serotype targets. The
PCR mixtures consisted of 1 U Taq polymerase (TaKaRa, Otsu, Japan), 2
M Sal_220f universal primer, 2 uM Sal_1596r universal primer, 1 to 50
ng/ml chromosomal DNA, 250 nM dUTPs, and 1X Taq buffer (TaKaRa).
The PCR conditions were as follows: 95°C for 5 min and 30 cycles of 95°C
for 1 min, 61°C for 45 s, and 72°C for 2 min, followed by 72°C for 5 min.
The PCR amplicons were purified with the Wizard SV gel and PCR
cleanup system (Promega, Madison, WI) and analyzed by 1% (wt/vol)
agarose gel electrophoresis in 1X Tris-acetate-EDTA (TAE) buffer con-
taining RedSafe nucleic acid staining solution (iNtRON Biotechnology,
Sungnam, South Korea).

Target DNA preparation. The carB DNA targets of three S. enterica
subsp. enterica serotypes were amplified by PCR using mixtures that con-
tained 2 U Taq polymerase, 2 uM Sal_220f universal primer, 2 pM
Sal_1596r universal primer, 1 to 50 ng/ml chromosomal DNA, 0.5 mM
dATP, 0.5 mM dCTP, 0.5 mM dGTP, 0.3 mM dTTP, 0.15 mM amine-
modified dUTP, and 1X Tagq buffer. The PCR was performed under the
same conditions as stated above. Next, the amine-modified amplicons
were purified using the Wizard SV gel and PCR cleanup system and pre-
cipitated with ethanol. The target DNA was then denatured by heating at
95°C for 5 min, immediately cooled on ice, and labeled with the ARES
Alexa Fluor 647 DNA labeling kit (Molecular Probes, Eugene, OR). For
the target DNA of the mock sample, we used a PCR mixture that con-
tained the genomic DNA of Salmonella serotype Typhimurium and 8
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FIG 1 Schematic diagrams of (A) the regions of the carB gene used in the design of the Salmonella positive-control and serotype-specific capture probes and (B)

the repeated array format for the carB-based oligonucleotide microarray.

other bacteria: E. coli, S. boydii, S. dysenteriae, S. sonnei, V. cholerae, V.
parahaemolyticus, V. vulnificus, and Y. enterocolitica.

Hybridization and fluorescence intensity scanning. Prehybridiza-
tion for the constructed oligonucleotide microarray was performed in
buffer containing 3X SSC solution (450 mM NaCl and 3 mM trisodium
citrate [pH 7.0]) with 1% (wt/vol) bovine serum albumin (BSA) (Sigma,
St. Louis, MO) and 0.1% (wt/vol) sodium dodecyl sulfate (SDS) for 30
min at 50°C. The array was washed three times (twice with distilled water
and once with ethanol) and dried by centrifugation at 1,500 rpm for 3
min. Hybridization was accomplished by exposing the array to hybridiza-
tion solution containing 50 to 150 pg/ml PCR-amplified target DNA, 1
M artificial standard target DNA (27), and 1X hybridization solution
(3% SSC, 0.1% [wt/vol] SDS, and 0.2% [wt/vol] BSA) at 50°C for 1 h.
Next, the array was washed four times: first with buffer I (1X SSC and
0.2% [wt/vol] SDS) for 1 min, second with buffer II (0.1 X SSC and 0.2%
[wt/vol] SDS) for 1 min, and third and fourth with buffer III (0.1X SSC)
for 1 min at room temperature. After the microarray was dried, the fluo-
rescence intensity was scanned with a commercial confocal laser scanner
(ScanArray Lite; GSI Lumonics, Wilmington, MA), and the data were
analyzed using quantitative microarray analysis software (QuantArray;
GSI Lumonics). The obtained raw fluorescence intensity data were trans-
formed into two-dimensional (2D) visualization data for the specific
spots by our previously developed method (12).

RESULTS AND DISCUSSION

Selection and verification of carB gene as biomarker. We se-
lected carB as a detection biomarker to design the specific capture
probes for the serotype-level analysis of S. enterica subsp. enterica.
The carB gene encodes the large subunit (~118 kDa) of CPS,
which catalyzes the formation of carbamoyl-phosphate required
for the biosynthesis of pyrimidine nucleotides and arginine or the
urea cycle (28-30). In addition, CPS has occasionally been used in
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phylogenetic analyses to examine the evolutionary relationships
among Bacteria, Archaea, and Eukarya (31, 32). The CPS large
subunit harbors conserved domains that have internal sequence
similarity and have been suggested to be evidence of ancestral gene
duplications during evolution (29, 30, 47). For example, the CPS
large subunit from E. coli contains two homologous domains (res-
idues 1 to 400 and 553 to 933), with ~40% of the amino acid
sequence being identical (29). All bacteria, including S. enterica
subsp. enterica, possess a carB gene, which encodes an enzyme
vital to their survival, and it is actually expedient to design univer-
sal primers and selective serotype-specific capture probes based
on this gene because it contains both conserved and variable re-
gions (see Fig. S1 in the supplemental material).

