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Abstract

Aims: The aim of this study was to develop a multiplex touchdown PCR

(multiplex TD-PCR) for rapid and simultaneous detection of four major

foodborne pathogens to avoid mispriming and unwanted production during

gene amplification. Touchdown PCR is the modified form of standard PCR,

which enhances specificity, sensitivity.

Methods and Results: For this reason, a multiplex TD-PCR assay with a pre-

enrichment step was developed to detect four foodborne pathogens namely

Escherichia coli O157:H7, Listeria monocytogenes, Staphylococcus aureus, and

Salmonella enterica serovar Enteritidis in pure culture and raw milk samples.

The results showed that this protocol can eliminate the unwanted band or

reduce significantly. The detection sensitivity of the single and multiplex TD-

PCR was one cell per ml in pure culture. Furthermore, the detection limit of

multiplex TD-PCR was one cell per 25 ml for artificially contaminated raw

milk. We obtained similar results for detection of aforementioned pathogens in

raw milk, after comparing the multiplex TD-PCR method with the traditional

culture, except in one or two samples.

Conclusions: Hence, the proposed multiplex TD-PCR method could be

confirmed as an effective way for rapid optimization of PCR reactions to

increase specificity, sensitivity during gene amplification.

Significance and Impact of the Study: Hence, due to its simplicity, cost-

effectiveness and being time-saving, it seems that this method is reasonable

and economical for rapid optimization of PCR reactions.

Introduction

According to the United States Center for Disease Con-

trol and Prevention, one in six Americans is infected by

contaminated food and drink, and annually more than

48 million people are at risk due to foodborne infections

(Sulaiman and Hsieh 2017).

Food contamination might occur in various stages. Con-

tamination might be detected in raw products or processed

products. Hence, food safety organizations have great con-

cern regarding microbiological contaminants and their

consequences in food industry and human health.

Although the use of pasteurized milk and ultra-high-

temperature milk has become common, raw milk is still

being used by farm workers and people who live in rural

areas and has its own advocates. Insufficient pasteuriza-

tion can lead to the transfer of pathogens in milk; hence,

their rapid identification is essential (Oliver et al. 2005;

Quero et al. 2014; Willis et al. 2018).

Pathogens such as Escherichia coli O157: H7 and Liste-

ria monocytogenes, Staphylococcus aureus and Salmonella

enterica serovar Enteritidis (S. enterica) are transmitted

through food (Sulaiman and Hsieh 2017). Escherichia coli

O157: H7 is an important foodborne pathogen, and most
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related infections are due to consumption of contami-

nated milk, ground beef, water, and dairy products

(Oberst et al. 1998). Escherichia coli O157: H7 even in

low dosage of 1–100 colony-forming units (CFU) can

cause disease (Paton and Paton 1998). Listeria monocyto-

genes is considered as a major species responsible for

human infection. Milk, cheese, meat, cream and ready-

to-eat foods are the main reason for L. monocytogenes

infection in humans (McLauchlin 1996; Robinson 2014).

Staphylococcus aureus produces a wide range of exotoxins

including heat-resistant enterotoxins that can lead to food

poisoning. Milk and its byproducts as the main source of

intoxication by S. aureus in humans (Wang et al. 2007;

Jahan et al. 2015; Yoon et al. 2018). Salmonella lives in

the intestine of various animals, and is transmitted to

humans via infected animals and their products, such as

milk and dairy, meat and eggs, causing salmonellosis. A

high percentage of salmonellosis occurs in humans by

consuming raw milk or dairy products made from raw

milk (Schlosser et al. 2000).

Conventional microbiological cultures are valid meth-

ods for the identification of foodborne pathogens, and

still considered as the “gold standard”. However, these

methods often require ample time and labour, including

enrichment media, selective media, and biochemical and

serological tests (Feng 2007; Cheng et al. 2012; Garrido

et al. 2013; Margot et al. 2013).

Recently developed molecular techniques are promising

alternatives to food microbiology. Molecular methods

such as polymerase chain reaction (PCR) and real-time

PCR have shown to have high potential in diagnostic lab-

oratories, as well as many advantages over the traditional

microbiological techniques, such as specificity, short test

time and low detection limits (Burnett and Beuchat 2001;

Cocolin et al. 2002; Aslam et al. 2003; Dwivedi and Jay-

kus 2011; Zeng et al. 2016). Within the past few years,

international standards have agreed to use PCR for diag-

nosing foodborne pathogens (Anonymous 2005) ISO

22174-2005: general requirements and definitions (ISO/

TS 20836-2005: performance criteria for thermocyclers;

ISO/TS 20837-2006: sample preparation; ISO 20838-2006:

amplification and detection for qualitative methods).

