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A TagMan qPCR for precise
detection and quantification of
diarrheagenic Escherichia coli

Bingyu Xue?3, Huanrong Zhang?*3, Xia Yan?, Xiaoyan Su?, Yuling Zhou?, Junjin Xie?,
Sheng Li%, Yang Zhou & Lin Li***

Diarrheagenic Escherichia coli (DEC) are strains of Escherichia coli (E. coli) that can induce diarrhea
symptoms in the host, as well as cause disease through contaminated food. To accurately and
efficiently identify the five DEC types, this study retrieved the corresponding gene sequences

from NCBI based on the virulence genes specified in Chinese national standards: invE, stx1, stx2,
sth, stp, It, aggR, astA, pic, bfpB, and escV. Probes and primers were designed for the conserved
regions of these genes, and the amplification system, temperature, and other parameters were
optimized. A TagMan®single-plex real-time PCR assay was established for simultaneous detection of
Enteropathogenic E. coli, Enteroinvasive E. coli, Enterotoxigenic E. coli, Enterohemorrhagic E. coli, and
Enteroaggregative E. coli. The results demonstrated that the minimum detection limit for bacterial
genomic DNA was 1.60 x 10* copies/pL (except for stx2 which was 1.60 x 10? copies/pL). The within-
group variation rate ranged from 0.12 to 0.88%, while the between-group variation rate ranged from
0.67 to 1.62%. Moreover, R? values for the standard curve generated by this method were between
0.999 and 1 with an amplification efficiency ranging from 98.4 to 100%. We evaluated a total of 122
clinical specimens using both conventional PCR and the qPCR method developed in this study. The
findings indicated that the gPCR method exhibited high accuracy. Therefore, this study successfully
developed a Tagman real-time fluorescence quantitative PCR assay with high specificity, sensitivity,
repeatability, and amplification efficiency as well as significant regression effect. This assay can be
utilized for clinical detection of DEC.
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The DEC pathotypes differ regarding their virulence factors, pathogenesis, epidemiological characteristics, and
are classified as EPEC, EIEC, ETEC, EHEC, and EAEC!-3. DEC is a common foodborne pathogen that poses a
risk to public health. Timely identification of the source of DEC contamination is critical to effectively mitigate
the impact of epidemics caused by this pathogen®. Therefore, it is essential to establish simple and efficient
detection and typing techniques for diagnosing DEC infections accurately. These measures are necessary to
ensure food safety and effectively control the spread of epidemics associated with DEC strains. The TagMan
method in real-time fluorescence quantitative PCR technology exhibits high specificity towards the target
sequence and demonstrates excellent repeatability of results, thereby presenting evident application advantages
in the rapid and large-scale screening of E. coli>®.

Current conventional methods for the detection of E. coli typically require several days, particularly when E.
coli concentrations are low. Enrichment is a commonly employed technique for bacterial isolation to enhance
cell counts of target bacteria’. However, traditional culture methods also entail a slow and labor-intensive
process that involves multiple steps and may necessitate definitive identification using ancillary techniques (such
as biochemical, serological, nucleic acid-based methods), resulting in bacterial identification taking up to a
week®. Culture-based approaches combined with other methodologies such as PCR’, immunoassay'’, phage
technology'!, next-generation sequencing, biosensors, and matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI TOF MS) are increasingly utilized for the detection and identification of
foodborne pathogens!?.
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Nucleic acid-based techniques like Real-Time PCR and viability PCR (VPCR) coupled with sequencing
methods are more widely employed for pathogen detection compared to immunoassays and NGS-based
approaches®®. Quantitative Real-time PCR is a method employing fluorescent chemicals to measure the total
amount of product after each polymerase chain reaction cycle in DNA amplification reactions,this enables
quantitative analysis of specific DNA sequences'*. The TagMan method in real-time fluorescence quantitative
PCR utilizes one or more fluorescent labeled oligonucleotide probes to detect the PCR products while employing
fluorescence resonance energy transfer (FRET) to identify specific amplification products. The probe method
exhibits high specificity towards the target sequence along with good reproducibility of results!>. Fluorescence
quantitative PCR technology is extensively utilized in the field of molecular biology and genetics to accurately
quantify DNA, RNA, and other molecular substances in microorganisms, cells, viruses, parasites, and plants. In
the detection of phytoplasma in plant phloem tissues, due to its low concentration, real-time PCR can be used
to effectively detect and quantify phytoplasma'®. For the detection of many viruses, real-time PCR also plays
an excellent role in the detection of many viruses, such as polyomavirus, cytomegalovirus, Epstein-Barr virus,
herpes simplex virus, etc.!”!8. Moreover, the use of real-time PCR to detect DNA in the environment can also be
effective in assessing parasitic infections in fish'°.