To evaluate the potential of the carB gene as a biomarker for
distinction of S. enterica subsp. enterica serotypes, we performed
the genetic analysis of representative 16 serotypes (see Table S1 in
the supplemental material). Through the analysis using NCBI
BLAST search, we found that 14 (87.5%) out of 16 Salmonella
serotypes can be clearly distinguished based on the carB gene (see
Tables S2 and S3 in the supplemental material), except for distinc-
tions between S. Choleraseuis and S. Paratyphi C and between S.
Enteritidis and S. Gallinarum. Interestingly, carB genes had iden-
tical sequence within strains of the same serotype (2 strains of S.
Heidelberg, 2 of S. Paratyphi A, 3 of S. Typhi, and 8 of S. Typhi-
murim) (see Table S1), and this tendency toward sequence simi-
larity coincided with that of the concatenated seven-housekeep-
ing-gene-based phylogenetic tree (33). This indicates that the
distinctive resolution of carB biomarker can correspond to the
serotype discrimination. Excellent distinctive ability among dif-
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FIG 2 Gel electrophoresis analyses of 18 pathogenic bacteria for PCR amplification of the partial carB gene. Lanes: M, 1-kb DNA size maker; 1, S. Choleraesuis;
2, S. Enteritidis; 3, S. Typhimurium; 4, S. Newport; 5, B. cereus; 6, C. perfringens; 7, L. monocytogenes; 8, S. aureus; 9, C. jejuni; 10, E. coli; 11, S. boydii; 12, S.
dysenteriae; 13, S. sonnei; 14, V. cholerae; 15, V. parahaemolyticus; 16, V. vulnificus; 17, Y. enterocolitica.

ferent serotypes can be supported by an average of 102 mutations
and 15 candidate regions for the specific probes. Especially, the
numbers of mutations and candidate regions among three target
serotypes focused in the present work were enough to discrimi-
nate each other (70 and 11, respectively, between S. Choleraesuis
and S. Typhimurium LT2, 107 and 16 between S. Choleraesuis
and S. Enteritidis, and 120 and 17 between S. Enteritidis and S.
Typhimurium LT2). Consequently, the genetic analysis of the
carB biomarker showed great competence for discriminating S.
enterica subsp. enterica serotypes as well as representing the phy-
logenetic relationship.

Development of serotype-specific capture probes. We de-
signed 6 serotype-specific capture probes and 1 Salmonella posi-
tive-control probe to detect and distinguish S. enterica subsp. en-
terica serotypes Choleraesuis, Enteritidis, and Typhimurium,
using their carB gene sequences, which are sufficiently diverse for
specific discrimination (Table 1). For the design of the serotype-
specific capture probes, we first considered the sequence dissimi-
larity to be more than 10 to 15%. Thus, the full-length carB se-
quences of 13 serotypes (not shown) were aligned and compared
to identify 15- to 25-bp sequence regions having two or more
mismatches. After these specific sequence regions were obtained,
their thermodynamic properties were calculated. A similar melt-
ing temperature among the calculated thermodynamic properties
was regarded as the most important factor to ensure similar strin-
gencies during hybridization. Another thermodynamic property
rating that represents the AG values of secondary structures, such
as hairpins and oligonucleotide dimers, was also considered to
reduce structural hindrance, which can significantly impair the
hybridization affinity (34, 35). Finally, the serotype-specific cap-
ture probes with high selectivity and optimal thermodynamic
properties were selected by match analyses using an NCBI BLAST
search. We selected two types of serotype-specific capture probes
for each S. enterica subsp. enterica serotype to increase the possi-
bility and accuracy of detection. The Salmonella positive-control
probe for the general analysis of S. enterica subsp. enterica was
designed based on conserved carB gene sequence regions. A pre-
viously developed artificial standard capture probe was used to
normalize the chip-to-chip or regional variations and indicate the
probe positions (13, 14, 27).