In addition, multiplex PCR can detect two or more

pathogens in one tube, which is faster, easier, and

cheaper to run. Several studies have used multiplex PCR

techniques to detect foodborne pathogens with or with-

out pre-enrichment (Germini et al. 2009; Silva et al.

2011; Kim et al. 2014; Park and Ricke 2015; Xu et al.

2016; Yu et al. 2016).

It is worth stating that the most common problem with

classical RCR is the nontarget DNA amplification, the pres-

ence of nonspecific products or primer dimers. However,

PCR has continuously improved over the years, and the

way to overcome the formation of non-specific products is

to optimize PCR reaction. This includes testing different

concentrations of reaction components, such as Mg2+,

Deoxyribonucleotide triphosphate (dNTPs), primers and

templates. Nevertheless, one of the most important param-

eters in the optimization of PCR reaction is the annealing

temperature. The annealing temperature for PCR is usually

considered to be between 4 and 5°C lower than the Tm of

primers. Touchdown PCR is a method for optimizing the

conventional PCR that uses a range of annealing tempera-

tures (Don et al. 1991; Henegariu et al. 1997).

Touchdown PCR is a novel approach to optimize PCR

(Don et al. 1991; Roux 2009). Since the goal is to avoid

low-Tm priming along the initial cycles, it is imperative

that TD-PCR is performed with "hot start" modification

(D’Aquila et al. 1991; Erlich et al. 1991; Hecker and Roux

1996). Touchdown PCR should always be performed in

combination with a hot start protocol to minimize mis-

priming during the primary steps of PCR (Green and

Sambrook ,2018b, 2018a). Touchdown PCR increases

sensitivity, specificity and products, without the need for

long optimizations, and redesigning of primers (Korbie

and Mattick 2008). Multiplex TD-PCR is a rapid, specific

and sensitive molecular approach that uses more than

one pair of primer to identify several microbes in a single

reaction tube (Luo et al. 2012).

Here, we show how TD-PCR expresses an important

advantage of added specificity during those cycles above

the Tm and enhanced efficiency during the cycles below

the Tm to increase product yield. Also, we will show mul-

tiplex TD-PCR with a practical modification for the PCR

technique, which is the combination of two techniques

multiplex and TD-PCR. Several target primers are used

to determine multiple DNA targets in multiplex TD-PCR.

Hence, the purpose of this study was to design a rapid

protocol for simultaneous detection of E. coli O157:H7,

L. monocytogenes, S. aureus and S. enterica with prior cul-

tivation. For this aim, we evaluated the efficiency of mul-

tiplex TD-PCR method to prevent nonspecific

attachment and mispriming to increase the specificity,

sensitivity of the replication. In parallel, raw milk samples

were also tested using multiplex TD-PCR method to

compare with the results of conventional microbiology

culture.

Materials and methods

Bacterial strains and culture conditions

All bacterial strains used in this study are shown in

(Table 1). The strains used for testing were stored as fro-

zen stock cultures at �80°C. A fresh culture of each

pathogen was prepared with inoculating trypticase soy
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broth (TSB) and incubated at 37°C for 24 h in a shaking

incubator at 150 rev min�1. The target bacteria were

E. coli O157: H7 American Type Culture Collection

(ATCC) 43894, L. monocytogenes ATCC 19111, S. aureus

ATCC 6538 and S. enterica serovar Enteritidis ATCC

13076.

Microbiological experiment

Specific selective enrichment broths and agars

According to ISO (Anonymous, 1998, 1999, 2002a,

2002b), the conventional culture method was used to

detect E. coli O157: H7, L. monocytogenes, S. aureus and

S. enterica in the raw milk samples.

All media were purchased from (Merck, Germany),

which included modified EC broth with 20 mg of novo-

biocin per litre (mEC + n, Modified EC broth with novo-

biocin) and Modified Sorbitol MacConkey agar (CT-

SMAC) for E. coli O157: H7, Fraser Broth (FB) and PAL-

CAM agar for L. monocytogenes, Giolliti Cantoni Broth

and Baird Parker agar (BP) for S. aureus, buffered pep-

tone water (BPW), Muller-Kauffman tetrathionate novo-

biocin broth, Rappaport Vassiliadis broth, Salmonella

Shigella Agar and xylose lysine deoxycholate agar for S.

enterica. The presumptive colonies of the four pathogens

were subjected to biochemical testing and serological con-

firmation.