Foodborne E. coli has long been recognized as one of the primary causative agents of severe clinical diarrhea
in humans, livestock, poultry, pets, and wildlife. The objective of this project is to develop a TagMan real-time
PCR method for the detection of five DEC pathotypes, thereby contributing to the prevention and control of
DEC prevalence and transmission for wildlife.

Materials and methods

DEC standard strains and plasmid

ETEC (CICC10667), EAEC (CICC24186), EHEC (CICC24187), EPEC (CICC24189) and EIEC (CICC24188) are
all standard strains, which were procured from the China Research Institute of Food and Fermentation Industry
(CICC) and the China Industrial Microor-ganisms Preservation Management Center. Klebsiella pneumoniae
(ATCC700603), Pasteurella multocida (ATCC43137), Staphylococcus aureus (ATCC25923), Proteus mirabilis
(ATCC12453), Pseudomonas acruginosa, Enterococcus faccalis, Clostridium perfringens (ATCC13124), and
Salmonella (H9812) were all maintained by the Sichuan Key Laboratory of Endangered Wildlife Conservation
Biology. The virulence genes of five types of DEC were identified as invE, stxI, stx2, sth, stp, It, aggR, astA,
pic, bfpB and escV. The recombinant plasmid was synthesized by combining partial gene fragments from these
virulence genes, which were synthesized by Sangon Biotech (Shanghai, China).

Clinical samples

In this study, 122 clinical test samples were selected, which were received by the Key Laboratory of Conservation
Biology for Endangered Wildlife of Sichuan Province in 2023. The types of samples encompassed feces, kidney
tissues, liver tissues, and other biological materials, all derived from naturally deceased animals. The specific
sources were as follows: 7 samples were from wild monkeys, 10 from wild blue sheep, 92 from giant pandas, and
13 from red pandas. All the samples were collected from the Chengdu Research Base of Giant Panda Breeding.

Main reagents and instruments

During the bacterial culture process, brain heart infusion agar (BHI agar) (Hopebio, Qingdao, China)and brain
heart infusion broth (BHI broth) (Hopebio, Qingdao, China) were utilized. The composition and proportions
(g/L) of BHI agar are as follows: 4 g beef brain extract powder, 4 g beef heart extract powder, 5 g peptone, 16 g
casein peptone, 5 g sodium chloride, 2 g glucose, 2.5 g disodium hydrogen phosphate, and 13.5 g agar. The
composition and proportions (g/L) of BHI broth are as follows: 10 g peptone, 12.5 g dehydrated calf brain extract
powder, 5 g dehydrated beef heart extract powder, 5 g sodium chloride, 2 g glucose, and 2.5 g disodium hydrogen
phosphate.During the agarose gel electrophoresis procedure, we employed a nucleic acid staining reagent
(Thermo Fisher, Massachusetts, USA), 6 xloading buffer (Takara, Beijing, China), TAE buffer (Takara, Beijing,
China), and agarose (Takara, Beijing, China). Omega Bio-Tek (Atlanta, USA) provided the plasmid extraction
kit and bacterial genomic DNA extraction kit, fluorescent quantitative PCR probe master mix were supplied by
Yeason company (Shanghai, China); The mean instruments used in the experiment included PCR instrument
(Thermo Fisher Scientific, Massachusetts, USA), fluorescence quantitative PCR instrument(Bio-Rad, Berkeley,
USA), UV spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA), shaking incubator (CRYSTAL,
Texas, USA), electrothermal biochemical incubator (CRYSTAL, Texas, USA), nucleic acid electrophoresis
instrument (Tanon, Shanghai, China), gel imaging system (Tanon, Shanghai, China).