Amplification of carB detection biomarker. We designed and
synthesized universal PCR primers (Sal_220f and Sal_1596r) that
enable the specific amplification of partial carB sequences from S.
enterica subsp. enterica. These partial carB sequences (~1,400 bp)
were used as targets to reduce the PCR cycling duration and to
conserve consumable materials. More importantly, the use of the
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fragment caused no issue of hybridization with the serotype-spe-
cific capture probes because all of the designed capture probe se-
quences are in the nucleotide segment from residues 300 to 1,500
of each carB gene (Fig. 1A).

To validate the synthesized universal primers, we performed
PCR amplifications of the partial carB genes for a total of 17 com-
mon food-borne pathogenic bacteria, including 3 of the targets (S.
Choleraesuis, S. Enteritidis, and S. Typhimurium) and 14 nontar-
get bacteria: S. Newport, B. cereus, C. perfringens, Listeria monocy-
togenes, S. aureus, E. coli, S. boydii, S. dysenteriae, S. sonnei, V.
cholerae, V. parahaemolyticus, V. vulnificus, and Y. enterocolitica
(Fig. 2). Based on gel electrophoresis analyses, ~1,400-bp-long
PCR fragments were successfully obtained from the DNA of 4 S.
enterica subsp. enterica serotypes (lanes 1 to 4). In contrast, there
were hardly any amplified DNA bands (lanes 5, 6, 8, and 9) or
nonspecific amplified bands (lanes 7 and 10 to 17) from the non-
Salmonella pathogenic bacteria. In the case of Gram-positive bac-
teria, the amplified band intensities were generally lower than for
Gram-negative bacteria. S. dysenteriae and S. sonnei showed non-
specifically amplified bands having similar sizes to S. enterica
subsp. enterica (lanes 12 and 13); these nonspecific bands might be
explained from the 90% identical carB sequences. Other bacteria,
such as V. cholerae and V. parahaemolyticus, produced longer and
shorter bands, respectively, than the amplified partial carB band
(lanes 14 and 15). These nonspecific fragments may have been
generated from sequences in their genomic DNA being similar to
the forward primer Sal_220f; such sequences were discovered in
the NCBI BLAST search. The results of the carB PCRs indicated
that the designed universal primer set was able to successfully and
specifically amplify a partial carB gene from S. enterica subsp. en-
terica serotypes.

Serotype-level detection of carB-based oligonucleotide mi-
croarray. To examine the ability of the constructed carB-based
oligonucleotide microarray to perform specific serotype-level
analysis, PCR amplicons labeled fluorescently with Alexa Fluor
647 were used in hybridization reactions. The specific spots of
each target S. enterica subsp. enterica serotype are indicated by a
yellow-dotted box in the raw hybridization images shown in Fig.
3A.Itis known that discrimination between S. Choleraesuis and S.
Enteritidis is difficult using a 16S rRNA-based oligonucleotide
microarray (13). Importantly, three serotypes of S. enterica subsp.
enterica were specifically analyzed and clearly discriminated with-
out any nonspecific spots by our carB-based oligonucleotide mi-
croarray (Fig. 3A). We also analyzed the 16S rRNA gene (see Ta-
bles S4 and S5 in the supplemental material) to explain the reason
for the superior serotype discrimination ability of the carB-based
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FIG 3 Detection of three S. enterica subsp. enterica serotypes using the carB-based oligonucleotide microarray. (A) Raw hybrldlzatlon data with each amplified
target at 50°C in hybridization buffer for 1 h and (B) 2D visualization plots of serotype-specific spots. The intensities are represented by gray gradation: the
maximum intensity is white, and the minimum intensity is black. (a) S. Choleraesuis; (b) S. Enteritidis; (c) S. Typhimurium. A set of two serotype-specific capture
probes was used for S. Choleraesuis (1), S. Enteritidis (2), and S. Typhimurium (3).

microarray system to that of the 16S rRNA-based microarray.
Through comparison of mutations and numbers of the capture
probe candidate regions for each gene, we concluded that the se-
quence differences of carB were sufficient to design the specific
capture probes for S. enterica subsp. enterica serotypes, while those
of the 16S rRNA gene were insufficient.

