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Mining novel specific molecular targets and establishing efficient identification methods are
significant for detecting Pseudomonas aeruginosa, which can enable R aeruginosa tracing
in food and water. Pangenome analysis was used to analyze the whole genomic sequences
of 2017 strains (including 1,000 P, aeruginosa strains and 1,017 other common foodborne
pathogen strains) downloaded from gene databases to obtain novel species-specific genes,
yielding a total of 11 such genes. Four novel target genes, UCBPP-FA14_00095, UCBPP-
PA14_03237, UCBPP-PA14_04976, and UCBPP-PA14_03627, were selected for use,
which had 100% coverage in the target strain and were not present in nontarget bacteria.
PCR primers (PA1, PA2, PAB, and PA4) and gPCR primers (PA12, PA13, PA14, and PA15)
were designed based on these target genes to establish detection methods. For the PCR
primer set, the minimum detection limit for DNA was 65.4fg/pl, which was observed for
primer set PA2 of the UCBPP-FPA14_03237 gene. The detection limit in pure culture without
pre-enrichment was 10° colony-forming units (CFU)/ml for primer set PA1, 10°CFU/ml for
primer set PA2, and 10* CFU/ml for primer set PA3 and primer set PA4. Then, gPCR standard
curves were established based on the novel species-specific targets. The standard curves
showed perfect linear correlations, with R? values of 0.9901 for primer set PA12, 0.9915
for primer set PA13, 0.9924 for primer set PA14, and 0.9935 for primer set PA15. The
minimum detection limit of the real-time PCR (QPCR) assay was 10° CFU/ml for pure cultures
of R aeruginosa. Compared with the endpoint PCR and traditional culture methods, the
gPCR assay was more sensitive by one or two orders of magnitude. The feasibility of these
methods was satisfactory in terms of sensitivity, specificity, and efficiency after evaluating
29 ready-to-eat vegetable samples and was almost consistent with that of the national
standard detection method. The developed assays can be applied for rapid screening and
detection of pathogenic P aeruginosa, providing accurate results to inform effective
monitoring measures in order to improve microbiological safety.
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INTRODUCTION

Pseudomonas aeruginosa is a common cause of severe nosocomial
infections. Patients with metabolic or hematological diseases
or patients with malignant immunodeficiency or tumors are
especially susceptible to P. aeruginosa infection, as are patients
in intensive care units (Namaki et al., 2022). Pseudomonas
aeruginosa is also the most common cause of ventilator-associated
pneumonia and burn wound infections, both of which have a
mortality rate of >30% (Kidd et al, 2015). Respiratory tract
infection with P aeruginosa is a major determinant of the
severity of lung disease and is associated with significant incidence
rate and mortality of cystic fibrosis (CF; Crull et al, 2018;
Mesinele et al., 2022).

Pseudomonas aeruginosa is widely distributed in water, plants,
soil, and humid natural environments, and easily contaminates
different kinds of food (Oliver et al., 2015). In addition to
being frequently found in bottled mineral water and tap water,
P aeruginosa has also been tested positive in ready-to-eat
vegetables (Naze et al., 2010; Pelegrin et al., 2021; Ruiz-Roldan
et al., 2021). Studies found the ready-to-eat vegetables that
were a potential-although rare-vector for colistin- and
carbapenem-resistant P. aeruginosa, the contamination rate of
P aeruginosa has reached 17.5% or 34% (Cai et al, 2015;
Holzel et al., 2018; Kapeleka et al., 2020; Junaid et al., 2021).
That is to say, P aeruginosa is a major contaminant of fresh
vegetables, which might be a source of infection for susceptible
persons within the community (Rahman et al, 2022).
Transmission of P. aeruginosa along the food chain could cause
gastrointestinal infections (Fakhkhari et al., 2022). More
importantly, P. aeruginosa is the dominant spoilage bacteria
and has the strongest spoilage potential in vegetable that are
stored under aerobic conditions (Dharmarha et al., 2019; Jin
etal., 2021). Additionally, the shelf life of ready-to-eat vegetables
is seriously affected by P aeruginosa, which will cause great
economic losses (Godova et al., 2020). All told, the presence
of P. aeruginosa in ready-to-eat vegetables causes food spoilage,
reduced shelf life, and economic loss. Therefore, it is necessary
to trace the occurrence of potential pollution of this pathogen,
so as to provide a scientific basis for ensuring the safety of
ready-to-eat vegetables.

Currently, the standard gold method for detecting
P aeruginosa in food is the conventional culture method,
which is labor-intensive, expensive, and time-consuming (Zhou
et al., 2020; Chon et al,, 2021). Especially when the number
of samples is large, it takes a long time to isolate and identify
P aeruginosa from ready-to-eat vegetables by traditional
methods (Gharieb et al.,, 2022). In addition, the traditional
culture method determines P. aeruginosa according to the
green pigment produced by the strain. This method will lead
to wrong judgment in actual inspection: one case is that
some strains of P. aeruginosa do not produce this pigment,
which leads to missed inspection. Another situation is that
P. fluorescens produces the same pigment as P. aeruginosa,
which makes it impossible to distinguish and cause false
positive (Schroth et al.,, 2018; Junaid et al., 2021). For a long
time, scientists have been committed to establishing a rapid

and sensitive method for the detection of P. aeruginosa, but
each method has its advantages and disadvantages (Tang et al.,
2017). DNA fingerprinting and 16S DNA-based analyses were
used to identify the harm of plant derived P. aeruginosa to
humans and animals, which is complex and requires very
professional inspectors (Ambreetha et al., 2021). Biosensor
method and 16r RNA gene amplicon sequencing, which had
high detection efficiency, were used to analyze P. aeruginosa
of food microorganisms, but these methods need complex
pretreatment (Zhong et al., 2020; Wind et al., 2021). Illumina
whole gene sequencing has great advantages in accuracy, was
used to analyze the distribution of P. aeruginosa after pasteurized
milk, but it takes a lot of testing costs (Maske et al., 2021).
Furthermore, 25 articles mentioned health risks from consuming
fresh produce by antimicrobial-resistant bacteria, but none
quantified the risk (Rahman et al, 2022). When the
concentration of P. aeruginosa reaches a certain value, it may
have the risk of colonization, so it is necessary to quantify
its concentration (Kwok et al., 2021). Therefore, it is necessary
to develop rapid, accurate, simple, and efficient diagnostic
techniques or tools for the detection of P. aeruginosa in food,
so as to monitor the pollution status and provide scientific
basis for the prevention and control of foodborne P. aeruginosa.