Design and synthesis of probe and primer

The virulence genes (Table 1) for detecting five types of DEC were selected in accordance with the Chinese
national food safety standard (E. coli, GB 4789.6 - 2016), and their corresponding gene sequences were retrieved
from NCBI. The conserved regions of each virulence gene were determined through sequence homology analysis
using Genbank and BLAST software. Primers were designed within these conserved regions using Oligo and
DNAstar software, followed by screening for optimal primers. Subsequently, probes specific to the primers were
designed using Oligo software, incorporating 5" 6-FAM as a fluorophore and 3 BHQ1 as a quenching group
(Table 2).

The isolation of bacterial DNA and plasmids

The preserved standard strains of EPEC, EHEC, ETEC, EAEC, and EIEC were each inoculated by transferring
200 pL of the frozen glycerol stock into 5 mL of brain heart infusion (BHI) nutrient broth medium. After
overnight incubation at 37 °C with 180 rpm/min in the shaker for 16 h, a volume of 5 mL bacterial suspension
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Category of DEC | Species combinations of virulence genes

EAEC One or more of aggR,astA,pic is positive
EPEC bfpB (+/-), escV (+), stx1 (=), stx2 (=)
escV (+/-), stx1 (+), stx2 (—), bfpB (-)
STEC/EHEC escV (+/-), stx1 (-), stx2 (+), bfpB (-)
escV (+/-), stx1 (+), stx2 (+), bfpB (-)
ETEC One or more of It, stp, sth is positive
EIEC invE (+)

Table 1. Correspondence table of virulence genes and types of five DEC. A. EscV is equivalent to the eae gene
in determining EPEC or SETC/EHEC. B. In the determination of EIEC,invE is equivalent to the ipaH gene. C.
More than 97%of E.coli are uidA positive.

Gene | Sequence(5’-3')

F: TCG ATG TAT ACA CAA AAG AAGG

aggR | R: TTT AGG CGT CTT AAT GTA TCG

P: AGAGGAATAAATATATCAGTAAGATTGCAA
F: TGC CATCAACAC AGT ATA TCC

astA | R: GCT TTG TAG TCC TTC CAT GA

P: CATCGTGCATATGGTGCGC

F: ATA CAA ATG TCA GTG AAC CGA

pic R: TTC CCC CACAGA GTGTTAC

P: TACAGCATGATACTCAACAGCCAGA

F: GAC ACC TCA TIG CTG AAG TC

bfpB | R: TCAGAA TAATTC CAT GTA CACC

P: AATAGCAGTTTTCAGACATATCATGGAGA
F: GATGAT TAT TCC ACT ACC AAC A

escV | RiTAA GTC TGG TTG TAC TAA CAC TGA

P: TGCTCTCAATCTATATAAAAAATCCTCTTG
F: CGA TGT TAC GGTTTG TTA CTG

stx] | Ri TGT CCA TGA TAG TCA GGC AG

P: TCTCAGTGGGCGTTCTTATGTAATG

F: ATA CCACTC TGC AACGTG TC

stx2 | R GTAAGGCTTCIG CTG TGACA

P: TCACTCACTGGTTTCATCATATCTGG

F: GAA CAG GAG GTT ICT GCG

It R: TAA TCTGTA ACC ATC CTC TGC

P: TTGGTGTGATTGATGAACGATTACAT

F: CAGGCAGGATTACAACAA AG

stp R: CCC CTC TTT TAG TCAGTC AAC

P: TTTTTTACAACATCACACTTTTTAGTCTCTA
F: TGTCTTTTTCACCTTTCGC

sth R: ACAAGC AGGATTACA ACACAA

P: AAAATCACACTAGAATCAAAAAAATGTAACA
F: GGAGCAGATCTTGAAGTTCTAT

invE | R AGA TTC TCT TTT TIG GCTAIG

P: CAAACAGCAAAAGAGCATAGCATCC

Table 2. Nucleotide sequences of primers and probe used in the RT-qPCR assay.

