
Article Not peer-reviewed version

Evaluation of Sensitivity and Applicability

of a Droplet Digital Pcr Assay for

Simultaneous Detecting Pseudomonas

aeruginosa and Pseudomonas fragi in

Foods

Ju Huang , Ligong Zhai * , Junyin Wang , Xiaotian Sun , Baoshi Wang , Zhaohui Wei

Posted Date: 3 April 2024

doi: 10.20944/preprints202404.0262.v1

Keywords: Pseudomonas aeruginosa; Pseudomonas fragi; simultaneous detection; droplet digital PCR

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.



 

Article 

Evaluation of Sensitivity and Applicability of a 
Droplet Digital PCR Assay for Simultaneous 
Detecting Pseudomonas Aeruginosa and 
Pseudomonas Fragi in Foods 
Ju Huang, Ligong Zhai *,Junyin Wang, Xiaotian Sun, Baoshi Wang and Zhaohui Wei 

Department of Food Engineering College, Anhui Science and Technology University, Fengyang 233100, China 
* Correspondence: gavin340@126.com 

Abstract: Achieving effective control over microbial contamination necessitates the precise and concurrent 
identification of numerous pathogens. In this research, we have devised a remarkably sensitive duplex droplet 
digital PCR (dddPCR) reaction system to simultaneously detect Pseudomonas aeruginosa (P. aeruginosa) and 
Pseudomonas fragi (P. fragi). Employing comparative genomics, we identified four genes of P. fragi. By specific 
analysis, RS22680 gene was selected as the detection target of P. fragi and LasR gene was chosed as P. aeruginosa, 
which were applied to construct a dddPCR reaction. In terms of specificity, sensitivity and anti-interference 
ability, the constructed dddPCR detection system was verified and analyzed. The assay showed excellent 
sensitivity and applicability, as evidenced by a limit of detection of 100 CFU/mL. When the concentration of 
natural background bacteria in milk or fresh meat was 100 times that of the target detection bacteria, the method 
was still capable of completing the absolute quantification. In the simulation of actual sample contamination, P. 
aeruginosa could be detected after 3 h of enrichment culture, and P. fragi could be detected after 6 h. The 
established ddPCR detection system exhibits exceptional performance, serving as a foundation for the 
simultaneous detection of various pathogenic bacteria in food products. 

Keywords: Pseudomonas aeruginosa; Pseudomonas fragi; ; simultaneous detection; droplet digital PCR 
 

1. Introduction 
As a common food safety hazard, microbial contamination seriously affect human life and 

health[1]. There are many kinds of microorganisms with different sources, and the same bacteria 
include many taxonomically related species. Pseudomonas complex group has been called as a 
“hodgepodge” for decades, it contains P. aeruginosa, P. fragi, Pseudomonas fluorescens, etc[2,3]. It is 
well-known that P. aeruginosa is a common bacterium, which is widely found in water and other 
environments in nature[4]. It has strong drug and high temperature resistance and prefers humid 
environments[5]. Therefore, it is easy to cause P. aeruginosa contamination during food processing 
and storage. Studies have shown that the detection rate of P. aeruginosa in drinking water in China 
can reach 10 %[6]. Legesse Garedew et al.isolated and identified 54 kinds of bacteria in milk 
containers, of which 18.5% were P. aeruginosa[7]. In addition, due to drug resistance and dense 
biofilms, P. aeruginosa has a very high growth advantage in animal-derived foods[8–10]. Although it 
does not have a direct fatal hazard to the human body, once infected, the body may appear vomiting, 
diarrhea, fever and other symptoms. Therefore, the pollution of P. aeruginosa must be strictly 
controlled.  