PCR has been widely employed as a rapid and specific
method for the detection of P. aeruginosa in a variety of foods
and processing environments because of its high specificity,
sensitivity, time savings, and easy operation. The target genes
oprL and oprl have been used for the molecular detection of
P aeruginosa in burn patients. This approach is a valuable
technique for the early and precise detection of P aeruginosa
(Jami Al-Ahmadi and Zahmatkesh Roodsari, 2016; Mapipa
et al., 2021). A sensitive method has been developed to detect
Pseudomonas pseudomallei from the soil with PCR by targeting
specific flagellin genes (Tungpradabkul et al., 2005). However,
most of the reported PCR-based methods for identifying and
characterizing P. aeruginosa target bacterial virulence genes or
16S and 23S rRNA genes, which provide a limited number
of targets (Wei et al, 2015; Wang et al, 2016). With the
maturity of whole-genome sequencing technology and the
increasing gene pool of new strains, some of the original targets
cannot cover the detection of new themes. Therefore, it is
vital to mine novel target genes with high species specificity
for more accurate and efficient pathogen detection.

With the advancement of sequencing techniques, numerous
genomes of P. aeruginosa and other Pseudomonas species have
been described. Several novel specific target sequences, such
as those of gyrB, ecfX, fliC, and algD, have been identified
and applied to distinguish P. aeruginosa from other Pseudomonas
spp. (Taee et al, 2014; Heidari et al., 2018; Wang et al., 2020;
Khademi et al., 2021). The tremendous increase in the availability
of bacterial genome sequences is allowing researchers to
investigate and query pangenomes (Freschi et al., 2018).

Pangenome analysis has become a representative discipline
for studying the entire repertoire of gene families in the genomes
of pathogenic bacterial clades, which not only provides the
whole set of genes shared by Pseudomonas species but also
can also be applied in interspecies differentiation analysis to
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mine species-specific genes in order to use a wealth of genome
data (Hilker et al., 2014).

In short, for the detection of P aeruginosa, traditional
methods are time-consuming and laborious, and the experimental
conditions of immunological methods are limited, while the
sensitivity and accuracy of the existing molecular methods
need to be considered. There is an urgent need for novel
specific molecular detection targets of P. aeruginosa in order
to establish a rapid and efficient detection method. Exactly,
the explosive development of whole gene sequencing technology
has made mining targets become convenient. Therefore, we aimed
at mining novel specific target gene sequences of P. aeruginosa
based on the pangenome analysis and established high-specificity
and high-sensitivity PCR and quantitative real-time PCR (qPCR)
methods based on these targets. Furthermore, the established
methods were applied to the detection of actual samples of
ready-to-eat vegetables to master the pollution of P. aeruginosa
in ready-to-eat vegetable industry, so as to provide a scientific
basis for reducing pollution. The flowchart of the experimental
method involved in this study is shown in Figure 1.

MATERIALS AND METHODS

Screening Species-Specific Novel Target
Genes for Pseudomonas aeruginosa

Genomic sequences of 1,000 P aeruginosa strains and 1,017
other common foodborne pathogen strains were retrieved from
the NCBI Genome Database (last accessed on November 30,
2019). The specific information for the sequences is provided
in Supplementary Table S1. Pangenome analysis was used to
identify P. aeruginosa species-specific genes. The research involved
the evaluation of nucleotide sequence dissimilarity between
P, aeruginosa and non-P. aeruginosa sequences (Pang et al., 2019).
In brief, all nucleic acid sequences downloaded from the NCBI
database were annotated using Prokka v1.11 (Seemann, 2014).
Then, the output of Prokka was used to construct a pangenome
by Roary v3.11.2 (Page et al, 2015), with a BLASTP identity
cutoff of 85%. The absence/existence profile of all genes across
strains was converted into a 0/1 matrix with a local script. The
matrix was then used to identify P aeruginosa species-specific
genes, which were screened according to the following criteria:
100% presence in target species strains and 0% presence in all
other bacterial species strains and non-P. aeruginosa strains.
Then, these candidate targets were further screened against the
nucleotide collection (nr/nt) databases using the online BLAST
program' and PCR verification to ensure specificity.

Specific Primer Design for PCR and
Real-Time PCR

Primer Premier 6.0 software (PREMIER Biosoft International,
Palo Alto, United States) was used to design primers targeting
the screened conserved sequences of P aeruginosa. Primers
without hairpin structures or dimers and the highest rating

'https://blast.ncbi.nlm.nih.gov/Blast.cgi

score were selected. Their specificity was preliminarily verified
by the NCBI Blast tool. Then, the primers listed in Table 1
were synthesized by Shanghai Sangon Company (Shanghai, China).

Bacterial Strains and Genomic DNA
Extraction

This study used 134 bacterial strains (95 P. aeruginosa strains
and 39 non-P. aeruginosa strains; Supplementary Table S2).
They were purchased from the National Center for Medical
Culture Collections (CMCC, Beijing, China), the American
Type Culture Collection (ATCC, Manassas, VA, United States),
and the China General Microbiological Culture Collection
Center (CGMCC, Beijing, China). The other strains used in
this study were part of our laboratory culture collection.

All strains were cultured in Luria-Bertani (LB) broth at
37°C. The bacterial cultures were then collected by centrifugation
at 25°C and 12,000xg for 5min. Genomic DNA from these
cells was extracted and purified using an EZNA Bacteria Genome
Kit (Omega Bio-Tek Inc., Norcross, GA, United States) according
to the manufacturer’s instructions. The concentration and purity
of the DNA were estimated by agarose gel electrophoresis and
by using a NanoDrop 2000c UV-Vis spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, United States). Extracted DNA
was stored at —20°C until PCR and qPCR analysis.