was collected, and DNA extraction was performed following the instructions provided by the DNA extraction
kit. A 1 pL aliquot of DNA was added to the cuvette of the UV spectrophotometer to assess its quality. After
inoculating and culturing synthetic recombinant plasmids of DEC overnight as described above, plasmid
standards were extracted according to the instructions provided by the plasmid extraction kit. The concentration
and mass were determined using a UV spectrophotometer.
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Element Volume (uL)
2 x Universal Green PCR Master Mix | 12.5

forward primer(10 pmol/L) 1

reverse primer(10 pmol/L) 1

ddH,0 8.5

DNA 2

Total volume 25

Table 3. Amplification system of single PCR. Procedure of reaction: 95 °C 5 min; 94 °C 30 s; 57 °C 30 s; 72 °C
20 s; 72 °C 8 min; 32 cycles.

Element Volume (uL)
Hieff Unicon Universal Tagman multiplex qPCR master mix | 9

forward primer (3.5 pmol/L) 1

reverse primer (3.5 pmol/L) 1

Probe (3-4 pmol/L) 1

ddH,O 7

DNA 1

Total volume 20

Table 4. Amplification system for RT-qPCR. Procedure of reaction: 95 °C 3 min; 95 °C 10 s; 57 °C 30 s; 40
cycles.

Primer validation

The DNA of 11 gene groups was utilized as a template for conventional PCR amplification (Table 3). Subsequently,
the obtained results were submitted to Sangon Biological Company (Shanghai, China) for sequencing and
comparison in order to validate the primer efficiency for invE, stx1, stx2, sth, tp, It, aggR, astA, pic, bfpB, escV
genes. During nucleic acid electrophoresis analysis, 5 pl of PCR product were subjected to electrophoresis on a
1% agarose gel (prepared with 0.5 g agarose and 50 ml TAE buffer) at 140 V for 35 min. Following electrophoresis,
the resulting bands were visualized and analyzed using a gel imaging system.

Optimization of the reaction system and assessment of specificity

The matrix method was employed to optimize the concentrations of primers and probes in the amplification
system. The probe concentrations (pmol/uL) tested were 2, 2.5, 3, 3.5, and 4, while the primer concentrations
(pmol/pL) ranged from 2 to 4. Subsequently, a range of annealing temperatures from 54 to 61 °C was explored
to optimize the annealing temperature for fluorescence quantitative PCR amplification.The amplification system
and reaction procedures can be found in (Table 4).

The DNA of the standard strains currently present in the laboratory, including Klebsiella pneumoniae
(ATCC700603), Pasteurella multocida (ATCC43137), Staphylococcus aureus (ATCC25923), Proteus mirabilis
(ATCC12453), Pseudomonas acruginosa, Enterococcus faccalis, Clostridium perfringens (ATCC13124) and
Salmonella (H9812) were extracted for analysis. Negative controls were also included in the experiment to
ensure accuracy. To verify the specificity of our method, the amplification technique established was utilized
within this study.

The assessment of sensitivity and establishment of the standard curve
After detecting the concentration of the extracted plasmid using an ultraviolet spectrophotometer, the plasmid
copy number was calculated using a formula (copies/ml=6.02 x 10> copies/mole x C/MWg/mol) and subjected
to tenfold gradient dilution ranging from 1.6 x 10! copies/pL to 1.6 x 10® copies/puL. Each group had three parallel
controls, and assay sensitivity was determined based on the lowest concentration’s copy number in 40 cycles of
amplification curve.

After performing a tenfold gradient dilution of the plasmid standards, plasmids with concentrations ranging
from 1.6 x 10 to 1.6 x 108 copies/pL were selected. Three parallel controls were included in each group, and the
established RT-qPCR detection method was utilized to generate a standard curve.