In contrast, P. fragi was known as“specific spoilage organisms”which is abundant in chilled 
meat[11]. It can survive for a long time at low temperature and decompose the protein in food, which 
makes the food lose its original freshness and taste, seriously affecting the appetite of 
consumers[12,13]. It is reported that 21 % of the huge losses of meat products are caused by microbial 
spoilage[14]. When microorganisms work together to contaminate food, there is a situation in which 
some strains dominate. Zhang et al. found P. fragi exhibited a clear predominance in cold chain 
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food[12]. Wang et al. discovered that P. fragi showed the strongest spoilage potential in chilled 
chicken[15]. In addition, P. fragi is extremely easy to contaminate aquatic products such as salmon 
due to its ability to form a psychrotrophic biofilm[16,17]. P. fragi CGMCC 1.7759 isolated from the sea 
surface of the Arctic proved the growth advantage in low temperature environment. It is likely to be 
polluted during food processing, transportation and storage, especially for fresh, refrigerated and 
frozen foods that have not been subjected to high temperature treatment or other forms of 
disinfection or preservation. 

At present, the gold standard for the identification of the pathogens is bacteriological culture 
which is complex, time-consuming and unable to detect those strains that are difficult to culture or 
lack specificity[18]. More simple and accurate detection methods such as molecular detection, 
enzyme-linked immuno-sorbent assay, electrochemical detection have been developed[19,20]. 
Molecular methods have shown great excellence in accurate detection[21]. It uses comparative 
genomics methods to detect bacteria based on specific nucleic acid sequences. However, the accuracy 
of this methods for P. aeruginosa is not enough. A large number of specific sequences were used to 
verify the specificity of molecular experiments to detect P. aeruginosa[22]. Furthermore, Murugan et 
al. used multiple pairs of primers to detecte P. aeruginosa by mPCR in order to determine the 
accuracy[23]. So far, there is less reported molecular method for detecting P. fragi in the literature, 
and most of the studies are about their genes and mechanisms[24]. Therefore, it is necessary to 
develop more sensitive and accurate molecular detection methods for the identification of 
microorganisms. 

Digital PCR technology is continuously improved on the basis of polymerase chain reaction[25]. 
It can achieve absolute quantitative detection and shows great superiority in molecular detection. 
Digital PCR divided reaction system into a large number of independent micro-reaction units, and 
the nucleic acid copy number was calculated according to the Poisson distribution and the positive 
ratio[26]. This method can accurately detect the target bacteria, and has a significant advantage in 
accurately judging the complex flora[27]. P. aeruginosa is a pathogenic bacterium, and P. fragi is a 
spoilage bacterium. Both of them belong to Pseudomonas Genus and endanger food. To satisfied the 
need for accurate, sensitive and multiplex detection, this assay established a molecular method for 
testing P. aeruginosa and P. fragi at the same time in the same device. Using the method of comparative 
genomics, RS22680 and LasR were identified as detection targets. Primers and probes were designed 
based on these two genes and dddPCR detection was constructed. The effectiveness of the reaction 
system was proved by sensitivity, anti-interference ability experiments and artificially simulated 
contaminated samples. This can help to identify the types and quantities of bacteria in food achieving 
food quality control and reducing loss. 

2. Material and methods 

2.1. Sample preparation 

Samples（raw chicken and potable water) were purchased in a supermarket in ChuZhou, Anhui, 
China. Fresh milk was obtained from Dutch dairy cows ( Heping Dairy Ranch, Bengbu City, Anhui 
Province, China ) through aseptic sampling and sent back to the laboratory for processing as soon as 
possible at low temperature. The raw chicken was cut into small pieces and frozen at -20℃for 
subsequent experiments. For the latter experiments of artificial pollution commercial sample, 
purchased drinking water, sterile milk and raw chicken were identified by microbial culture method 
without P. aeruginosa or P. fragi.   