Because it is difficult to realize a quantitative analysis using raw
hybridization images, we employed a 2D visualization tool, which
can represent a gray gradient system using Matlab m-files, to fa-
cilitate our quantitative analysis and simplify the discernment of
the spots using intensity-scale enlargement (Fig. 3B). The gray
gradient system employed white as the maximum intensity and
black as the minimum intensity. The 2D visualization images of
both S. Choleraesuis and S. Enteritidis clearly show the sections of
their specific spots, which had the highest and second highest flu-
orescence intensities, respectively (Fig. 3Ba and Bb). The intensity
difference between the first and the second specific spots was rel-
atively small, within the range of 2- to 3-fold. However, one sec-
tion of specific spots was only observed in the 2D visualization
image of S. Typhimurium (Fig. 3Bc) because the fluorescence in-
tensity of the first specific spots was much higher (approximately
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15-fold) than that of the second specific spots. Thus, the large
intensity difference resulted in only the first specific spots being
detected in the 2D visualization image, even though the signals of
the second specific spots were also shown in the raw data (Fig. 3Ac).
The reason for the large difference in intensity can be explained by
the complementary sequence of the ST-1 capture probe, which
has a similar T,, and GC% to the other capture probes, being
located at an easily accessible site in the secondary structure of the
target single-strand DNA during hybridization (34, 36, 37).
Selectivity and sensitivity of carB-based oligonucleotide mi-
croarray. We performed detection analyses to examine the cross-
reactivity of the carB-based serotype-specific capture probes on
the oligonucleotide microarray with nontarget pathogenic bacte-
ria: S. Newport, E. coli, S. boydii, S. dysenteriae, S. sonnei, V. chol-
erae, V. parahaemolyticus, V. vulnificus, and Y. enterocolitica. In the
case that the signal-to-noise (S/N) ratio of a spot was larger than 2,
the spot was regarded as having a positive signal (38). Detectable
positive signals from any of the serotype-specific capture spots
were not observed for the 9 nontarget pathogenic bacteria (Table
2). Accordingly, we determined that the carB-based serotype-spe-
cific capture probes do not have cross-reactivity with other patho-
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TABLE 2 Cross-reactivity of carB-based oligonucleotide microarray
with each common food-borne pathogenic bacterium

Detection result from”:

Serotype-specific Salmonella positive-

Pathogenic species spots control spots
S. enterica subsp. enterica - +
serotype Newport
Escherichia coli - -
Shigella boydii - -
Shigella dysenteriae - -
Shigella sonnei - +
Vibrio cholerae - -
Vibrio parahaemolyticus - +
Vibrio vulnificus - +
Yersinia enterocolitica - +

@ +, positive signal (S/N ratio of >2); —, negative signal (S/N ratio of <2).

genic bacteria, including another serotype, S. Newport, and genet-
ically closely related species, such as E. coli and Shigella spp., which
have approximately 90% identical carB sequences. Some bacteria,
such as S. Newport, S. sonnei, V. parahaemolyticus, V. vulnificus,
and Y. enterocolitica, exhibited positive signals on the Salmonella
positive-control spots (Table 2). It was reasonable to analyze out
the positive-control spots with S. Newport due to the common
sequences of the Salmonella positive-control probe in S. enterica
subsp. enterica. The carB gene sequence of Y. enterocolitica has two
base pair differences from the Salmonella positive-control probe,
equivalent to 9.09% dissimilarity. Therefore, this low sequence
difference was able to generate nonspecific Salmonella positive-
control spots. However, another three bacteria (S. sonnei, V. para-
haemolyticus, and V. vulnificus) also generated nonspecific posi-
tive-control spots; based on their high carB gene sequence
differences; we suspect that nonspecifically amplified DNA con-
taminants might have similar sequences.