Enrichment and DNA extraction

The TSB enrichment medium was used for overnight

growth of four bacteria. One millilitre from the overnight

enriched culture was transferred to microtubes, and bacte-

rial cells were collected via centrifugation at 2000 g for

15 min. Genomic DNA of bacteria was extracted, using the

Table 1 List of target and non-target bacterial species used in this

study

Bacterial strains Source rfbE

hly

A nuc

inv

A

E. coli O157:H7 ATCC 43894 + � � �
E. coli O157: H7 ATCC 43890 + � � �
E. coli O157:H7 ATCC 43889 + � � �
E. coli O157:H7 ATCC 43888 + � � �
E. coli ATCC 1330 � � � �
E. coli PTCC 1399 � � � �
E. coli LCC � � � �
E. coli LCC � � � �
Pathogenic E. coli LCC � � � �
Pathogenic E. coli LCC � � � �
Non-pathogenic E. coli LCC � � � �
Non-pathogenic E. coli LCC � � � �
L. monocytogenes ATCC 19111 � + � �
L. monocytogenes ATCC 13932 � + � �
L. monocytogenes ATCC 15313 � + � �
L. monocytogenes ATCC 19115 � + � �
L. monocytogenes PTCC 1298 � + � �
L. monocytogenes LCC � + � �
L. monocytogenes LCC � + � �
L. monocytogenes LCC � + � �
L. monocytogenes LCC � + � �
L. monocytogenes LCC � + � �
L. innocua ATCC 35897 � � � �
L. grayi ATCC700545 � � � �
Staphylococcus aureus ATCC 6538 � � + �
S. aureus ATCC 25923 � � + �
S. aureus ATCC:25923 � � + �
S. aureus ATCC 33591 � � + �
S. aureus LCC � � + �
S. aureus LCC � � + �
S. aureus LCC � � + �
S. aureus LCC � � + �
S. aureus LCC � � + �
S. aureus LCC � � + �
S. epidermidis ATCC:3270 � � � �
S. saprophyticus PTCC 1379 � � � �
Salmonella enterica

Enteritidis

ATCC 13076 � � � +

S. enterica ATCC 51741 � � � +

S. enterica Typhimurium ATCC 14028 � � � +

S. enterica ATCC 9270 � � � +

S. enterica ATCC 9150 � � � +

S. enterica Typhimurium PTCC 1622 � � � +

S. enterica Typhi PTCC 1609 � � � +

S. enterica LCC � � � +

S. enterica LCC � � � +

S. enterica LCC � � � +

S. enterica LCC � � � +

S. enterica LCC � � � +

Lactobacillus delbrueckii ATCC 11842 � � � �
Lactobacillus acidophilus LCC � � � �
Lactobacillus plantarum ATCC 8014 � � � �
Leuconostoc mesenteroides ATCC 8293 � � � �

Table 1 (Continued)

Bacterial strains Source rfbE

hly

A nuc

inv

A

Lactobacillus casei PTCC 1608 � � � �
Streptococcus

thermophilus

ATCC 19258 � � � �

Bifidobacterium bifidum PTCC 9244 � � � �
Clostridium perfringens LCC � � � �
Streptococcus faecalis ATCC 8043 � � � �
Streptococcus faecalis LCC � � � �
Yersinia enterocolitica LCC � � � �
Bacillus cereus LCC � � � �

ATCC, American Type Culture Collection; PTCC, Persian Type Culture

Collection; LCC, Laboratory Culture Collection.
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Genomic DNA Purification Kit (SinaClon BioScience Co.,

Tehran, Iran). The pellets were suspended in 100 µl prely-
sis buffer and 20 µl lysozyme, and then incubated at 37°C
for 30 min. Followed by adding 10 µl Ributinase and incu-

bated at 55°C for 30 min. After that 400 µl of lysis buffer
was added and vortexed. Then, 300 µl of precipitated solu-

tion was added and vortexed. The solution was then trans-

ferred to a spin column to be centrifuged for 1 min. Then,

400 µl of wash buffer I was added and centrifuged for

1 min. Also, the same washing was performed twice by

buffer II. The column was then transferred to a new tube.

Thirty microliters of the preheated elution buffer was

placed in the column and incubated for 4 min at 65°C.
Finally, the solution was centrifuged for 1 min to elute the

DNA. The relative centrifugal force was 17 000 g at all

stages. The concentrations of genomic DNA were deter-

mined using ND-3800-OD NanoDrop spectrophotometer

(Hercuvan, Selangor Darul Ehsan, Malaysia).

Primer design

The primers for detecting E. coli O157: H7, L. monocyto-

genes, S. aureus and S. enterica were targeted specifically

on the rfbE (This study), hlyA (Wu et al. 2004), nuc

(Brakstad et al. 1992) and invA genes (Hoorfar et al.

2000), respectively.

The rfbE gene encoding O157 lipopolysaccharide and

for E. coli O157: H7 serogroup is unique (Oberst et al.