2.2. Strain culture and DNA extraction 

The strains used in this experiment were all from standard strains purchased from formal 
channels. P. aeruginosa was cultured in a Luria-Bertani (LB) broth at 37 ◦C for 18 h, and P. fragi was 
cultured at 30 °C. Other bacteria used for specificity analysis were activated according to the culture 
instructions. DNA was extracted using the bacterial genome extraction kit (Shanghai Sangon Biotech, 
China), and the concentration was determined under a spectrophotometer (NV3000C VASTECH 
INC)and stored at-20 °C. Genomic DNA of chilled meat was extracted by modified the direct lysis 
(DL) method[28]. The sample solution was mixed by ultrasonic treatment for 5 min and incubated 10 
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min in a boiling water bath. Finally, the sample was centrifuged at 10,000rpm for 5 min and the 
supernatants were collected as the reaction template. 

2.3. Screening of specific genes of P. aeruginosa and P. fragi 

Three whole genome sequences of P. fragi (GeneBank: GCA_002128325.1, GCA_02986945.1, 
GCA_000250595.1)were obtained from NCBI(https://www.ncbi.nlm.nih.gov/). Sequence alignment 
of P. fragi was performed by NCBI Nucleotide-BLAST(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Each 
CDS of P. fragi was matched using BLASTN, and those exhibiting low homology with non-
Pseudomonas spp. and high homology with all P. fragi (E-value<1e-200, Query Cover≥99%) were used 
as candidate detection targets. LasR, gyrB and rpoB were finally selected as the P. aeruginosa candidate 
genes according to the reported literature[29] [30]. The specificity of gene were analyzed using NCBI 
Primer-BLAST. The genetic information involved in this paper was shown in Table 1. 

In order to ensure the accuracy of specific genes，primers were designed according to candidate 
genes and 20 strains of non-Pseudomonas fragi and non-Pseudomonas aeruginosa were used for 
comparative analysis. The specificity result was analyzed by PCR experiments and agarose gel 
electrophoresis imaging. The primers used in the experiment are shown in Table 1 and the PCR 
reaction was performed in 25 μL amplification mixture containing 1 μL of the DNA templates, 12.5 
μL 2×Reaction Mix（Dongsheng Biotechnology Co., Ltd. GuangDong, China), 1 μL each primers F 
and R(10 μM), 8.5 μL sterilized ultrapure water. 

Table 1. The candidate genes and primers of P. aeruginosa and P. fragi used in PCR specificity 
verification experiments. 

Source gene Annotation Primer Sequence(5’-3’) Source 

P. fragi 

RS22665 
Transcriptional 

regulatory protein 
pf1-7 

ATAACGGCAAGAACACCA 

In this study 

CCAAACACGCCTCTGAAC 

RS22680 
NeuD/PglB/VioB family 
sugar acetyltransferase 

pf1-18 
GGCACAAGTCAATGGTCG 
CACAGTCAGGGCAAGGAT 

RS10890 triacylglycerol lipase Pf3-21 

CCTTGAATGCGCTTAACGC
CCTGACCACC 

CGTAGACCCGGTCCAGTA
GGCGAGGCTGAT 

ribA GTP cyclohydrolase II Pf3-13 

CGATGTATTCGGGTCCAGA
CGCTGTGATT 

ATAGTGGTAGTTGTCTTGG
GACGGTAGGC 

P. aeruginosa 

LasR 
Transcriptional 

regulatory protein 
lasR1 

CGAGAACGCCTTCATCGTC
GGCAACTACC 

In this study 

GAAGAACTCGTGCTGCTTT
CGCGTCTGGTA 

gyrB DNA gyrase subunit B gyrB2 

ATCCGCACCCTGCTGTTGA
CCTTCTTCTTCCG 

TGATGTACTGCTCCTGCTT
GCCACGCTTGACC 

rpoB 
DNA-directed RNA 

polymerase beta chain 
rpoB3 

TGCCCGATCGAAACCCCT
GAAGGTCCGAA 

ATCTCGTCGGTTACCAGGC
TGTCCTTGACT 

2.4. Primers, probes design for dddPCR and specificity verification 

Through the specific genes of P. aeruginosa and P. fragi were screened out, primers and probes 
were designed according to the experimental requirements based on the highly conserved region, as 
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shown in Table 2. The primers and probes were designed by primer 3.0 and synthesized and purified 
in Sangon Biotech, Shanghai, China. In order to identify the accuracy of the primers designed in the 
experiment, the specificity of digital PCR primers was verified by qPCR for common bacteria and 
other Pseudomonas. This includes 5 other Pseudomonas strains and 5 common bacteria. The genomes 
of these 10 strains were used as templates for reaction, and the results of qPCR were used to 
determine the specificity of primers and probes.   