Next, the dynamic detection range according to the target
DNA concentration was assayed to determine the sensitivity of
our carB-based oligonucleotide microarray. We prepared six con-
centrations (1.6 to 50 nM) of target DNA from S. Typhimurium as
the representative serotype and performed hybridization and
quantification analyses. A dose-response curve was plotted based
on the normalized fluorescence intensities, which were corrected
using artificial standard spot intensities (Fig. 4). The normalized
florescence intensities of the ST-1-specific spots increased linearly
in the range of 1.6 to 12.5 nM target DNA and showed a tendency
to saturate when the DNA concentration was above 25 nM. Thus,
the detection limit of the ST-1 serotype-specific capture probe was
evaluated as approximately 1.6 to 3.1 nM. Because the intensities
of the ST-2 spots were much lower than those of the positive-
control spots and the ST-1 spots in particular, the ST-2 spot in-
tensities appeared to be unchanged in the dose-response curve.
The detection limit of the ST-2-specific capture probe was esti-
mated in the range of 6.2 to 12.5 nM, which was relatively higher
than that of the ST-1 probe. Consequently, at least 1.6 nM target
DNA will be necessary to detect the S. Typhimurium serotype
using this carB-based oligonucleotide microarray. This value is
less sensitive than other oligonucleotide microarrays based on 16S
rRNA information for bacterial identification, with detection lim-
its approximating 2.5 to 5.0 fM (39). For more sensitive detection,
it might be necessary to employ signal improvement strategies,
such as nanoparticle labeling (40, 41).
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In real contaminated foods, the target pathogenic bacterium is
often present with naturally occurring microbes or different types
of pathogens, which might cause interference in the selective iden-
tification of a specific pathogen (42—46). Thus, we examined the
selective detection of the S. enterica subsp. enterica serotypes from
a mock sample comprising a mixture of diverse bacterial DNAs.
For the mock sample, the DNA template for PCR was prepared by
directly mixing the chromosomes of S. Typhimurium and eight
pathogenic bacteria. As shown in the raw hybridization images
(Fig. 5A), the serotype-specific spots for S. Typhimurium were
clearly analyzed from the mock sample without any nonspecific
spots. To compare the signal intensities of the serotype-specific
spots for pure S. Typhimurium and the mock samples on two
microarrays, we corrected the fluorescence intensities by employ-
ing the intensities of artificial standard spots to minimize the chip-
to-chip variation. The normalized fluorescence spot intensities of
the sample containing the bacterial DNA mixture were decreased
by as much as 65 to 70% compared to those of the pure S. Typhi-
murium sample (Fig. 5B). These reductions might be caused by
the reduced amount of target DNA from the mock sample, which
contained nonspecific DNA fragments, and/or the interference
from nonspecific DNA contaminants during the hybridization
between the target DNA and the serotype-specific capture probes.
However, the reduction in the signal was not significant. These
results demonstrated that efficient selective detection and analysis
of S. enterica subsp. enterica serotypes, even in the presence of
other bacteria, are possible using our carB-based oligonucleotide
microarray system.

Furthermore, we expect that our carB-based microarray ap-
proach can be expanded in terms of its potential utilization for the
detection of subspecies or serotypes of other bacteria, because the
carB genes of other bacteria, including E. coli, Shigella, and Vibrio,
also have species-specific conserved regions for universal primers
and serotype- or subspecies-specific sequences for capture probes,
which can be supported by the multiple alignment of carB genes
(see Fig. S1 in the supplemental material). Even though we suc-
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FIG 4 Dynamic detection range of the carB-based oligonucleotide microar-
ray. Shown are normalized fluorescence intensity plots for the positive-control
(closed circle), specific ST-1 (open circle), and specific ST-2 (closed triangle)
spots according to various S. Typhimurium DNA concentrations. The inset is
the plot for the specific ST-1 spot at alower range of DNA concentrations. Each
value is the mean of 4 repeated spots, and the error bars represent standard
deviations.
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was used for (1) S. Choleraesuis, (2) S. Enteritidis, and (3) S. Typhimurium.
Each value is the mean of 4 repeated spots, and the error bars represent stan-
dard deviations.

cessfully discriminated three target serotypes using the carB-based
serotype-specific capture probes without nonspecificity in the
present work, it might be possible to show false-positive signals
among phylogenetically close serotypes if many serotypes are co-
existing in a sample, because the same sequences might be shared
for several thousand serotypes of S. enterica subsp. enterica. This
potential limitation could be overcome by adding more serotype-
specific capture probes that can be further selected from sufficient
candidates of carB biomarker. In addition, our suggested method
is the genotype-based identification of serotypes. To detect patho-
genicity or antibiotic resistance, it is necessary to add extra bio-
marker information related to virulence factors or antibiotic re-
sistances.

In summary, we designed six serotype-specific capture probes,
consisting of two types of probes for each target serotype and one
Salmonella positive-control probe, based on the carB sequence,
which was selected as a competent biomarker through genetic
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analysis, and constructed an oligonucleotide microarray to detect
and discriminate three pathogenic S. enterica subsp. enterica sero-
types: Choleraesuis, Enteritidis, and Typhimurium. Using the de-
veloped oligonucleotide microarray and the designed universal
primer set to prepare a labeled fragment of the target carB gene,
three serotypes of S. enterica subsp. enterica were specifically and
clearly analyzed and discriminated. The serotype-specific capture
probes did not display cross-reactivity with common pathogenic
bacteria, including other S. enterica subsp. enterica serotypes and
genetically closely related bacteria. The developed carB-based oli-
gonucleotide microarray could detect as little as 1.6 to 3.1 nM
target DNA. In addition, the technique was able to selectively an-
alyze S. enterica subsp. enterica serotypes, even in a diverse bacte-
rial DNA mixture, although the specific spot signals were slightly
lower than those from the pure serotype sample. Thus, we expect
that the developed carB-based oligonucleotide microarray can be
used as a potential biosensor system to detect and distinguish the
major S. enterica subsp. enterica serotypes efficiently, rapidly, se-
lectively, and reliably.
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