1998), hlyA encoding listeriolysin for phagosomal escape

into the host cell’s cytosol (Wu et al. 2004), the nuc

(thermonuclease) gene in S. aureus (Brakstad et al. 1992)

and invA encoding an invasion protein in S. enterica

(Hoorfar et al. 2000). The primers were synthesized by

Macrogen Company from South Korea. Primer sequences

for the experiments are shown in (Table 2).

Single and multiplex TD-PCR conditions

The TD-PCR reaction was carried out in a final volume

of 50 ll with the following components: 25 ll master

mix (Taq DNA Polymerase 2x Master Mix RED-AMPLI-

QON, including all components necessary to perform

DNA amplification), 1 ll from 100 to 200 ng ll�1 DNA

template, and 1 ll from 0�2 lmol l�1 forward primer,

1 ll from 0�2 lmol l�1 reverse primer, and sterile dis-

tilled water up to 50 ll for each strain. In this study, a

T-100 thermal cycler system (BioRad, Munich, Germany)

was used.

The cycling plan of touchdown PCR was included in

two separate stages. Stage 1 started with an annealing

temperature above the Tm of the primers and changed to

a low annealing temperature during consecutive cycles.

The first cycling stage began with an annealing

temperature of Tm + 10°C, and then decreases the

annealing temperature by 0�5°C per cycle until the Tm of

the primers for a total of 20 cycles. Stage 2 consisted of

15 cycles, using the annealing temperature at 55°C. The
total number of cycles in stages 1 and 2 should not

exceed 35 cycles, as additional cycles risk the creation of

nonspecific products and primer dimers (Korbie and

Mattick 2008). Positive and negative control reactions

were set up using, a genomic DNA template containing

the sequence of interest as a positive control and a reac-

tion lacking template as the negative control.

Accordingly, an initial denaturation at 95°C for 5 min,

followed by 20 cycles at 95°C for 30 s, 65°C (0�5°C
decrease per cycle) for 30 s, 72�C for 1 min, then another

15 cycles at 95°C for 30 s, 55°C for 30 s, 72�C for 1 min,

and a final extension step was carried out at 72�C for

7 min. The PCR products were analyzed on 2% agarose

gels in Tris/Borate/EDTA (TBE) Buffer 1X and visualized

by Gene Genius Bio Imaging System (Syngene, Cam-

bridge, UK).

At first, the reactions by single TD-PCR were per-

formed, with the purpose of getting the best amplification

conditions with the multiplex TD-PCR. After establishing

the conditions to perform the single reaction, conditions

for multiplex reactions were setup and run.

Specificity assays

DNA template of the 60 strains of bacteria listed in

(Table 1) was tested, using a combination of all primers

pairs of the four target bacteria and assessed the speci-

ficity of the target primers by multiplex TD-PCR proto-

col. Specificity was experienced by examining the ability

of this protocol to distinguish nontarget bacterial strains

among these four target pathogens.

Sensitivity assays

Four standard strains of E. coli O157: H7, L. monocytoge-

nes, S. aureus and S. enterica were cultured overnight in

TSB at 37°C. To test the sensitivity of single TD-PCR

assay in pure culture was carried out using a genomic

DNA from 10-fold serial dilution (107–100 cell per ml) of

the target pathogens. One microlitre of each genomic

DNA dilution was used for single TD-PCR assay. Each

experiment was repeated twice.

To test the sensitivity of multiplex TD-PCR assay in

pure culture, four standard strains of bacteria were cul-

tured overnight in TSB at 37°C and then each one

diluted 10-fold from (107–100 cell per ml) with sterile sal-

ine. The DNA of each dilution of target bacteria was

extracted separately and mixed. One microlitre of geno-

mic DNA from each dilution of the four target bacteria
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was used to perform multiplex TD-PCR. Each experiment

was repeated twice.

Multiplex TD-PCR evaluation in inoculated raw milk

samples

Raw milk samples were confirmed negative for four target

pathogens by culturing in corresponding enrichment

media followed by CT-SMAC agar for E. coli O157: H7,

PALCAM agar for L. monocytogenes, BP agar for S. aur-

eus, and SS agar for S. enterica. The overnight culture of

each of the four target bacterial strains containing E. coli

O157:H7, L. monocytogenes, S. aureus and S. enterica in

TSB was subjected to serial 10-fold dilutions (104,

103,102,101,100 cell per ml), separately. To obtain the

desired bacterial concentration, from an overnight cul-

ture, initial turbidity was adjusted to 0�5 McFarland by

measuring the optical density at 600 nm (OD 600) using

a spectrophotometer (UV-2102 PCS, Unico, China).