Table 2. The primers and probes in the dddPCR assay for detection of P. aeruginosa and P. fragi. 

Bacterial 

strains 
gene primer Sequences of primer(5’-3’) PCR product source 

P. 

aeruginos

a 

LasR 

Pa-2F AGCCGGGAGAAGGAAGTGTT 

80 bp 
In this 

study 

Pa-2R TCCGAGCAGTTGCAGATAACC 

Pa-2P 

VIC-

TGCGCCATCGGCAAGACCAGT-

BHQ1 

P. fragi 
RS2268

0 

Pf-2F GGCCGGCACGCAAGT 

59 bp 
In this 

study 

Pf-2R 
CTTGGACAGTAGCGAAAAACG

A 

Pf-2P 

FAM-

TGTCGAGAAGCCAGTCTCCGT

GTTCC-BHQ1 
 

2.5. Establishment of the dddPCR assay  

The dddPCR mixture composition was list in the Table 3 and operation protocol used was as 
follows. After all the solutions were fully mixed, 14 μL admixture was sucked into the sample port 
of the chip which formed a water-in-oil reaction system. The instrument introduces the reaction 
mixture and mineral oil into the microfluidic chip by negative pressure method, and then absolute 
quantitative analysis was performed by PCR amplification. The thermocycling protocol for the 
quantification included a 10 min hot start at 95 ℃ and 40 cycles of PCR (96 ℃ for 20 s and 60 ℃ for 
60 s). The whole step is completed in a closed environment in the machine, and the test results are 
obtained by Poisson distribution calculation. 

Table 3. The reaction system of dddPCR assay. 

Component Addition 

5× MIX 4.5μL 

Primer 1-F（10μM） 1μM 

Primer 1-R（10μM） 1μM 

Primer 2-F（10μM） 1μM 

Primer 2-R（10μM） 1μM 

Probe1（10μM） 0.25μM 

Probe2（10μM） 0.25μM 

ROX dye  0.3μL 

Enzyme  0.2μL 

Template 1 1μL 
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Template 2 1μL 

Complemented by water to 15μL 

2.6. Establishment of standard curve 

With the purpose of evaluating the reliability of dual reaction system on the chip, the ddPCR 
method was used to generate the standard curves for the detection of P. fragi and P. aeruginosa. The 
linear relationship between the detection of P. fragi and P. aeruginosa by digital PCR was calculated 
by adding 2, 4, 8 and 16 times template concentration. The copy value of the sample detection is 
obtained by the following calculation formula. 

C（copies/μL) =
P × V
V1 × D

 

where P is the mean software output value, V is the total reaction volume , V1 is the  amount of 
nucleic acid added and D is the dilution multiple. 

2.7 Sensitivity test of dddPCR detection 
Genomic DNA sensitivity and bacterial suspension sensitivity of the ddPCR method were test. 

The whole genome DNA template of P. aeruginosa and P. fragi strains were extracted and determined, 
which the concentration were serially diluted 106 to 101 fg/μL. P. aeruginosa and P. fragi cells were 
continuously diluted to the final concentration of 100-105 CFU / mL after plant counting. These DNA 
templates are used for subsequent sensitivity evaluations. 