PCR and Real-Time PCR Conditions for
Pseudomonas aeruginosa Detection
The DNA extracted from bacterial strains was used for PCR
and qPCR amplification. The PCR mixture consisted of 12.5pl
of 2xTaq Master Mix (Vazyme, China), 1pl of each primer
(10pM), 50ng of DNA template, and sterile distilled H,O up
to a final volume of 25pl. PCR amplification was performed
in a PTC-100 programmable thermal controller (M] Research,
Inc.), with an initial denaturation step of 98°C for 3min,
followed by 35cycles at 95°C for 30s, 58.0°C for 30s, and
72°C for 30s and a final extension step at 72°C for 10 min.
The PCR products were separated by 2% agarose gel
electrophoresis and visualized by ethidium bromide staining.
All PCR assays in this study were conducted in triplicate.
For qPCR amplification, the total reaction volume was 20,
including 10pl of TB Green™ Premix Ex Taq™ II (TaKaRa,
Biotech, Dalian, China), 1pl each of the forward and reverse
primers (10pM), 7pl of sterile water, and 50ng of the purified
bacterial genomic DNA as a template. A LightCycler® 96 System
(Roche, Switzerland) was used for thermal cycling, as follows:
initial denaturation of DNA at 95°C for 30s, followed by 40 cycles
of denaturation at 95°C for 5s and annealing at 55°C for 60s.
The qPCR assay was performed in triplicate with parallel analysis
in 96-well plates. Sterile water was used in place of the DNA
template as a negative control to ensure the absence of contaminants.

Specificity Evaluation of the Primers for
PCR and gPCR Assays

All strains used for the verification of primer specificity in
the PCR and qPCR assays were from our laboratory collection
and are listed in Supplementary Table S2. Genomic DNA
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FIGURE 1 | The flowchart of the experimental method involved in this study.

was extracted from 95 P aeruginosa strains and 39
non-P. aeruginosa strains and used as a template to validate
the specificity of the designed primers. One tube of PCR

mixture was added to 2pl of sterile distilled water instead of
DNA template as a blank control. The PCR primer sets that
could amplify a single target band with the expected length
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TABLE 1 | Species-specific genes and primers for PCR and gPCR identification of P aeruginosa.

Species Name of target *Gene Encoded Primer set Sequences (5'-3) Product size For PCR or
genes location protein name (bp) qPCR assay
UCBPP- 110,675- Hypothetical PA1 CTCCGTGGAAAAGCAGTTG 169 PCR
PA14_00095 110,959 protein GCGTATGCCGACGTAGAAT
(group_98983) PA12 AATGCGGGATGCTGCTCT 138 gPCR
GGTCGGTCTCCTCGAACTCTT
UCBPP- 3,561,244— Phenazine PA2 GTTTACCGACAACCTGGAA 325 PCR
PA14_03237 3,561,732 biosynthesis GCAATAGCCCTGCGGATAC
(ohzA2) protein PhzA2 PA13 CAACTGGACCACGGAAAGC 126 gPCR
) GTCTCGAAGATCCGCACGT
P, aeruginosa .
UCBPP- 5,434,538~ Hypothetical PA3 ATGGACAGGGACGCATTGA 263 PCR
PA14_04976 5,434,912 protein CGAGGGACGAAGGTAAGGA
(group_75393) PA14 CGGTACAGGTCGGCACG 109 gPCR
CGAGGGACGAAGGTAAGGA
UCBPP- 3,973,724- Hypothetical PA4 GACTCTACCCTCCCTGACTT 132 PCR
PA14_03627 3,974,497 protein TCCATCACCGAGAAGC
(group_88276) PA15 TACGCGGTCAGCCATCAA 104 gPCR
CAGCTCACTGCCGTTTCC

*Reference strain is P. aeruginosa UCBPP-PA14. The reference gene is GCA_000014625.1_ASM1462v1.

for the corresponding strains of P. aeruginosa that showed
negative results for non-P. aeruginosa strains were considered
species-specific primers and used for further evaluation. The
reported foxA target gene, a major virulence factor in
P aeruginosa, was used in a comparative experiment (SN/
T2206.12, 2016; Taee et al, 2014). The same experimental
environment and strain sets and test set were maintained during
the comparative experiment, only hanging the target to the
toxA gene (Supplementary Table S4; Supplementary Figure S2).
Genomic DNAs from 63 P. aeruginosa strains and 32 other
bacterial strains were used as a template for the qPCR
amplification to evaluate the specificity of the qPCR assay.
The qPCR assay was performed in triplicate with parallel
analysis in 96-well plates (Supplementary Table S3).

Sensitivity and Interference Evaluation of
Specific Primers Using Genomic DNA
Purified DNA of a known concentration extracted from
P aeruginosa ATCC 15442 was serially diluted 10-fold. Two
microliters of diluted extracted DNA was used as a template
in a 25pul PCR. One tube of PCR mixture was added to 2pl
of sterile distilled water instead of DNA template as a blank
control. The PCR results were analyzed, and the detection
limit of the PCR was determined. Then, 2pl of each dilution
was used as the template for qPCR amplification. A Light
Cycler® 96 qPCR system (Roche, Basel, Switzerland) was used
for thermal cycling as follows: denaturation at 95°C for 60s,
followed by 40cycles of denaturation at 95°C for 10s and
annealing at 60°C for 30s. The data were analyzed using built-in
software. All P. aeruginosa DNA was extracted for qPCR analysis
in triplicate. The target gene with the best detection limit was
selected for further study.

Pseudomonas aeruginosa ATCC 15442 and a common
pathogen (Escherichia coli ATCC 25922) were used to validate
the PCR assay’s accuracy and scope for interference. The strains
were cultured in LB broth at 37°C for 18h and then serially
diluted (10-fold) with 8.5% sodium chloride solution.