Viable counts were gained by plating bacterial culture on

the corresponding culture medium and were incubated

overnight at 37°C. We find out the starting concentration

of target bacterial: 0�5 9 108 cell per ml for E. coli O157:

H7, 2 9 108 cell per ml for L. monocytogenes, 1�7 9 108

cell per ml for L. monocytogenes and 1 9 108 cell per ml

for S. enterica. Then 1 ml of all target bacterial culture

from each dilution was added to 25 ml of raw milk.

These raw milk samples before adding the pre-enrich-

ment medium, was centrifuged at 1100 g for 10 min at

4°C in a refrigerated centrifuge, and then the supernatant

containing the fat layer and water was discarded. The pel-

let was washed twice with phosphate-buffered saline and

added it to 225 ml pre-enrichment medium (ELSS) and

incubated for 16 h at 37°C in a shaking incubator at

150 rev min�1. (A pre-enrichment broth (ELSS) was for-

mulated to allow concurrent growth of E. coli O157:H7,

L. monocytogenes, S. aureus and S. enterica. ELSS con-

tained (w/v) 1�4% peptone from casein, 0�4% soya pep-

tone, 0�55% yeast extract, 0�6% beef extract, 0�1%
sodium pyruvate, 0�05% esculin hydrate, 0�2% glucose,

0�35% sodium chloride, 1�4% monopotassium phosphate,

0�25% dipotassium phosphate and 0�6% disodium

hydrogen phosphate (pH 7�1 � 1)). After 16 h, 1 ml of

culture broth was subjected to extract DNA using the

Genomic DNA Purification Kit (SinaClon). After that,

1 ll of genomic DNA of all target bacteria from each

dilution was added to other components which were nec-

essary for the multiplex TD-PCR reaction.

Evaluation of raw milk for natural contamination by

multiplex TD-PCR method

According to basic sampling principle, during a 90 days

period, 50 raw milk samples were randomly purchased

from local stores in four different districts in Shiraz, Iran.

Samples were collected in sterile bags and kept at 4°C
during sampling and delivery. The microbial test was car-

ried out on the same day. DNA extraction was performed

after 16 h pre-enrichment in ELSS and subjected to mul-

tiplex TD-PCR. Preparation of raw milk sample for add-

ing to 225 ml pre-enrichment medium (ELSS) was done

as previously stated. (See multiplex TD-PCR in inocu-

lated raw milk sample.). After 16 h of incubation in ELSS

in a shaking incubator at 150 rev min�1 at 37°C, 1 ml of

each culture broth was used to extract DNA and sub-

jected to perform multiplex TD-PCR.

A traditional culture technique was applied to detect

E. coli O157: H7, L. monocytogenes, S. aureus and S. enter-

ica according to ISO (Anonymous, 1998, 1999, 2002a,

2002b) in the raw milk samples.

Results

Specificity assays

The specificity of the primers is shown in Fig. 1. The

specificity of single TD-PCR method by single primer

was shown (Fig. 1a). The amplified fragment of E. coli

O157:H7 was 580 bp, of L. monocytogenes was 404 bp, of

S. aureus was 270 bp and of S. enterica was 119 bp. A

combination of four primer pairs (multiple primers) and

every DNA template from 60 different target and non-

target pathogens as listed in (Table 1) was experimented

by multiplex TD-PCR method. The results showed that

Table 2 Primers used in the single and multiplex TD-PCR assays

Microorganism

Target

gene Primers Sequence (50–30)
PCR products

(bp)

Escherichia coli O157:H7 rfbE FR AACGGTTGCTCTTCATTTAGCTGATGATTTTATATCACGA 580

Listeria monocytogenes hlyA FR ATCATCGACGGCAACCTCGGAGAC

CACCATTCCCAAGCTAAACCAGTGC

404

Staphylococcus aureus nuc FR GCGATTGATGGTGATACGGTTAGCCAAGCCTTGACGAACTAAAGC 270

Salmonella enterica

Enteritidis

invA FR TCGTCATTCCATTACCTACCAAACGTTGAAAAACTGAGGA 119
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each primer pair was specific for the corresponding target

bacteria, and the specificity of single and multiplex TD-

PCR assay were 100%. In addition, the results were the

same for the multiplex TD-PCR test to detect individual

pathogens and multiple pathogens simultaneously

(Fig. 1b).