2.8. Anti-interference ability evaluation 

Bacteria usually coexist in a mixed population in food and environmental samples. In order to 
evaluate the accuracy of the reaction system in the presence of other interfering bacteria, different 
concentrations of P. fragi and P. aeruginosa were mixed with the natural background flora in the 
collected food samples. To obtain the natural background flora of milk，25 mL of untreated fresh 
milk collected from pastures was cultured in 225 mL of LB at 37 ℃ for 18 h, and the natural 
background flora of cold fresh chicken was also enriched by this method. Plate counts were 
performed on all selected bacteria to determine the concentration of cells in the mix and gradiently 
diluted to a concentration of N×102-107 CFU / mL ( 1 < N < 10 ). The counting results showed that the 
concentration of natural background bacteria in raw milk was 5.4×107 CFU / mL, and the 
concentration of natural background bacteria in chicken was 1.72×108 CFU / mL. The genome of the 
mixed bacteria extracted from the gradient diluted flora were used for the template of dddPCR 
reaction. 

2.9. Evaluation of artificial simulated contamination of actual samples 

To evaluate the applicability of the proposed methods, several foods with contamination rates 
of P. aeruginosa and P. fragi were selected as samples for simulation analysis. P. aeruginosa and P. fragi 
were inoculated in drinking water, sterile milk and cold fresh chicken, respectively( Initial 
concentration of inoculation：102 CFU / mL，inoculation proportion: 10 % ). The genomes were 
extracted for dddPCR detection after 0, 3, 6, 9 and 12 h of culture, respectively. All samples through 
the traditional method of microbial culture to ensure that there is no target gene to be detected. The 
reaction system and conditions according to the above instructions, the presence of contamination 
was evaluated by a sterile double distillation water without template control ( NTC ) reaction. 

3. Results and discussions 

3.1. Analysis of candidate gene selection 

A total of 13613 genes were screened according to the whole genome sequence of three groups 
of P. fragi uploaded from the database, and 38 specific genes were obtained. The homology and 
coverage of 38 genes of P. fragi were 100 %, and the homology with other bacteria was very weak. 
Furthermore, four highly specific regions were found which could be used as selectable targets. The 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 April 2024                   doi:10.20944/preprints202404.0262.v1



 6 

 

primers designed were predicted no cross-reactivity with other species by the Primer-BLAST tool 
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The primers were designed according to the 
specific gene, and the specificity of the primers was verified by PCR as a target gene to determine 
whether the gene could be used as a quasi-specific gene for subsequent dddPCR reaction. The 
specificity results showed in Table 4 that RS22680 gene of P. fragi, and LasR gene of P. aeruginosa had 
high accuracy and could be used for subsequent dddPCR experiments. 

Table 4. The results of PCR analysis of species-specific genes. 

Bacterial strains Source 

Results 

LasR rpoB gyrB 
RS22

665 

RS22

680 

RS10

890 
ribA 

Pseudomonas fragi SHBCC D24613 - - - + + + + 

Pseudomonas fragi CGMCC1.3349 - - - + + + + 

Pseudomonas fragi 
Laboratory 

isolates 
- - - + + + - 

Pseudomonas 

aeruginosa 
ATCC 15442 + + + - - - - 

Pseudomonas 

aeruginosa 
ATCC 27853 + + + - - - - 

Pseudomonas 

aeruginosa 
DSM 939 + + + - - - - 

Pseudomonas 

aeruginosa 

Laboratory 

isolates 
+ + + - - - - 

Pseudomonas 

fluorescens 
ATCC 13525 - - - + - + - 

Pseudomonas putida ATCC 49128 - + - - - - + 

Pseudomonas 

pseudoalaligenes 
CGMCC1.10611 - - - - - - - 

Pseudomonas 

mendocina 
ATCC 25411 - + - - - - + 

Pseudomonas 

stutzeri 
ATCC 17588 - - - - - - - 

Pseudomonas 

alcaligenes 
ATCC 14909 - - - - - - - 

Pseudomonas 

cepacia 

SHBCC D 

14769 
- - - - - - - 

Pseudomonas putida ATCC 17485 - - - - - - - 

Pseudomonas 

fluorescens 
GIM1.110 - - - - - + - 

Pseudomonas 

fluorescens 
ATCC 17397 - - + - - - - 

Staphylococcus CICC 10788 - - - - - - - 

Enterococcus avium ATCC 14025 - - - - - - - 
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Bacillus pumilus CMCC 63202 - - - - - - - 