The assessment of repeatability

The standard materials with plasmid concentrations of 1.6 x 108 ng/uL, 1.6x 107 ng/pL and 1.6x10° ng/pL
were selected as templates for inter-group and intra-group repeatability tests. Three replicates were performed
for each plasmid content to obtain the within-group coefficient of variation (CV). The three concentration
gradients of plasmid standards were treated as a group, and three independent experimental replicates were
conducted using the optimized real-time fluorescence quantitative PCR method to determine the between-
group coeflicient of variation (CV). Intra-group and inter-group coeflicients of variation were calculated using
the formula: CV% =SD/X x 100%.
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Evaluation of the gPCR assay analyzing of clinical samples

Clinical samples, including fecal specimens, were inoculated into 5 mL of BHI broth. The inoculated broth was
subsequently incubated in a bacterial shaker at 180 revolutions per minute for 16 h. Following this, bacterial
DNA was extracted from the cultured broth according to the manufacturer’s instructions provided with the DNA
extraction kit. The clinical samples collected by the laboratory in 2023 from Sichuan Province were subjected
to detection using the fluorescence quantitative PCR method established in this study, while simultaneously
employing the PCR detection method specified in the national food safety standard (E. coli, GB 4789.6 - 2016). A
comparison was made between the results obtained from both methods to determine the detection rate of DEC
and assess the accuracy of test outcomes.

Statement

This study and included experimental procedures were approved by the institutional animal care and use
committee (IACUC) of Chengdu Research Base of Giant Panda Breeding (2023013). All animal housing and
experiments were conducted in strict accordance with the procedures for care and use of laboratory animals. I
confirm that all methods were performed in accordance with the relevant guidelines and regulations.

Results

Selection of primers and the fluorescent labeled probes

The forward and reverse primers, designed based on 11 genes, were utilized for PCR amplification. All PCR
products were analyzed by electrophoresis, and the results shows that the sizes of all detection bands were
consistent with the expected results (Fig. 1). Upon sequencing by Sangon Biological Company, the obtained
result aligned with the target gene sequence, indicating successful amplification of the desired band.

Optimization of RT-qPCR reaction conditions

After optimizing the primer concentration, probe concentration, and annealing temperature, the optimal
working concentration for each primer was 3.5 pmol/uL, while the optimal working concentrations for each
probe were as follows: invE (3 pmol/pL), stx1 (3.5 pmol/uL), stx2 (4 pmol/pL), sth (3.5 pmol/uL), stp (4 pmol/pL),
It (3 pmol/pL), aggR (3.5 pmol/uL), astA (3.5 pmol/uL), pic (3.5 pmoly/L), bfpB (3.5 pmol/uL), escV (3.5 pmol/
uL). Additionally, the optimal annealing temperature was determined to be 57 °C.

Specificity of detection

Given the potential interference from certain intestinal bacteria on qPCR during clinical applications, we
conducted specificity tests to evaluate the method’s robustness. For this purpose, we selected 11 bacterial strains
for specificity analysis. Using the optimized primers and probes, we performed the experiments. The results
indicated that the DNA of the 11 target genes served as positive templates for specificity testing, demonstrating
high specificity with all non-specific amplification CT values exceeding 35 cycles. Notably, the bfpB and stx2
genes did not exhibit any non-specific amplification within 40 cycles, indicating superior specificity compared
to the other nine genes (Fig. 2).
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Fig. 1. PCR agarose gel electrophoresis results. 1 to 11 correspond to PCR bands for five DEC virulence genes
(pic; sth; stx1; It; escV; invE; bfpB; astA; stx2; stp; aggR). 12 serves as a negative control. M denotes a marker
with a total length of 1000 base pairs (bp).
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Fig. 2. Specificity assay of reaction. (a-k) correspond to specific data for five DEC virulence genes (aggR;
astA; bfpB; escV; invE; It;pic; sth; stp; stx1; stx2). 1-2: Positive control; 3: Negative control; 4-19: Klebsiella
pneumoniae, Pasteurella mul-tocida, Staphylococcus aureus, Proteus mirabilis, Pseudomonas aeruginosa,
Enterococcus faecalis, Aeromonas veronii, Salmonella. The x-axis represents the Ct (Cycle Threshold) value,
while the y-axis denotes RFU, which signifies the intensity of fluorescence signal.