Sensitivity assays

The sensitivity of a multiplex TD-PCR method was evalu-

ated by preparing a 10-fold serial dilution of the DNA

from four target pathogens (107–100 cell per ml). The

detection sensitivity was successfully achieved down to

one cell per ml for E. coli O157:H7, L. monocytogenes, S.

aureus and S. enterica individually. The results proved the

sensitivity of the single TD-PCR assay to be 100%

(Fig. 2a–d).
The sensitivity of a multiplex TD-PCR method was

evaluated by preparing a 10-fold serial dilution of the

DNA from four target pathogens (107–100 cell per ml)

concurrently. The sensitivity for simultaneous detection

of the four pathogens was successfully achieved down to

one cell per ml. The results verified the sensitivity of the

multiplex TD-PCR assay to be 100% (Fig. 3).

Evaluation of the multiplex TD-PCR assay in inoculated

raw milk samples

To validate the multiplex TD-PCR assay for its applica-

tion to raw milk and determine detection limit, the sam-

ples of raw milk were inoculated with E. coli O157: H7,

L. monocytogenes, S. aureus and S. enterica with five levels

of the number of viable cells (104, 103,102,101,100 cell per

ml) were investigated. The results confirmed that the

multiplex TD-PCR assay was able to correctly identify the

presence of the four food-borne pathogens at all different

inoculated levels and detection limits were as low as one

bacterial cell per 25 ml of inoculated raw milk after pre-

enrichment in ELSS for 16 h by this multiplex TD-PCR.

The results are shown in (Fig. 4).

Evaluation of raw milk for natural contamination by

multiplex TD-PCR method

To evaluate the practical use of multiplex TD-PCR

method for simultaneous recognition of the four patho-

genic bacteria in raw milk samples, we compared this

method with the conventional culture-based method for

detecting four foodborne pathogens in 50 raw milk sam-

ples. The detection rate of the L. monocytogenes and S.

enterica was similar in both diagnostic methods, while

the rate of E. coli O157: H7 and S. aureus was different

in one and two samples, respectively (Table 3).

Comparisons of classic multiplex PCR and multiplex

TD-PCR protocols in raw milk

By comparing classical multiplex PCR with multiplex

TD-PCR optimization protocol for detecting the four

bacterial pathogens in raw milk sample is shown in

Fig. 5. The results showed that multiplex TD-PCR has an

advantage over the classic multiplex PCR method in

avoiding mispriming and unwanted production during

gene amplification. This experiment was repeated twice.

Discussion

Today, the demand for rapid results has increased; hence,

the use and development of molecular techniques to detect

micro-organisms is of great importance. PCR is one

B

E.c: 580 bp

L.m : 404 bp

S.a : 270 bp

S.e : 119 bp

L E.c L.m S.a S.e B L E.c L.m S.a S.e M M

E.c: 580 bp

L.m : 404 bp

S.a : 270 bp

S.e : 119 bp

(a) (b)

Figure 1 The specificity of the primers by single and multiplex TD-PCR (a) Specificity of the single Touchdown PCR by single primer. (b) Specificity

of the multiplex TD-PCR by multiple primers. Target pathogens (Escherichia coli O157:H7, Listeria monocytogenes, Staphylococcus aureus and Sal-

monella enterica) were tested individual and multiple using the TD-PCR method. L: 50 bp DNA ladder; M: multiplex TD-PCR; B: blank.
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molecular method for replicating DNA; it can produce

many copies from a specific part of DNA, swiftly and accu-

rately.

To develop an efficient PCR, several parameters, such as

variable concentrations of Mg2+, dNTPs, primers, template,

and cycle number should be optimized. Optimizing the

number of parameters in the PCR method is laborious and

time-consuming. The other method for PCR optimization

is touchdown PCR, which uses various annealing tempera-

tures instead of a fixed one. Usage of this method prevents

non-specific attachment during the amplification process.

The PCR capacity to detect microorganisms depends

on the purity of the template used as the target as well as

the presence of an adequate number of target molecules

(Estrada et al. 2007). Detecting a few foodborne bacteria

among the harmless background microflora in a complex

matrix of raw milk is extremely challenging. The presence

of PCR inhibitors in food samples is a major limitation

in PCR-based experiments, which reduces test sensitivity,

leading to a false-negative result. Therefore, removing the

inhibitory materials and efficient DNA extraction are very

essential (Jen�ıkov�a et al. 2000; Fukushima et al. 2007).

B(a)

(c)

(b)

(d)

E.c: 580 bp L.m : 404 bp

S.e : 119 bp
S.a : 270 bp

L 107 106 105 104 103 102 101 100

B L 107 106 105 104 103 102 101 100

B L 107 106 105 104 103 102 101 100

B L 107 106 105 104 103 102 101 100

Figure 2 Sensitivity of the single TD-PCR applied to (a) Escherichia coli O157:H7 (b) Listeria monocytogenes (c) Staphylococcus aureus (d) Staphy-

lococcus enterica. Serial dilutions (107–100 cell per ml); L: 50 bp DNA ladder; B: blank.