Listeria 

monocytogenes 
CICC 21622 - - - - - - - 

salmonella enterica CICC 21482 - - - - - - - 

Cronobacter 

sakazakii 
CICC 21560 - - - - - - - 

Cronobacter 

universalis 
NCTC 9529 - - - - - - - 

salmonella anatum CICC 21498 - - - - - - - 

Escherichia coli ATCC 25922 - - - - - - + 

Bacillus cereus CICC 23384 - - - - - - - 
Note: +: positive result; -: negative result. 

3.2. Evaluation of dddPCR reaction system construction results 

In this experiment, two luminescence channels, FAM and VIC were selected for dddPCR assay. 
The experimental results were shown in Figure 1. The effective droplet generation was greater than 
20000, the negative droplet and the positive droplet were evenly distributed, and the counting was 
effective. There was no interference in the absolute quantitative detection between the two, and the 
constructed dual reaction system had excellent detection results. Zhang et al. successfully detected 
Salmonella and Shigella by ddPCR[31]. Luo et al. detected Staphylococcus aureus in the mixture by 
digital PCR[32]. More researchers have focused on the improvement of digital PCR technology. Yin 
et al. established a multiplex digital PCR method without extracting ctDNA to reduce the reaction 
steps[33]. Xie Tengbao et al. avoided the interference of cross primers and the overlap of fluorescence 
in a single-tube by physical separation[34]. Simpler and more practical multiple detection methods 
still urgent to be developed. The dual channel designed in this assay could accurately detect both 
microorganisms at the same time, and the luminescent groups used had no interference with each 
other.  

 
Figure 1. Result of the establishment of a dual detection system. Note:  P. fragi reaction positive,  P. 
aeruginosa reaction positive,  P. fragi & P. aeruginosa reaction positive,  P. f ragi & P. aeruginosa 
reaction negative. 

3.3. Linear relationship analysis of the reaction system 
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The linear relationship of the established dual detection system showed excellent superiority as 
Figure 2 shown. A linear correlation of P. aeruginosa between the detected and theoretical ratios was 
obtained with R2 of 0.9989. Additionally, the obtained and expected values of P. fragi showed a good 
linear correlation (R2 = 0.9995) . The standard curve for detecting P. fragi did not cross the origin. 
According to the analysis of the reported literature, the reason for this phenomenon may be : different 
types of fluorescein dyes have different signal intensities when they are accepted during 
luminescence and quenching, or there is an advance or delay in the machine acceptance signal[35]. 
Fluorescein amidites (FAM), Cyanine (Cy) and carboxy-X-rhodamine (ROX) are the most common 
fluoresceins, which are received by signals by releasing reporters to change the emission 
wavelength[36]. By utilizing these changes, the luminescence sensors about “off-on”,”on-off” could 
be used to measure the concentration of the target analyte. Liu et al. designed a dual-channel sensor, 
each channel marked distinctly by FAM and ROX[37]. The FAM fluorescein exhibits particularly 
excellent sensitivity in detection. However, this also leads to background signal interference in the 
strong fluorescence signal. In terms of accuracy, it is necessary to increase the quality control point 
as the basis for judging the positive test results. After multiple template-free parallel experiments，
the experimental results about FAM channel were less than 30 copies was judged to be negative . In 
contrast, the VIC channel could achieve absolutely accurate detection. When there is no template, the 
luminescence signal cannot be detected. Veronica Bolzon et al. distinguished Listeria spp. and Listeria 
monocytogenes by using VIC as the internal control of reaction[38]. Therefore, in the development of 
multiple detection methods, the selection of fluorescein is also very important. Different types of 
fluorescein need high accuracy and no interference with each other. In the future, multiple high-
sensitivity detection will surely have better development in food safety and public health[39]. 

 
Figure 2. Linear relationship analysis of P. fragi and P. aeruginosa detected by ddPCR method. 

