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Recently, the importance of on-site detection of pathogens has drawn attention in the field of molecular diagnostics.
Unlike in a laboratory environment, on-site detection of pathogens is performed under limited resources. In this study,
we tried to optimize the experimental conditions for on-site detection of pathogens using a combination of ultra-fast
convection polymerase chain reaction (cPCR), which does not require regular electricity, and nucleic acid lateral flow
(NALF) immunoassay. Salmonella species was used as the model pathogen. DNA was amplified within 21 minutes
(equivalent to 30 cycles of polymerase chain reaction) using ultra-fast cPCR, and the amplified DNA was detected
within approximately 5 minutes using NALF immunoassay with nucleic acid detection (NAD) cassettes. In order to
avoid false-positive results with NAD cassettes, we reduced the primer concentration or ultra-fast cPCR run time.
For singleplex ultra-fast cPCR, the primer concentration needed to be lowered to 3 uM or the run time needed to
be reduced to 14 minutes. For duplex ultra-fast cPCR, 2 uM of each primer set needed to be used or the run time
needed to be reduced to 14 minutes. Under the conditions optimized in this study, the combination of ultra-fast cPCR
and NALF immunoassay can be applied to on-site detection of pathogens. The combination can be easily applied to
the detection of oral pathogens.
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Introduction

These days, the increase in global mixing from one country
to another country, the spread of infectious diseases become
faster and thus it became very serious issue [1]. In order to
cope with these issues of global mixing and spread of infec—
tious diseases, the fast and accurate detection of the target
disease are important for improving the curative efficiency and

preventing the spread of disease. Traditional methods, such as
immunological or biochemical identification, are time—consum-
ing and laborious, which are not applicable on-site detection of
diseases. In addition, antibody detection methods have limita—
tions; for example, they cannot discriminate previously infected
patients from currently infected patients. Hence, the use of
DNA-based molecular diagnostic methods in various areas
including human health, animal health, and food safety has
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become more popular [2-5]. Molecular diagnostic approaches
including rapid detection of pathogens using polymerase chain
reaction (PCR) draw the most attention because of the speed
and higher accuracy than the traditional serology—based micro—
bial serotyping [6-9].

Recently, studies on on-site usable technology development
are reported [10-12]. In order to be used for on-site detec-
tion of diseases, where resources are limited, it will be good
if the equipment used are regular electricity-independent and
the assay can be completed in a short time. And yet, the on—
site detection assay should retain the same specificity and
sensitivity which are obtained in the laboratory. In this study,
we used battery—operated convection PCR (cPCR) device and
nucleic acid lateral flow (NALF) immunoassay for detection
of a model pathogen, Salmonella species. cPCR is recently
developed method which can perform DNA amplification in
ultra—fast speed and has been used for on-site detection of
pathogens and meat identification [4,5]. The NALF assay has
been recently developed for the detection of foodborne patho—
gens, and pathogens and gene mutations that underlie human
diseases [8,13-16]. We optimized the assay conditions for on—
site cPCR-based molecular detection of pathogens in combi—
nation of NALF immunoassay which is critical for the on-site
usable assay development.

Materials and Methods

1. Bacteria strains and preparation of genomic DNA

The bacterial strains used in the current study were Sal-
monella Enteritidis, Salmonella Typhimurium (NCCP 14771
and NCCP 12219) from the National Culture Collection for
Pathogens (NCCP) at the Korea Center for Disease Control &
Prevention (Cheongju, Korea). Bacteria were grown overnight
in LB broth (Duchefa Biochemic, Haarlem, The Netherlands) at
37°C with shaking.

Genomic DNA (gDNA) was extracted using DNeasy Blood
and Tissue kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. DNA concentration was deter-
mined using a NanoDrop spectrophotometer (Thermo Scientif-
ic, Waltham, MA, USA). gDNA copy numbers were calculated
for 1 ng of DNA, based on the molecular weight of double—
stranded DNA and chromosomal DNA size (http://sciencep—
rimer.com/copy-number-calculator-for-realtime—pcr), as 1.9
x 10° copies/ng of chromosomal DNA for Salmonella.

2. Convection polymerase chain reaction

The primers used were; for detection of Salmonella spp.,
Biotin—-CACGTCGGGCAATTCGT and FAM-GCTTTCCCTTTC-
CAGTACGC (SPP primers); for detection of S. Enteritidis,
Biotin—-GTCAGTGCCATACTTTTAATGACTGC and FAM-GTAC-
TATGTCGATACGGTGGGT (SE primers); for detection of S.
Typhimurium, Biotin—-GCTGTATTTGTTCACTTTTTACCCCT and
Digoxigenin—ACCCTGACAGCCGTTAGATATTC (ST primers).