The density of P aeruginosa cells was adjusted to 10*CFU/
ml. Pseudomonas aeruginosa cultures were individually mixed
with the interference testing strain at ratios of 1:10% 1:10%
1:10, 1:1, 10:1, and 10%1, and 10%*1. Genomic DNA was extracted
from the mixtures and used as a template for gPCR. Meanwhile,
genomic DNA from P, aeruginosa cultures without the interference
strain was used as the positive control template. The ability
of the PCR assay to overcome interference was evaluated by
2.0% agarose gel electrophoresis.

Artificial Contamination Experiments
Pseudomonas aeruginosa ATCC 15442 was cultured in LB broth
at 37°C for 18h, and the cell concentration was estimated by
plate counting. Tomato samples (10g) sterilized with ultraviolet
light were mixed with 89ml of LB medium, and then, the
mixtures were incubated at 37°C for 18 h. Next, 1 ml P. aeruginosa
mixtures were added at final inoculum concentrations ranging
from 10° to 10°CFU/g. Genomic DNA was extracted at the
indicated time points from 1ml samples and then analyzed
by PCR and qPCR. The amplification system and procedure
were performed as described in “PCR and Real-Time PCR
Conditions for Pseudomonas aeruginosa Detection” section.

Detection of Pathogenic Pseudomonas
aeruginosa in Samples of Ready-to-Eat
Vegetables

A total of 29 ready-to-eat vegetable samples were collected from
local markets in Guangdong Province, China, to validate the
detection ability of PCR and qPCR. The ready-to-eat vegetables
were sampled at random sites, and the samples were transported
on ice to the laboratory for immediate analysis. The conventional
culture method was used for testing based on the standard reference
to detect P aeruginosa in food for import and export (SN/T
2099-2008). Briefly, 25g of each sample was randomly weighed,
added to 225ml of P aeruginosa enrichment broth (SCDLP
medium, Guangdong Huankai Co., Ltd., Guangzhou, China), and
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incubated at 37°C for 18h. A loopful (approximately 10pl) of
the SCDLP enrichment culture was streaked into P. aeruginosa-
selective agar plates (CN agar plates; Guangdong Huankai Co.,
Ltd., Guangzhou, China) and incubated at 37°C for 24h. According
to the manufacturers instructions, at least three presumptive
colonies were selected to identify P aeruginosa using the Bruker
MALDI Biotyper identification system (MALDI, Bruker, Germany).
Meanwhile, 1 ml of SCDLP broth enrichment culture was collected
from each sample at 12h. Genomic DNA was extracted from
SCDLP broth enrichment cultures for PCR and qPCR.

RESULTS

Identification of Specific Target Genes for
Pseudomonas aeruginosa

Pangenome analysis was used to mine novel molecular targets
for detecting P. aeruginosa in this study. A total of four genes
(Table 1) were identified as specific to P. aeruginosa according
to nucleotide sequence similarity. These gene sequences were
present in 100% of the target P. aeruginosa, which did not
exist in non-P. aeruginosa sequences available in the NCBI
bacterial database according to BLASTN online.

After filtering using PCR analysis, four novel P. aeruginosa-
specific targets, including group 98983 (1,000/1,000), phzA2
(1,000/1,000), group_75393 (1,000/1,000), and group_88276
(1,000/1,000), specific for the P. aeruginosa genes were uniquely
present in all target strains but not in nontarget strains (Table 2;
Supplementary Figure S1). The particular target gene phzA2
encodes a phenazine biosynthesis protein, and the specific
target genes group_98983, group_75393, and group_88276 encode
hypothetical proteins without assigned functions.

Diagnostic Specificity of the Novel
Specific Primers

The results of specificity tests for the four PCR primer sets
are shown in Table 2. These primers were prescreened with
95 P. aeruginosa strains and 39 non-P. aeruginosa strains. The
four PCR primer sets showed perfect specificity for P. aeruginosa,
and the bands of the four species-specific targets group_98983,
phzA2, group_75393, and group 88276 exhibited separate
fragments of 169, 325, 263, and 132bp, respectively, which
were obtained only with P. aeruginosa as the template. All the
non-P. aeruginosa strains displayed negative results. The above
four novel genes had a coverage rate of 100% among existing
genes in the strains, while the detection rate of toxA genes
was only 82.1% (78/95; Supplementary Figure S2).

The sensitivity of the genes specific to P aeruginosa DNA
was further evaluated. We used qPCR for further analysis based
on the specific primers screened by the PCR method. As shown
in Table 2, we selected the PA12, PA13, PA14, and PAIl5
primer sets for use. For accurate qPCR analysis, four primer
sets were designed (Table 1). A total of 63 P. aeruginosa strains
and 32 non-P. aeruginosa strains were used to verify the
specificity of the qPCR primers, and the results are shown in
Table 2. According to the Ct values and dissolution curves,
all non-P. aeruginosa strains showed no amplification, while

amplification was obtained for the target P. aeruginosa strains,
indicating a high specificity of the primers with qPCRs.

Sensitivity Evaluation and Interference
Evaluation of the Novel Specific Primers
The results regarding the specificity of the PCR assay with
novel specific primers are shown in Supplementary Table S2.
No product bands were obtained with the 39 non-P. aeruginosa
strains tested, and no cross-reactivity was observed. To determine
the detection limit of the novel assay, the initial concentration
of DNA from P. aeruginosa ATCC 15442 was 65.4ng/pl. The
detection limits using the genomic DNA of P. aeruginosa with
the PA1, PA2, PA3, and PA4 primer sets were 65.4 pg/pl, 65.4fg/
pl, 654fg/pl, and 6.54pg/pl, respectively (Figure 2).

DNA was then extracted from different dilutions of
P aeruginosa cultures and used as the template. Following
PCR detection, cell concentrations ranging from 10° to 10* CFU/
ml were used. The detection limits observed whole cells of
P aeruginosa with the PA1l, PA2, PA3, and PA4 primer sets
were 4.15x 10°CFU/ml, 9.7 x 10 CFU/ml, 4.3 x 10* CFU/ml, and
4.3x10*CFU/ml, respectively (Figure 3).