3.4. Analysis of specific primers for dddPCR 

In the previous target gene screening experiment, we knew that the RS22680 gene of P. fragi and 
the LasR gene of P. aeruginosa had good specificity. The primer and probe of the dddPCR detection 
system was designed by these two genes, and the results are shown in Figure 3. P. fragi and P. 
aeruginosa could be well detected, and other bacteria had no positive reaction. The experimental 
results showed that the primer Pa-2 designed according to the gene LasR had significantly excellent 
specificity for the detection of P. aeruginosa. No cross-reactivity was observed with Escherichia coli, 
Listeria monocytogenes and other Pseudomonas. In order to detect the accuracy, researchers have 
developed a lot of methods. By designing targeted crRNA , P. aeruginosa was determined combining 
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with CRISPR technology[6]. Xiang yong et al. used cross priming amplification to detect P. aeruginosa 
to determine the accuracy of the results[40]. A fluorescent biosensor combining with the DNAzyme 
and a new approach using pseudopaline-based probes were designed for the effective detection of P. 
aeruginosa[41,42]. Researchers have always been committed to identifying hazards more accurately 
through various methods. 

 
Figure 3. Specific results of dddPCR detection of P. aeruginosa and P. fragi Note: A: Specific results of 
P. aeruginosa; B: Specific results of P. fragi. 

3.5. Sensitivity analysis of genome and colony detection by dddPCR 

The accuracy of this established dddPCR platform for simultaneous detection of P. aeruginosa 
and P. fragi was evaluated by comparing the measured concentration for each genomic DNA and 
colony. For the sensitivity evaluation of genomic DNA, the result showed that a weak signal value 
was generated when the DNA template concentration was lower than 5.4×103 fg /μL. Through the 
previous determination of the control point of FAM fluorescein detection, more than 30 copies values 
were judged to be positive. Therefore, the lowest detection limit of P. fragi was 5.4×103 fg /μL. The 
minimum detection limit of P. aeruginosa was 3.6×102 fg /μL.(Figure 4.) 

In the sensitivity evaluation of bacterial suspension template, the detection limits of P. fragi and 
P. aeruginosa were all in single-digit (Figure 5.). At present, CRISPR technology is used to detect P. 
aeruginosa, with a minimum of 50 CFU / mL[6].Wang et al.detected Salmonella by digital PCR with a 
sensitivity of 10−4 ng /μL or 102 CFU / mL which sensitivity is lower than the results detected in this 
assay[43]. According to the specific genes screened, the primers designed in this experiment showed 
a particularly good sensitivity. However, the high sensitivity of digital PCR limits the detection range 
to a certain extent. When the number of bacterial colonies exceeded 104 CFU / mL, the statistical 
results were invalid due to sufficient luminescent points when calculating the positive results. 
Combining with DNAzyme sensor, Qin et al. detected P. aeruginosa can reach 1.2 CFU / mL[41]. The 
detection results are comparable to the results of P. aeruginosa detection in this paper, and the 
detection range is wider. However, dddPCR is easier to achieve multiplex detection and lower cost. 

 
Figure 4. Genomic sensitivity analysis of dddPCR assay 
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Figure 5. Colonial sensitivity analysis of dddPCR assay 