The cPCR mixture (20 pL) contained 1 x PalmTag HS buffer
(Ahram Biosystems, Inc., Seoul, Korea) (supplemented with 1.5
mM MgCl,), 0.2 mM deoxyribonucleotide triphosphates, 0.4 U
PalmTag high—-speed DNA polymerase (Ahram Biosystems),
and primers for single or multiple PCR detection. For Salmo—
nella detection using single-line NALF (NAD1), SPP primers
were used (singleplex detection). To differentiate between S.
Enteritidis and S. Typhimurium using double-line NALF (NAD2),
ST primers and/or SE primers were used (duplex detection).
The concentration of primers used for each experiment was
10 uM each, otherwise stated in the text. Generally, 1.6 ng (3
x 10° copies) of Salmonella gDNA was used as a template.
PCR was performed using a battery—operated convection
thermal cycler Palm PCR device (G2-12; Ahram Biosystems).
The speed was set to T1 (30 cycles in 21 minutes), and the
annealing temperature was set to 56°C. All experiments were
performed at least in triplicate.

3. Detection of polymerase chain reaction amplification
products by electrophoresis and nucleic acid lateral
flow analysis

Upon completion of the cPCR, an aliquot of the PCR mixture
was analyzed by 1.5% agarose gel electrophoresis (25 minutes
at 135 V). PCR products were visualized with ethidium bromide
staining and an imaging system (Ultra—Lum, Carson, CA, USA).
The NAD1 and NAD2 cassettes (Ahram Biosystems) were
designed to indirectly detect amplified PCR products using
antibodies against primer tags, such as FAM, DIG, and biotin.
When the NAD cassettes were used to detect DNA amplifica—
tion, 2 uL of PCR product was diluted with 100 uL of the NAD
buffer. The diluted solution was added to the reservoir of the
NAD cassette, and waited for until the lateral flow was com-
pleted. Typically, the reaction development took ca. 5 minutes.
The assay outcomes were documented by photographing.
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Results and Discussion

1. Optimization of convection polymerase chain
reaction conditions for single line nucleic acid
detection

The purpose of this study is to optimize the experimental
conditions of ultra—fast cPCR and NALF detection using NAD
cassette which can be used for on-site detection of patho—
gens for various diseases. Since the color development of NAD
cassette is not dependent of the specific amplification of the
target DNA but the presence of the conjugation of the antibody
with its antigen, there is possibility of having non—specific
color development with non—specifically amplified DNA. Many
of these non-specific backgrounds come from the redundant
primers in the PCR reaction. Therefore, we tried to optimized
primer concentrations of Salmonella spp., S. Enteritidis and
S. Thyphimurium, in the cPCR (Fig. 1A and 1B). cPCR was
performed at speed level T1 for 21 minutes and the anneal—

ing temperature was 56°C. When 10 uM of the primers were
used with 1.6 ng of gDNA of S. Enteritidis, non—specific band
in no template control (NTC) appeared on both agarose gel and
NAD1 detection. However, when the primer concentration
was reduced to 3 uM (0.3 %), no non-specific band was ob-
served. Similarly, the primer concentration of S. Typhimurium
was reduced to 3 uM (0.3 %) and non-specific DNA band was
observed neither in agarose nor NAD1 detection (Fig. 1B).

One of the way to obtain DNA amplification product before
the amplified DNA products reach the saturation phase is to
reduce the number of PCR cycles or the PCR running time.
We reduced the number of PCR cycles from 30 to 10 cycles
(equivalent to 21 minutes to 7 minutes of cPCR running time)
with an interval of 5 cycles. The other PCR conditions were
kept as the same as the experiment described above. As
shown in Fig. 2, when cPCR was performed with S. Enteritidis
(Fig. 2A) and S. Typhimurium (Fig. 2B) with SPP primers, the
intensity of DNA amplification product was gradually reduced
as the PCR running time was reduced from 21 minutes to
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time was 21 minutes (equivalent to 30 cycles).
Mw, molecular weight marker; NTC, no tem-
plate control.
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7 minutes. Non-specific dimeric DNA production was also
reduced in the NTC lanes as the cPCR running time was re—
duced. The same results were obtained with the agarose gel
electrophoresis (Fig. 2A and 2B, upper panels) and with NAD
cassettes (Fig. 2A and 2B, lower panels). The results obtained

with 14 minutes of cPCR running gave the clear appearance of
the DNA amplification band with Salmonella DNA template and
no detectable band in NTC experiments. The 14 minutes cPCR
running was corresponding to the 20 cycles of cPCR.