Standard curves were established based on the novel species-
specific targets to quantify P aeruginosa. As illustrated in
Figures 4A-D, the four standard curves showed ideal linear
correlations, with R*> values of 0.9901 for primer set PA12,
0.9915 for primer set PA13, 0.9924 for primer set PA14, and
0.9935 for primer set PA15. The detection limits were 10° CFU/
ml for primer sets PA12 and PA15 and 10*CFU/ml for primer
sets PA13 and PAl4.

Artificially contaminated tomato was used to evaluate the
sensitivity, specificity, and reliability of the primer sets PAI,
PA2, PA3, and PA4. The cell concentrations of P. aeruginosa
added to tomato were 10'-10° CFU/ml. Following PCR detection,
cell concentrations of 10*-10°CFU/ml were used (Figure 5).
The detection limits of the PAl, PA2, PA3, and PA4 primer
sets were 1.33x10°CFU/ml, 1.33x10*CFU/ml, 1.33x10° CFU/
ml, and 1.33x10°CFU/ml, respectively.

Furthermore, the optimized conditions for the qPCR assay
were used to establish a standard curve for P aeruginosa
detection in artificially contaminated samples. The linear detection
range of these methods was 1.33x 10> CFU/g to 1.33x 10 CFU/g
(Figures 6A-D). The four standard curves showed ideal linear
correlations, with R* values of 0.9944 for primer set PA12,
0.9851 for primer set PA13, 0.9814 for primer set PA14, and
0.9853 for primer set PA13. The LOD values of the four novel
species-specific targets were 1.33x10*CFU/g for primer sets
PA12 and PA15, 1.33x10°CFU/g for primer sets PA13 and
PA14. Compared with the endpoint PCR method, the qPCR
method was more sensitive by an order of magnitude.

The susceptibility of the PCR and qPCR assay to interference
by nontarget DNA was determined by mixing P. aeruginosa
and non-P. aeruginosa strains (E. coli ATCC 25922) at different
ratios. Only one clear band was generated for mixtures of
all strains tested for the PCR assay. The brightness of the
band was comparable to that obtained by analyzing a pure
P. aeruginosa culture (Figure 7). All amplifications had similar
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TABLE 2 | Specificity results for PCR primers using P, aeruginosa and other foodborne pathogenic strains.

‘e 18 Buepy

No. Bacterial species Strains Number of Source* Species-specific target for PCR and gPCR
strains
PCR PCR phzA2 PCR PCR qPCR qPCR phzA2 qPCR qPCR
group_98983 group_75393 group_88276 group_98983 group_75393 group_88276
1 P, aeruginosa 'ATCC27853 1 a + + + + + + + +
2 P, aeruginosa ATCC9027 1 a + + + + + + + +
3 P, aeruginosa ATCC15442 1 a + + + + + + + +
4 P, aeruginosa GIM1.46 1 b + + + + + + + +
5 P, aeruginosa Laboratory 91 a + + + + (59)+ (59)+ (59)+ (59)+
isolate

6 P, putida ST725-10 1 a - - - - — — _ _
7 P, putida GIM1.57 1 b - - - - - - — _
8 P, fuscovaginae ST42-2 1 a - - - - - — _ _
9 P, hunanensis 0617-8 1 a - - - - - — — _
10 P, fulva 0625-4 1 a - - - - - - — _
11 P, kilonensis ST738-5 1 a - - - - - _ - _
12 P lini M41023-1 1 a - - - - - - - _
13 P, jessenii ST42-4 1 a - - - - — — _ _
14 P, alcaligenes 2CMCC1.1806 1 b - - - - — — - _
15 P, chlororaphis 1,143-3 1 a - - — - — — — _
16 P, fragi 52,632-7 1 a - - - — - _ _ _
17 P. mendoza CMCC1.1804 1 b - - - - - — — _
18 P mosselii ST42-10 1 a - - - - — — — _
19 P, corrugata ST19-4 1 a - - - - - - - -
20 P, oleovorans MA43075-4 1 a - - - - — — — _
21 P, taiwanensis 0617-3 1 a - - - = — — - —
22 P, geniculata 52,023-3 1 a - - - - - — - _
23 P, fluorescens 51,184-3 1 a - - - - - _ — _
24 P, fluorescens GIM1.492 1 b - - - - - — - -
25 E. coli ATCC 25922 1 a - - - - - — — _
26 E. coli 1,656-1 1 a - - - - - - — _
27 S. hominis 1,006-1 1 a - - - - - - — _
28 S. hominis 0656-4 1 a - - - - — — - —
29 S. haemolyticus 620 1 a - - — - — — — _
30 Y. enterocolitica Y1408 1 a - - - - — — — _
31 Y. enterocolitica C009 1 a - - - - - - - -
32 Y. enterocolitica Y2602 1 a - - - - — — — _
33 Y. enterocolitica Y3553 1 a - - - - - — — _
34 L. monocytogenes 1,383-2 1 a - - — - — — — _
35 L. monocytogenes Feb-45 1 a - - — - — — _ _
36 L. monocytogenes 509A1-3 1 a - - - - - — - -
37 E. coli 1,679 1 a - - - - - — — _
38 E. coli 1,677-3 1 a - - - - / / / /
39 S. epidermis 597 1 a - - - - / / / /
40 B. cereus 1,378 1 a - - - - / / / /
41 B. cereus warb 1 a - - - - / / / /
42 S. aureus 800 1 a - - - - / / / /
43 Salmonella 839 1 a - - - - / / / /
44 Salmonella 838 1 a - - - - / / / /

*a, our laboratory; b, Guangdong Huankai Co., Ltd., China. 1, ATCC, American Type Culture Collection, United States. 2, CMCC, China Medical Culture Collection, China. Results (+/-) indicate positive and negative signals.
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FIGURE 2 | PCR detection sensitivity using dilutions of genomic DNA from Pseudomonas aeruginosa ATCC 15442. Lane M=DSTM 2000 marker (Dongsheng
Biotechnology, Guangdong, China); lane N =negative control (double-distilled H,0); lanes 1-8=65.4ng/pl, 6.54 ng/ul, 654 pg/ul, 65.4 pg/pl, 6.54 pg/pl, 654 fg/pl, and
65.4fg/pl, 6.54fg/pl, respectively. (A) Primer set PA1 (169 bp); (B) primer set PA2 (325bp); (C) primer set PA3 (263 bp); and (D) primer set PA4 (132 bp).