Sensitivity of detection

In clinical applications, the sensitivity of a detection method is a critical evaluation metric. Therefore, this study
aims to assess the sensitivity of the fluorescence quantitative detection method.By utilizing a positive standard
plasmid with a concentration ranging from 1.60x 108 to 1.60 x 10! copies/pL as the template, the optimized
fluorescence quantitative PCR program was employed for amplification purposes. The final results of the
amplification curve demonstrated that the method established in this experiment demonstrated a minimum
detection limit of 1.60 x 10! copies, with the exception of gene stx2 which exhibited a limit of 1.60 x 10? copies
(Fig. 3).

Establishment of a standard curve

The specific amplification curve was obtained through real-time fluorescence quantitative PCR amplification
of the gradient diluted standard (Fig. 4). The probe and matching primers exhibited a robust amplification
relationship within the range of 1.6x10°~1.6x10° copies/uL. Notably, aggR demonstrated an impressive
amplification efficiency of 98.1%, with R*=1 and y-int=40.345. The same pattern was seen for the amplification
efficiency of astA (E=99.2%, R?=1, y-int=39.781), bfpB (E=99.5%, R?=0.999, y-int=41.621), escV (E=99.6%,
R2=1, y-int=39.484), invE (E=100%, R®=0.999, y-int=40.755), It (E=99.8%, R®=1, y-int=40.927), pic
(E=99.8%, R2=1, y-int=39.682), sth (E=99.5%, R®*=1, y-int=41.295), stp (E=98.4%, R2=1, y-int=40.798),
stx] (E=98.8%, R>=0.999, y-int=39.622), stx2 (E=98.8%, R?= 1, y-int =40.875). The standard curve established
in the experiment exhibited excellent linearity, significant regression impact, and high amplification efficiency.

Repeatability of the real-time PCR assay

To verify the stability of this detection method, the experiments on intra-group and inter-group repeatability
were conducted using plasmid standards as templates, with concentrations of 1.6 x 108 copies/puL, 1.6 x 107 copies/
pL and 1.6 x 10° copies/puL, respectively. The results revealed that the variability within the intra-group ranged
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Figure 2. (continued)

from 0.07 to 0.88%, while the variability between inter-group ranged from 0.67 to 1.62% (Table 5). The CV is a
measure of data dispersion. Generally, a CV below 10% indicates low variability in the data. The experimental
results demonstrate that the CV for the method developed in this study was consistently below 1.63%. These
findings indicate that the detection method established in this study exhibits excellent repeatability and stability.

Detection of clinical samples

The clinical samples were analyzed using both the TagMan real-time fluorescent quantitative PCR method
established in this study and the traditional PCR method specified by national standards for detecting five types
of DEC. A total of 122 clinical samples were tested, yielding positive detection rates of 36 and 33 for the two
methods, respectively, with three types of DEC virulence genes identified (Table 6). The detection frequencies of
the astA and escV genes were largely consistent, whereas the detection frequency of the pic gene was marginally
higher compared t o that obtained using traditional PCR. The results indicate that the detection method
developed in this study demonstrates a high level of consistency with the national standard detection method
while exhibiting greater sensitivity (Fig. 5).