3.6. Analysis of anti-interference ability  

The purpose of this test was to validate the accuracy of simultaneous detection for P. fragi and 
P. aeruginosa under the background microbiota. In this experiment, the natural background flora of 
fresh milk and chilled meat were selected as the interference factor to explore the accuracy of this 
method in detecting P. aeruginosa and P. fragi in the case of rich microbial species. The bacterial 
concentration of P. aeruginosa was 1.5×108 CFU/mL after culture, and that of P. fragi was 1.8×108 
CFU/mL. After ten-fold gradient dilution, it was used for anti-interference experimental analysis. The 
results showed that different natural background flora have no effect on the detection of P. aeruginosa. 
As the Figure 6 showing, the sensitivity of P. fragi was slightly affected under the natural background 
flora concentration of milk at 103 CFU / mL. This result might be due to the existence of strains in 
fresh milk that have a greater growth advantage than P. fragi, and there was a phenomenon of 
competitive inhibition. Previous studies had shown that E.coli was able to coexist with spoilage 
Pseudomonas, which would lead to meat food spoilage and has a clear leading role than other 
microorganisms[44,45]. We guess microorganisms in fresh milk may have more dominant strains，
which may affect the detection of the P. fragi. Whether the concentration of the background flora will 
affect the sensitivity of the detection was also verified. When the concentration of natural background 
bacteria was higher or lower than 103 CFU / mL, the detection results were stable. This indicates that 
the detection method we established still has a great sensitivity even under the interference of other 
background bacteria.  
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Figure 6. Sensitivity evaluation of ddPCR method in the presence of food natural background flora. 
Note: Ⅰ：The concentration of natural background bacteria in milk was 5.4×103 CFU/mL；Ⅱ：The 
concentration of natural background bacteria in chicken was 1.72×103 CFU/mL; NaN: Invalid result 

3.7. Analysis of test results of artificially contaminated food 

To evaluate the feasibility and reliability of the dddPCR assay, detection of P. fragi and P. 
aeruginosa in artificially spiked samples was performed. P. aeruginosa and P. fragi obtained from the 
overnight culture was inoculated of nutrient broth at a ratio of 10% to achieve artificially 
contaminated samples with an initial contamination level of N×100.   The results showed that the 
target bacteria could not be detected without enrichment culture. After 9 h of culture in milk, the 
growth of P. aeruginosa and P. fragi was significantly higher than that in chilled chicken or drinking 
water. This result suggests that nutritious and uniform food is more conducive to the growth of 
microorganisms, and this type of food should be regularly controlled and monitored. The results 
showed that cold fresh chicken was more susceptible to microbial infection between 0-6 h after 
inoculation with Pseudomonas, which also proved that the water activity of raw meat was more likely 
to nourish bacteria. Longer detection time may reflect the growth status of Pseudomonas in different 
substrates, but the high sensitivity of ddPCR limits the wide range of detection. The experimental 
results also showed that there were great differences in the growth status of the two bacteria, even if 
both bacteria belonged to Pseudomonas genus. P. fragi has the advantage of long-term survival in the 
environment. In the other hand, P. aeruginosa is easier to achieve early control.  

Although the recent detection methods have made great progress, there is still a lot of room for 
development in the detection and analysis of hazardous substances in food. The composition of food 
will still greatly affect the accuracy and sensitivity of the detection. Future research will still focus on 
stability, sample pretreatment and mutual interference. The development of multiple detection 
methods that can meet the current detection needs is of great significance for food safety monitoring. 

 
Figure 7. Analysis of the detection results of artificially P. fragi and P. aeruginosa in food. 

4. Conclusion 

Based on two-color fluorescent probes, we developed a dddPCR detection system that detected 
P. aeruginosa and P. fragi simultaneously. Both bacteria were accurately detected using the duplex 
ddPCR method, and the mean R2 values were greater than 0.95. Furthermore, the sensitivity was 
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higher than other reported PCR techniques. No significant effect on the test results was observed in 
the presence of natural background bacteria in chicken or milk. Moreover, this method can detect 100 

CFU/mL of bacterial DNA , and the detection genomics DNA limit was 102 fg/μL. The applicability 
of artificially infected drinking water, milk and chicken samples was evaluated. Both pathogens were 
successfully detected after 3 h of contamination. The method has great potential for detecting food 
safety and ensuring product quality. It is necessary to encourage factories to use this method for 
product supervision. However, as the method has only been tested under laboratory conditions, there 
is still much room for optimization for the detection of multiple pathogens on the market. In the 
future, a digital PCR reaction system would be established for multiple pathogenic bacteria detection 
based on different products in order to achieve rapid and accurate detection of actual products on 
site.  
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