2000bp|
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750bp

500bp
250bp

169bp
100bp

FIGURE 3 | PCR detection sensitivity using dilutions of a pure culture of P aeruginosa ATCC 15442. Lane M=DSTM 2000 marker (Dongsheng Biotechnology,
Guangdong, China); lane N=negative control (double-distilled H,O); and lanes 1-8=2.07 x 108 CFU/ml, 2.07 x 10" CFU/ml, 1.85 x 10°CFU/ml, 4.15 x 10°CFU/m,
4.3x10*CFU/ml, 9.7 x 108 CFU/m, 1.4 x 102 CFU/ml, and 2 x 10" CFU/ml, respectively. (A) Primer set PA1 (169bp); (B) primer set PA2 (325bp); (C) primer set PA3
(263 bp); and (D) primer set PA4 (132 bp).
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FIGURE 4 | Standard curves established by plotting cycle threshold (Ct) values against the log numbers of P aeruginosa in pure culture. (A) Primer set PA12 in a range of
10°-10°CFU/m; (B) primer set PA13 in a range of 10°~10° CFU/m; (C) primer set PA14 in a range of 10°—10°CFU/ml; and (D) primer set PA15 in a range of 10°10°CFU/ml.
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FIGURE 5 | PCR detection sensitivity using dilutions of a pure culture of P aeruginosa ATCC 15442 in spiked tomato lane M=DSTM 2000 marker (Dongsheng
Biotechnology, Guangdong, China); lane N =negative control (double-distilled H,0); and lanes 1-8=1.33 x 108 CFU/ml, 1.33 x 10" CFU/ml, 1.33 x 106 CFU/ml,
1.33x 10°CFU/ml, 1.33 x 10* CFU/m, 1.33 x 10°CFU/ml, 1.33 x 10>CFU/m, and 2 x 10" CFU/m, respectively. (A) Primer set PA1 (169bp); (B) primer set PA2
(825bp); (C) primer set PA3 (263 bp); and (D) primer set PA4 (132bp).
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FIGURE 6 | Standard curves established by plotting cycle threshold (Ct) values against the log numbers of P aeruginosa in pure culture from artificially
contaminated tomatoes. (A) Primer set PA12 in a range of 10°—10° CFU/m; (B) primer set PA13 in a range of 10°-10° CFU/ml; (C) primer set PA14 in a range of
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cycle threshold (Ct) values (Figure 8), regardless of the target-
to-interfering strain ratio, suggesting that the presence of
non-P. aeruginosa strains (E. coli ATCC 25922) did not interfere
with L. monocytogenes serotype 4c detection. This result indicated
that even a high abundance of E. coli ATCC 25922 did not
interfere with the detection of P. aeruginosa.

Application of the PCR Assay for the
Analysis of Ready-to-Eat Vegetables

To verify the practicality and effectiveness of the developed PCR
and qPCR methods, we next used these assays to detect P, aeruginosa
in 29 unspiked ready-to-eat vegetable samples (Table 3). Among
the 29 strains identified by the traditional MALDI (BRUKER,
Germany) method, 14 ready-to-eat vegetable samples were positive.
For species-specific targeting of group_98983 and group_88276
by the PCR and qPCR methods, the overall positive detection
rate was 14/29, the same as that obtained with the traditional
MALDI method. However, the PCR and qPCR methods with
the species-specific target phzA2 and group_ 75393 were positive
for 15 samples, consistent with the rate obtained by qPCRs.
These results indicated that the four PCR primers and four qPCR
primers designed by the novel species-specific target could be used
to achieve the same positive detection results as the traditional
MALDI method with the same initial inoculum. The established
methods are accurate and reliable for the evaluation of actual
samples of ready-to-eat vegetables.

DISCUSSION

The identification of P. aeruginosa has traditionally relied on
phenotypic and biochemical methods, which take a long time
to perform and require extensive hands-on work by the
technologist, both for setup and for ongoing evaluation.
Genotype-based identification methods circumvent the problem
of variable phenotypes to enable more accurate species
identification. Recently, molecular techniques have been
developed for detecting P. aeruginosa based on its virulence
genes, such as toxA, ecfX, fliC, and oprL (Tace et al, 2014;
Wang et al., 2019, 2020).

However, deficiency and mutation of some virulence factors
in P aeruginosa strains can result in false results because of
existing pathogenic factors, which may cause a potential threat
of food poisoning (Baloyi et al., 2021). Since numerous microbial
genome sequences have been completed and published with
the development of sequencing technology and bioinformatics,
many researchers have focused on exploring and screening
novel specific target markers that could replace some target
genes with poor specificity.

In this study, we developed PCR and qPCR methods to
detect P. aeruginosa in food. The methods aimed at new species-
specific gene targets were particular and sensitive. Vegetables
from retail markets and supermarkets were widely contaminated
by P aeruginosa and have resistant or reduced susceptibilities
antibiotic (Rahman et al., 2022). Pseudomonas aeruginosa as
spoilage organisms in the ready-to-eat vegetables was distinguished
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mixed with E. coli ATCC 25922.

FIGURE 7 | PCR assays using primers targeting P, aeruginosa ATCC 15442 (4.6 x 10* CFU/m) testing for interference with different concentrations of E. coli ATCC
25922. Lane M=DSTM 2000 marker (Dongsheng Biotechnology, Guangdong, China); lanes 1-5=mixtures of Escherichia coli ATCC 25922 concentration mixed
with 1.462 x 10°CFU/ml, 1.462 x 10°CFU/ml, 1.462 x 10* CFU/ml, 1.9 x 10?CFU/ml, 0 CFU/ml, respectively. (A) Primer set PA1 (169bp) mixed with E. coli ATCC
25922; (B) primer set PA2 (325 bp) mixed with E. coli ATCC 25922; (C) primer set PA3(263 bp) mixed with E. coli ATCC 25922; and (D) primer set PA4 (132 bp)
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by its capability to persist in highly antibiotic-resistant biofilm
accumulation, which seriously affects shelf life (Allydice-Francis
and Brown, 2012). While P aeruginosa is considered an
opportunistic pathogen, several reports have indicated that the
organism can also cause infections in healthy hosts (Mateu-
Borras et al, 2022). In addition, there was evidence that
environmental isolates were as virulent as clinical strains (Li
et al., 2018; D’Souza et al., 2020). Previous studies have found
that P aeruginosa can highly contaminate vegetables, revealing
the potential hazard of salad vegetables and the possibility of
food-related outbreaks of disease (Abrahale et al., 2019; Perez-
Diaz et al,, 2019; Villagran-de La Mora et al., 2020). Therefore,
rapid detection of pathogenic P. aeruginosa is crucial in the
vegetable supply chain. The consumption of ready-to-eat vegetables
contaminated by P. aeruginosa may seriously impact human health.