Discussion

E. coli is one of the most important and widely studied etiologic agents of diarrhea worldwide?*?!. However,
not all E. coli strains isolated from diarrheal patients or animals are pathogenic because commensal E. coli
also extensively colonize the gut???. Therefore, distinguishing pathogenic strains from nonpathogenic ones is
critical for controlling DEC infections?!. Unfortunately, molecular diagnostics do not work well for all DEC
pathotypes, in particular due to issues defining molecular targets for EAEC*. In the selection of virulence
genes, we conducted a comprehensive review of pertinent research reports?®~8, and compared our findings
with the testing standards outlined in Chinese national standard. A high degree of concordance was observed
between the selected virulence genes in both sources. Given that this methodology is primarily intended for
application within China, we opted to adopt the virulence genes specified in the Chinese national standards
as the target genes for this study. In addition, high rates of asymptomatic carriage in epidemiological studies
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Fig. 3. Sensitivity assay of reaction. (a-k) correspond to sensitivity data for five DEC virulence genes (aggR;
astA; bfpB; escV; invE; It;pic; sth; stp; stx1; stx2). The x-axis represents the Ct (Cycle Threshold) value, while the
y-axis denotes RFU, which signifies the intensity of fluorescence signal.
indicate inconsistent relationships between marker gene presence and diarrhea symptoms?. qPCR and ddPCR
are extremely sensitive, allowing for the detection of very small amounts of pathogen, which may or may not
represent biologically or clinically relevant infections®. Nonetheless, both established and emerging PCR-based
methods are critical for detecting and diagnosing DEC pathotypes in both clinical and research settings.
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Figure 3. (continued)

At present, PCR-based molecular methods are widely employed for the detection and research of DEC,
given their sensitivity, specificity, relative swiftness, and ease of application. In contrast to conventional PCR,
which observes PCR products via gel electrophoresis, QPCR amplification is measured by fluorescent reporter
molecules and quantifies the target in relation to a standard curve. Currently, some laboratories have developed
real-time PCR detection methods for E. coli detection. The minimum detection concentration of avian E. coli
can be detected by real-time PCR methods ranging from 1x 102 to 4.69 x 102 copies/uL>""*2. For porcine E.
coli’s five virulence factors’ single fluorescent quantitative PCR assay, the minimum detection limit ranged from
3.05x 101 to 1.20x 102 copies/uL>?. The sensitivity of our study’s method was determined as 1.60 x 102 copies
while other genes had a higher sensitivity at 1.60x 101 copies. Newer tools have also been utilized for DEC
pathotype detection. Among them are Luminex and BioFire panels aimed at detecting and diagnosing a series of
gastrointestinal pathogens®*3°. Both the Luminex and BioFire platforms leverage known DEC pathotype targets
to furnish rapid diagnostic outcomes in clinical contexts*®. Other emerging approaches, such as digital droplet
PCR (ddPCR) and Tagman array card technology®’, are conducive to enhancing the amplification, detection,
multiplexing, and automation capabilities for DEC pathotypes.

Furthermore, the method established herein also presents certain limitations. For example, within the
reaction systems of different genes, there exist considerable disparities in fluorescence intensity: the minimum
fluorescence intensity is merely 3000 RFU, while the maximum can reach 12,000 RFU. Additionally, during the
experimentation, we observed that the stability of the experimental results in systems with lower fluorescence
signals is marginally inferior to that in systems with higher fluorescence signals. Secondly, in the specificity
experiment, we identified the possibility of false positives emerging after more than 35 cycles. Hence, although
the qPCR method demonstrates superior sensitivity, in practical clinical applications, we ought to impose
constraints on the interpretation criteria of the detection results to more effectively avoid false positive outcomes.

In the future, this method is slated to be incorporated into commercial detection kits in the form of
prefabricated plates, not only further escalating the detection rate but also significantly simplifying the
operational process. Even non-professional researchers can promptly commence the testing by merely adding
the sample DNA into the corresponding wells, offering substantial facilitation for clinical applications.

Conclusion

In conclusion, this study successfully developed a qPCR method capable of accurately detecting five types
of DEC. This novel approach demonstrates high sensitivity and specificity, providing a reliable tool for the
detection and monitoring of DEC in clinical and research settings. The RT-qPCR detection approach established
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Fig. 4. Standard curve as was calculated by the BIO-RAD CFX Maestro qPCR software. (a-k) correspond to
standard curve for five DEC virulence genes (aggR; astA; bfpB; escV; invE; Itpic; sth; stp; stxI; stx2). The x-axis
represents the logarithm of varying concentrations of gradient plasmids, while the y-axis denotes the Cq value,

also referred to as the threshold cycle number.