Template E NTC Template T NTC
V"M Cycle 30 25 20 15 10 30 25 20 15 10 Mw K% 15 10 30 25 20 15
.Time 21 175 14

(bp) 105 7 21 175 14 105 7 (min (bp) 105 7 21 175 14 105
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—
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241 241
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Fig. 2. Optimization of polymerase chain reaction running time of convection polymerase chain reaction (cPCR) for nucleic acid lateral flow (NALF)
immunoassay using single-line NALF (NAD1). Genomic DNA (1.6 ng each) of Salmonella Enteritidis (E) (A) and Salmonealla Typhimurium (T) (B)
were used as templates. Primer concentration was 10 uM. cPCR running time was varied from 21 minutes to 7 minutes (equivalent to 30 cycles to

10 cycles). DNA amplicons were analyzed by agarose gel electrophoresis or with NAD1 cassettes. Speed mode was set to T1 and the annealing
temperature was 56°C. Mw, molecular weight marker; NTC, no template control.
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Fig. 3. Optimization of primer concnetration of convection polymerase chain reaction (cPCR) for nucleic acid lateral flow (NALF) immunoassay using double-
line NALF (NAD2). cPCR was performed with genomic DNA (gDNA) from Salmonella Enteritidis (E) and Salmonealla Typhimurium (T), and a 1 : 1 mixture of
the two gDNA types (E + T). S. Enteritidis (SE) and S. Typhimurium (ST)-specific primer sets were mixed at different ratio (A) or the same ratio (B), and used
in multiplex cPCR. The resulting amplicons were analyzed by agarose gel electrophoresis and with the NAD2 cassettes. Speed mode was set to T1 and the

annealing temperature was 56°C. The polymerase chain reaction operation time was 21 minutes (equivalent to 30 cycles). 1.0x indicates 10 uM of primer
concentration. Mw, molecular weight marker; NTC, no template control.
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Fig. 4. Optimization of polymerase chain reaction running time of convec-
tion polymerase chain reaction (cPCR) for nucleic acid lateral flow (NALF)
immunoassay using double-line NALF (NAD2). cPCR was performed with
genomic DNA (gDNA) from Salmonella Enteritidis (E) and Salmonealla
Typhimurium (T), and a 1 : 1 mixture of the two gDNA types (E + T). S. En-
teritidis (SE) and S. Typhimurium (ST)-specific primer sets were mixed at a
ratio of 0.8 : 1.0 and used in multiplex cPCR. The resulting amplicons were
analyzed by agarose gel electrophoresis and with the NAD2 cassettes.
Speed mode was set to T1 and the annealing temperature was 56°C. The
PCR operation time was varied from 21 minutes to 7 minutes (from 30 cy-
cles to 10 cycles). Mw, molecular weight marker; NTC, no template control.

2. Optimization of conditions for double line nucleic
acid detection

Next, we tried to detect both of S. Enteritidis and S. Ty-
phimurium with a NAD2 cassettes. For balanced detection of
S. Enteritidis and S. Typhimurium, the ratio of the primers was
optimized. As shown in Fig. 3, the concentration of SE primer
which detects S. Enteritidis was fixed to 4 uM, and the con-
centration of ST primer was varied from 10 to 4 uM. cPCR was
run for 21 minutes (equivalent to 30 cycles).

The PCR amplification of targets of S. Enteritidis and S. Ty-
phimurim were well balanced on agarose gel analysis where
the ratio of two primer sets were 1 : 1 (0.4 uM : 0.4 uM) on
agarose gel analysis. However, due to the generation of non—
specific dimer bands, the red lines were appeared on NAD2
cassettes as false—positive. Thus, we reduced the concentra—
tion of primer sets while maintaining the ratio of SE and ST
primers as 1 : 1. When the primer concentration was 0.2 uM
the two DNA amplicons were appeared with almost equal in—
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tensity and at the same time no detectable non—specific band
was not observed on the agarose gel (Fig. 3B, upper panel).
The similar pattern was observed with NAD2 cassettes: two
red lines were appeared with Salmonella DNA templates and
no band with NTC when both primer set were used at concen—
tration of 0.2 uM (Fig. 3B, lower panel).

Next, we tried to reduce the PCR running time for the du-
plex cPCR. As shown in Fig. 4, the cPCR running time was
reduced from 21 minutes to 7 minutes (corresponding to 30
cycles to 10 cycles of cPCR). The concentration of the primer
was adjusted to have balanced red-line appearance with NAD2
cassettes. The concentration gave the best results were 8
uM of SE primers and 10 uM of ST primers (data not shown).
Duplex cPCR amplification was successfully completed with
various ¢cPCR running time. When ¢cPCR was performed for 14
minutes (20 cycles), amplified duplex DNA bands appeared on
the agarose gel analysis and two red lines were appeared on
T section of NAD2 cassette (Fig. 4). At the same conditions,
NTC control showed no DNA amplification on the agarose gel
analysis and no red line in NAD2 cassette.

Our data suggested that the combination of cPCR [4,5] and
lateral flow immunoassay [8,13-16] using NAD cassettes
can be applied for a pathogen detection in field. The cPCR
conditions to be used with NAD cassettes were found to be
optimized by reduction of the primer concentration to 3 uM
for singleplex or 2 uM for duplex amplification, or reduction of
cPCR running time to 14 minutes which is equivalent to 20 cy-
cles. The assay developed here can be applied to the detection
of oral pathogens including Aggregatibacter actinomycetem-—
comitans, Porphyromonas gingivalis, Prevotella intermedia,
Treponema denticola, and Fusobacterium nucleatum both in
clinics and laboratory.
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