However, traditional detection methods for P. aeruginosa
may cause false positives or missed positives and are considerably
time-consuming. Automated systems such as VITEK 2, which
walkway system that works on the principle of photometry,
promise shorter turnaround times to detect P. aeruginosa, but
these systems have a low rate of accuracy in the identification
(Torrecillas et al,, 2020; Bhalla et al., 2021; Miranda-Ulloa
et al, 2021; Pintado-Berninches et al., 2021; Viedma et al,
2021). Immunological approaches use the highly specific binding
between antigens and antibodies and facilitate qualitative or
quantitative detection that is based on specific reactions resulted

from antigen antibody binding (Rainbow et al., 2020). High-
sensitivity detection has been reached by modern immunoassay
approaches, but their relatively tedious procedures have limited
further development (Bhalla et al., 2021; Miranda-Ulloa et al,,
2021; Viedma et al., 2021). In addition, greatest drawback of
immunofluorescence methods is a low signal-to-noise ratio,
which may lower its detection specificity (Pintado-Berninches
etal,, 2021). Electrochemical analysis can use the electrochemical
characteristics of materials for qualitative and quantitative
detection, which is fast and sensitive, but it needs compact
experimental equipment to complete the experiment (Sabat
et al, 2021; Zuccarello et al., 2021). Matrix-assisted laser
desorption/ionization time of flight mass spectrometry (MALDI-
TOEF-MS) states an advanced technology and owns a very good
application prospects in identifying P. aeruginosa (Wilhelm
et al, 2021). MALDI-TOF-MS was used to accurately and
rapidly identify the five high-risk clones of P. aeruginosa sequence
ST111, ST175, ST235, ST253, and ST395, also was applied in
P aeruginosa drug resistance analysis such as carbapenemase
(Mulet et al., 2021). MALDI-TOF-MS exhibits limited resolving
power, and therefore does not supply sequence-based ID
necessarily; microbial ID using MALDI-TOF-MS is based on
spectral fingerprint patterns rather than the identity of each
spectral peak (Ayhan et al, 2021).

The development of PCR-based detection methods for species-
specific classification would provide an independent means for
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FIGURE 8 | Assessment of interference with the real-time PCR-based detection of P aeruginosa by coinfection with E. coli ATCC 25922. Detection of P
aeruginosa ATCC 15442 (4.6 x 10*CFU/ml) in the presence of E. coli ATCC 25922 (0, 1.9 x 102CFU/ml, 1.462 x 10*CFU/ml, 1.462 x 10°CFU/ml, and
1.462 x 108 CFU/m). (A) Primer set PA12 mixed with E. coli ATCC 25922; (B) primer set PA13 mixed with E. coli ATCC 25922; (C) primer set PA14 mixed with E.
coli ATCC 25922; and (D) primer set PA15 mixed with E. coli ATCC 25922.

confirming species identity (Jami Al-Ahmadi and Zahmatkesh
Roodsari, 2016). The current PCR detection methods for
P aeruginosa species target the virulence genes toxA or the
16S rRNA and 23S rRNA genes (Taee et al., 2014; Wang et al,,
2016). With the development of sequencing technology and
bioinformatics, many microbial genome sequences have been
collected. Many researchers have sought to find new novel
specific gene targets to replace the current target genes with
poor specificity (Taee et al., 2014). Previously, specific target
genes for P aeruginosa was identified from sigma 70-factor
sequences available from GenBank® and then aligned using
CLUSTALW software (Chowdhury and Garai, 2017; Wang et al.,
2020). Neighbor-joining trees have been computed through
the PHYLO_WIN graphical tool (Sanchez-Herrera et al,, 2017).
Specificity is the key to the success of conventional PCR, but
it is also the most important reason for the failure of PCR
detection. With the rapid development of whole-genome
sequencing and bioinformatics, it has become more economical,
convenient, and effective to identify specific targets by pangenome
analysis than by using other molecular target screening methods.
In this study, we used a large number of genome sequences
(n=2017) for pangenome analysis to identify specific gene

*https://www.ncbi.nlm.nih.gov/

targets of P. aeruginosa. According to the pangenome and PCR
analyses, four novel P. aeruginosa-specific targets were 100%
specific to the targeted P aeruginosa genomes and did not
detect nontarget P aeruginosa genomes. However, the
P aeruginosa-specific targets reported in the previous studies,
including ecfX, 16S rDNA, fliC, exotoxin A, oprl, algD, and
oprL, were present in 99.7%, 96.8%, 96.7%, 95%, 99.5%, 89.4%,
and 96.9% of the target strains, respectively (Table 4). Except
for the fliC gene, which showed low specificity, all of the
genes had very high specificity, especially the ecfX and gyrB
genes, whose detection was not associated with false positive
or false negative results (Tang et al, 2017). In addition, the
detection limits of primer pairs (10°-10* CFU/ml) corresponding
to these new target genes are similar to those of existing
molecular detection targets (Tang et al., 2017). Consequently,
the specific target of P aeruginosa obtained by this method
has good specificity. Its sensitivity can meet the needs of existing
molecular detection methods. Moreover, it can represent the
unique detection target of pathogenic P. aeruginosa in ready-
to-eat vegetables and their downstream products.