in this research has been successfully utilized for the routine surveillance of clinical samples from both giant
pandas and red pandas at the Chengdu Research Base of Giant Panda Breeding. Previously, this base adopted the
traditional PCR method as stipulated in the national standard (GB4789.6 - 2016) for detection. By contrast, the
RT-qPCR method developed in this study exhibited remarkable superiority in terms of sensitivity and efficiency.
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Figure 4. (continued)

Intra-group CV Inter-group CV
Plasmid | Concentration of plasmid (copies/uL) | Ct CV/% | Ct CV/%
1.6x 108 13.32+0.03 | 0.22 13.41+£0.11 | 0.82
aggR 1.6x 107 16.54+0.07 | 0.42 16.64+£0.22 | 1.32
1.6x 10° 20.35+0.08 | 0.39 20.49+0.26 | 1.27
1.6x 108 12.82+0.02 | 0.16 12.78+0.19 | 1.49
astA 1.6x 107 16.26+0.08 | 0.49 16.15+£0.18 | 1.11
1.6x 106 20.02+0.06 | 0.30 19.11+£0.27 | 141
1.6x 108 13.17+0.09 | 0.68 13.32+0.14 | 1.05
pic 1.6x 107 16.34+0.04 | 0.24 16.31£0.18 | 1.10
1.6x 106 19.62+0.10 | 0.51 19.51+£0.28 | 1.44
1.6x 108 14.43+£0.08 | 0.55 14.22+£0.19 | 1.34
bfpB 1.6x 107 18.05+0.08 | 0.44 17.92+0.21 | 1.17
1.6x 106 21.71£0.19 | 0.88 21.50+£0.25 | 1.16
1.6x 108 12.56+0.07 | 0.56 12.32+0.15 | 1.21
escV 1.6x 107 16.23+0.08 | 0.49 16.38+0.12 | 0.73
1.6x 106 19.41+£0.09 | 0.46 19.73+£0.24 | 1.22
1.6x 108 12.96+0.02 | 0.15 12.76 £0.17 | 1.33
stx1 1.6x 107 16.01+0.08 | 0.50 16.21+0.15 | 0.93
1.6x 106 19.42+0.13 | 0.67 19.35+£0.13 | 0.67
1.6x 108 14.37+0.05 | 0.35 14.21+£0.23 | 1.62
stx2 1.6x 107 17.53+0.05 | 0.29 17.42+0.26 | 1.49
1.6x 106 21.35+0.08 | 0.37 21.24+0.17 | 0.80
1.6x 108 14.07+0.01 | 0.07 14.28+0.16 | 1.12
It 1.6x 107 17.52+0.06 | 0.34 17.66+0.27 | 1.53
1.6x 10° 21.02+0.02 | 0.10 21.20+0.24 | 1.13

Table 5. Reproducibility of the RT-qPCR assay for DEC detection.
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Detection method | Sample quantities | Positive Samples | Positive rate (%) | Positive genotype | Genotype detection rate (%) | Genotype detection quantities
astA 91.7 33
Taq Man qPCR 122 36 29.5 escV 30.6 11
pic 11.1 4
astA 100 33
PCR 122 33 27.0 escV 30.3 10
pic 6.1 1

Table 6. Clinical sample testing of the RT-qPCR assay for DEC detection.

(a) (b)

Taq Man gPCR PCR

Sample Quantities Sample Quantities Positive Genotype

[
escV

- pic

Genotype Detection Quantities Positiye Samples Genotype Detection Quantities Positiye Samples

Genotype Detection Rate Positive Rate Genotype Detection Rate Positive Rate

Fig. 5. The radar charts presented in (a, b) illustrate the clinical detection results of Tagman qPCR and
conventional PCR, respectively. The various colors in the diagram represent different detection results of the
virulence genes identified. Based on the graphical representation, it is evident that both detection methods
exhibit a high level of consistency in their results.

Furthermore, the outcomes derived from the new method were highly congruent with those from the national
standard detection procedures.
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