B L 107 106 105 104 103 102 101 100

E.c: 580 bp

L.m : 404 bp

S.a : 270 bp

S.e : 119 bp

Figure 3 Sensitivity of the multiplex TD-PCR

applied to four target bacteria simultaneously.

Assessment of multiplex TD-PCR sensitivity

obtained from DNA extraction of serial

dilutions (107–100 cell per ml) of the four

target pathogens. L: 50 bp DNA ladder; B:

blank.
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Raw milk is a difficult source to extract DNA with high

quality and quantity. Milk protein and fat act as inhibi-

tors and often affect DNA extraction methods. Against all

the odds, in this study, we used efficient DNA extraction

method to obtain DNA in pure form from raw milk. The

centrifugation of raw milk at low speed, prior to DNA

extraction might reduce the effect of cream and milk

layer inhibitors for PCR.

The following description shows the superior mecha-

nism of the touchdown PCR. In this method, the anneal-

ing temperature of the initial cycles is a few degrees

higher than melting temperature (Tm) of the primers.

Higher temperature minimizes the undesirable amplifica-

tion and decreases the formation of primer dimers and

nonspecific primer–template complexes. Hence, at the

start of PCR that promotes specific amplification, it

might result in lower PCR yield. To overcome this chal-

lenge, the annealing temperature is often decreased by

0�5–1°C at every cycle to reach optimum annealing tem-

perature by producing an acceptable yield of the desired

amplicon. Therefore, the products from the initial cycles

play the role of target for primers at the subsequent

cycles; thus, increasing the amount of yield. In this

regard, the desired PCR products will be selectively

increased without the enhancement of non-specific tar-

gets during PCR cycles (Don et al. 1991; Hecker and

Roux 1996; Korbie and Mattick 2008; Green and Sam-

brook, 2018b).

In this study, classical multiplex PCR and multiplex

TD-PCR optimization protocol were compared in order

B L 104 103 102 101 100

E.c: 580 bp

L.m : 404 bp

S.a : 270 bp

S.e : 119 bp

Figure 4 Detection limits of the multiplex

TD-PCR for simultaneous detection of four

target bacteria from inoculated raw milk.

Serial dilutions (104–100 cell per ml); L: 50 bp

DNA ladder; B: blank.

Table 3 Practical application of multiplex TD-PCR and conventional culture in naturally raw milk

Raw milk number

Escherichia coli O157: H7 Listeria monocytogenes Staphylococcus aureus Salmonella spp.

mTD-

PCR

Conventional cul-

ture

mTD-

PCR

Conventional cul-

ture

mTD-

PCR

Conventional cul-

ture

mTD-

PCR

Conventional cul-

ture

1 + � + + + + � �
5 � � � � + � � �
6 + + + + + + + +

18 � � � � + + � �
27 + + � � + + + +

33 � � � � + + � �
35 � � � � � � + +

41 + + + + + + � �
46 � � � � � � + +

47 � � � � + � � �
Total sample 50 50 50 50 50 50 50 50

Positive number

(rate)

4 (8%) 3 (6%) 3 (6%) 3 (6%) 8 (16%) 6 (12%) 4 (8%) 4 (8%)
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to identify four bacterial pathogens in raw milk samples.

An unknown raw milk sample was tested using four

specific primers of four target bacteria by two methods of

multiplex PCR mentioned above. If this sample of raw

milk was infected with all four target bacteria naturally,

four amplicons 119, 270, 404 and 580 bp should be cre-

ated. But we observed that the sample generated just two

amplicons 270 and 404 bp which indicates that raw milk

was contaminated with two target bacteria naturally.

Classic mPCR was performed for eight times at different

annealing temperature of 65, 62, 60, 59, 58, 57, 56, and

55°C during 35 cycles. Also, one multiplex TD- PCR was

performed from 65 to 55°C temperature for 35 cycles. In

classic PCR, low annealing temperature led to mispriming

and spurious products, but when 10 out of 35 cycles of

the multiplex TD-PCR were performed at annealing tem-

peratures of 55°C, only the target amplicons were

observed, clearly demonstrating the advantages of multi-

plex TD-PCR protocol. The results of this comparison

were shown in (Fig. 5) that priming initiated higher than

optimum annealing temperature can be an advantage for

replicating target amplicons.

The result of the tested raw milk samples showed that

the pathogenic contamination of the samples experi-

mented by multiplex TD-PCR was one or two bacteria

higher than the conventional culture method. The reason

for this difference can be that current molecular methods

are not capable of distinguishing DNA from viable and

dead cells; consequently, leading to false-positive results

(Gonz�alez-Escalona et al. 2009; De Medici et al. 2015).