The PCR assay developed in the current study combines
four specific primer sets (PA1, PA2, PA3, and PA4) based on
novel molecular markers (UCBPP-PAI4_00095, UCBPP-
PA14 03237, UCBPP-PA14 04976, and UCBPP-PA14_03627,
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TABLE 3 | Test results for the detection of P aeruginosa in ready-to-eat vegetable samples obtained using different methods.

Number of positive results obtained by different methods for P. aeruginosa

Number of

Sample types

Sample
names

samples

qPCR
(group_88276)

PCR PCR qPCR (phzA2) qPCR
(group_75393)

(group_88276) (group_98983)

PCR PCR (phzA2) PCR
(group_75393)

(group_98983)

MALDI-TOF

Lettuce

Ready-to-eat
vegetables

Coriander

Tomatoes

Cucumbers

Total

14

15

15

14

14

15

15

14

14

29

TABLE 4 | Presence profile of novel and reported P, aeruginosa species-specific
gene targets for target and nontarget strains.

Species Target Presence profile in Source

genes
Target strain Nontarget
strain

F aeruginosa  group 98983 1,000 (100%) 1,017 (0%)  This study
phzA2 1,000 (100%) 1,017 (0%)  This study
group_75393 1,000 (100%) 1,017 (0%)  This study

)

group_88276 1,000 (100%) 1,017 (0%)  This study

( (t

( (

( (t

( (
ecfX 1,000 (99.7%) 1,017 (1.4%) Wang et al., 2020
16S rDNA 1,000 (96.8%) 1,017 (1.4%) Wang et al., 2016
fliC 1,000 (96.7%) 1,017 (1.4%) Ertugruletal., 2018
toxA 1,000 (95%) 1,017 (1%)  Ertugruletal,, 2018
oprL 1,000 (99.5%) 1,017 (0.9%) Taee et al., 2014
algD 1,000 (89.4%) 1,017 (0.9%) Heidariet al., 2018
oprl 1,000 (96.9%) 1,017 (0.8%) Mapipa et al., 2021

respectively) and allows simultaneous identification of pathogenic
P, aeruginosa. The minimum detection limits of the assays were
10°-10*CFU/ml for P. aeruginosa when pure enriched cultures
were analyzed, which are comparable to those for PCRs reported
in previous studies (Tang et al., 2017). These observations indicated
that the new PCR assay could be used to detect P. aeruginosa
in samples more rapidly (the overall assay time, including 4-12h
of pre-enrichment, DNA extraction, and the PCR assay, was
only 5-17h) than by using the standard culture method (4-7 days).

We designed the primers PA1, PA2, PA3, and PA4 according
to the targets UCBPP-PA14_00095, UCBPP-PA14_03237, UCBPP-
PA14 04976, and UCBPP-PA14 03627, respectively. Real-time
PCR methods were established on the basis of the above findings.
The minimum detection limit of the qPCR assay for P. aeruginosa
was 10°CFU/ml. The equations of the qPCR method showed
good linearity. These values, comparable to those of most qPCR
methods used for foods, were obtained without prior enrichment.
Sarabaegi and Roushani (2019) reported a qPCR assay that
detected a level of 2.7x10°CFU/ml for P. aeruginosa in water.

Similarly, Fortunato et al. (2021) used a qPCR method to
detect P. aeruginosa in soil and manure with a detection limit
of 10* CFU/g. Notably, the entire assay, including DNA extraction
and qPCR, can be completed within 2h. Compared with other
assays, such as traditional culture and conventional PCR methods,
the qPCR assay is more sensitive, more specific, time-eflicient,
and labor-saving.

We applied these methods to detect P. aeruginosa in actual
samples of ready-to-eat vegetables, the results of which were
consistent with the results of traditional culture methods. The
positivity rate of P. aeruginosa was approximately 50% (n=29),
which was equivalent to that for fresh-cut fruits and vegetables
(Savic et al, 2021). The positivity rate showed that the
contamination of ready-to-eat vegetables by P. aeruginosa was
significantly higher than that of other types of food, such as
cooked meat products, cold ready-to-eat foods, and drinking
water which was 6.25%, 17.65%, and 1.19%, respectively (Cai
et al, 2015). This favorable rate of P. aeruginosa was due to
dominant flora of vegetable plant saprophytic bacteria (Jin et al.,
2021). Pseudomonas aeruginosa carried by water sources and

Frontiers in Microbiology | www.frontiersin.org

May 2022 | Volume 13 | Article 820431


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Wang et al.

Molecular Detection of R aeruginosa

raw materials may also cause contamination at all points in
the sequence of vegetable irrigation, circulation, and clean
vegetable processing in an open environment and eventually
contaminate ready-to-eat vegetable products. It was found that
P aeruginosa strains from vegetables were genetically and
functionally similar to clinical isolates in genetics and function
(Ambreetha et al, 2021). Therefore, the development of rapid
and sensitive detection methods for P. aeruginosa in ready-to-eat
vegetables is of great significance to epidemiological research.

In this research, the methods of basic new specific molecular
targets face two major limitations in practical application.
On the one hand, with the increase of the number of test
samples, false positive results may occur. On the other hand,
this method belongs to the variable temperature nucleic acid
amplification method, which needs to use a specific variable
temperature amplification instrument to successfully complete
the experiment. Although the method based on new specific
targets can grasp the pollution level of P aeruginosa in
ready-to-eat vegetables, there are many uncertainties in the
transmission mechanism of P. aeruginosa in the food chain.
In subsequent experiments, we plan to analyze the serotype
and evolutionary relationship of P. aeruginosa strains isolated
from food samples in order to trace the way of
P aeruginosa contamination.

CONCLUSION

In conclusion, we successfully mined four novel specific target
gene sequences of P aeruginosa with high specificity and
sensitivity used pangenome analysis. Based on these new targets,
high-specificity and high-sensitivity PCR and qPCR assays were
established for rapid detection of P aeruginosa. Furthermore,
the established PCR and qPCR methods were applied to the
whole cell detection in practical samples of ready-to-eat
vegetables. Comparing the positive results of P. aeruginosa in
ready-to-eat vegetables, the detection method based on the
new target is consistent with the detection method of standard
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