Also, this might be due to the ability of pre-enrichment

media (ELSS) by allowing the recovery of damaged cells.

On the other hand, in culture-dependent methods, bacte-

ria that are viable, but noncultured cannot be detected.

Another problem of this method is that the interaction of

bacteria with competitive bacteria might not lead to the

growth of target bacteria (Zoetendal et al. 2004; Nocker

et al. 2007). This explains why in this research the posi-

tive detection rate for E. coli O157: H7 and S. aureus by

multiplex TD-PCR was slightly higher than the culture-

based method (Table 3).

Conventional multiplex PCR could be applied to detect

multiple target organisms in a single tube reaction in

order to save time and labour. In a study by Kumar

et al., the sensitivity of mPCR was obtained to be 103

CFU per ml of Bacillus cereus, 104 CFU per ml for S. aur-

eus and L. monocytogenes (Kumar et al. 2009). The results

by Germini et al. confirmed the detection sensitivity of

mPCR to be 106 CFU per ml in detecting E. coli O157:

H7, Salmonella spp., and L. monocytogenes by multiplex

PCR (Germini et al. 2009). In a study by Silva et al., the

mPCR detection sensitivity was almost 103 CFU per ml

for S. enteritidis and Salmonella agona in Peptone Water

Phosphate Buffer (Silva et al. 2011). Park et al. showed

the detection sensitivity of mPCR for simultaneous detec-

tion of Salmonella genus, Salmonella subspecies I, Salm.

Enteritidis, Salm. Heidelberg and Salm. Typhimurium

was 4�6 9 104 CFU per ml (Park and Ricke 2015). The

detection sensitivity of the target-enriched multiplex PCR

(Tem-PCR) assay for concurrent detection of Salmonella,

S. aureus, Shigella, L. monocytogenes and E. coli O157:H7

from pure cultures and spiked food matrix was 200 CFU

per ml (g) for each target (Xu et al. 2016). Yu et al.

showed that the detection sensitivity of mPCR in pure

cultures of Salmonella, S. aureus and L. monocytogenes

was 103 CFU per ml (Yu et al. 2016). In Kim’s research,

the detection sensitivity of mPCR was 10 cells per ml for

simultaneous detection of L. monocytogenes, E. coli O157:

H7, B. cereus, Salmonella spp. and S. aureus in inoculated

low-fat milk (Kim et al. 2014). Kawasaki et al. showed

that the detection sensitivity of mPCR was 5 CFU per ml

in 25 g of inoculated food samples for simultaneous

detection of Salmonella, L. monocytogenes and E. coli

O157:H7 (Kawasaki et al. 2009).

B L 65 62 60 59 58 57 56 55 mTD-PCR

L.m : 404 bp
S.a : 270 bp

Figure 5 Comparison of multiplex PCR and

multiplex TD-PCR protocols in raw milk.

Amplicons were generated by multiplex PCR

containing 35 cycles at the 8 different

annealing temperatures shown above each

lane (°C) or by a 35-cycle multiplex TD-PCR.

L: 50 bp DNA ladder; mTD-PCR: multiplex

TD-PCR; B: blank.
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Having explained the applied method and the results

of this study, it is now possible to make a comparison

between the sensitivity of the proposed method and other

similar studies as listed above. Conventional multiplex

PCR assays have a minimum of 5 CFU per ml sensitivity

for simultaneous detection of the four target pathogens.

However, in this study greater accuracy was achieved

(one cell per ml) by utilizing multiplex TD-PCR opti-

mization method for both single and multiplex TD-PCR.

In other words, the proposed protocol is simple, efficient

and more sensitive in comparison with the conventional

multiplex PCR assays.

In conclusion, since raw milk is often contaminated

with E. coli O157, L. monocytogenes, S. aureus and S.

enterica, raw milk consumption should be considered as

a threat to public health. Therefore, finding a rapid and

reliable detection method of these foodborne pathogens

is imperative. For this reason, we established a multiplex

TD-PCR method with prior cultivation. The results con-

firmed the detection sensitivity of the single and multi-

plex TD-PCR was one cell per ml in pure culture and

detection limit of inoculated raw milk samples, for four

target pathogens was as low as one bacterial cell per

25 ml of inoculated raw milk; hence, the proposed multi-

plex TD-PCR method can be confirmed as an effective

way for rapid optimization of PCR reactions to increase

specificity, sensitivity during gene amplification. In addi-

tion, this protocol can be a reliable method for screening

raw milk samples to detect contamination of foodborne

pathogens. To the best of our knowledge, this is the first

report on the use of multiplex TD-PCR for concurrent

detection of foodborne bacteria in food samples. There-

fore, we hope for the TD-PCR application to be greater

in the near future.
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