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The effectiveness of probiotic products hinges on the viability and precise 
quantification of probiotic strains. This study addresses this crucial requirement 
by developing and validating a precise propidium monoazide combination with 
quantitative polymerase chain reaction (PMA-qPCR) method for quantifying 
viable Lacticaseibacillus paracasei in probiotic formulations. Initially, species-
specific primers were meticulously designed based on core genes from the 
whole-genome sequence (WGS) of L. paracasei, and they underwent rigorous 
validation against 462 WGSs, 25 target strains, and 37 non-target strains 
across various taxonomic levels, ensuring extensive inclusivity and exclusivity. 
Subsequently, optimal PMA treatment conditions were established using 25 
different L. paracasei strains to effectively inhibit dead cell DNA amplification 
while preserving viable cells. The developed method exhibited a robust linear 
relationship (R2  =  0.994) between cycle threshold (Cq) values and viable cell 
numbers ranging from 103 to 108  CFU/mL, with an impressive amplification 
efficiency of 104.48% and a quantification limit of 7.30  ×  103  CFU/mL. Accuracy 
assessments revealed biases within ±0.5 Log10 units, while Bland–Altman 
analysis demonstrated a mean bias of 0.058 Log10, with 95% confidence limits 
of −0.366 to 0.482 Log10. Furthermore, statistical analysis (p  =  0.76) indicated no 
significant differences between theoretical and measured values. This validated 
PMA-qPCR method serves as a robust and accurate tool for quantifying viable L. 
paracasei in various sample matrices, including pure cultures, probiotics as food 
ingredients, and composite probiotic products, thereby enhancing probiotic 
product quality assurance and contributing to consumer safety and regulatory 
compliance.
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FIGURE 1

It illustrates the principle of viable cell counting using the PMA-qPCR method. This technique relies on cell membrane integrity and the use of specific 
primers to selectively enumerate viable cells of targeted probiotics in compound products. Viable cells with intact membranes are distinguished from 
non-viable cells, allowing for accurate quantification of viable probiotics present.

1 Introduction

Probiotics, live microorganisms beneficial to human health when 
consumed in appropriate quantities, offer diverse advantages such as 
alleviating lactose intolerance, reducing obesity, and enhancing gut 
microflora (The World Health Organization, 2001; Principi et  al., 
2018; Son et  al., 2018; Jang et  al., 2019; Song et  al., 2023). Their 
extensive utility spans various sectors including food, cosmetics, 
dietary supplements, and pharmaceuticals, underscoring their 
importance in promoting human well-being (Kumar et al., 2015; Quin 
et al., 2018; Song et al., 2023). However, the efficacy of probiotics relies 
heavily on the specific strains used and their viability, which are 
influenced by factors like manufacture method, fermentation 
processes, and storage conditions (Fenster et al., 2019; Beck et al., 
2022; Congjie et al., 2024; Hellebois et al., 2024; Wang and Zhong, 
2024). Therefore, accurate quantification of viable cells, particularly in 
compound probiotic products, is critical for ensuring product quality, 
regulatory compliance, and consumer safety. This quantification not 
only verifies promised health benefits but also fosters market 
competitiveness and drives scientific innovation within the 
probiotic industry.

Currently, culture-based methodologies face inherent challenges 
in differentiating or selectively enumerating probiotics in compound 
products, failing to meet the demands of the probiotic industry (Boyte 
et  al., 2023; Sibanda et  al., 2024). Nucleic acid-based methods, 
particularly quantitative PCR (qPCR), have gained widespread 
acceptance across various disciplines such as biology, food science, 
and environmental science due to their rapidity, specificity, and 

exceptional sensitivity (Guo et al., 2020; Boyte et al., 2023; Shehata 
et al., 2023). When combined with propidium monoazide (PMA) dye, 
PMA-qPCR facilitates the quantification of viable cells through 
selective staining based on membrane integrity (Nocker et al., 2006; 
Guo et  al., 2024; Marole et  al., 2024). The PMA dye selectively 
penetrates membrane-damaged cells, forming covalent cross-links 
with DNA upon photolysis, preventing subsequent PCR amplification 
of DNA from dead cells. Consequently, DNA from membrane-intact 
cells is selectively amplified in the subsequent PCR procedure 
(Figure 1) (Nocker et al., 2006; Scariot et al., 2018; Shehata et al., 2023).

When applying PMA-qPCR, it is essential to consider several 
crucial factors that would impact the results, depending on the 
target strains and sample types. Firstly, the design of specific 
primers is fundamental in qPCR, as it ensures detection accuracy, 
enhances sensitivity, and minimizes false positives and negatives 
(Kwon et al., 2005; Fujimoto and Watanabe, 2013; Zhao et al., 2022; 
Kiousi et al., 2023). The efficiency of DNA extraction is another 
critical factor, as it directly affects how accurately the qPCR results 
reflect the biomass in the samples. Therefore, selecting an 
appropriate DNA extraction method based on the sample type is 
vital for obtaining accurate and stable results (Douglas et al., 2020; 
Shetty and Mariyam, 2020). Additionally, the PMA treatment 
conditions must be optimized to fully inhibit the amplification of 
DNA from dead cells without significantly affecting the detection of 
viable cells, which is crucial for accurate viable cell counts (Zhang 
et  al., 2020; Latka et  al., 2022). Another important factor is the 
qPCR amplification program, which impacts the amplification 
efficiency of the primers and affects the standard curve. This, in 
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turn, influences the relationship between the Cq values and gene 
copies or viable cell numbers. Finally, the selection of strains used 
to construct the standard curve and its applicability to different 
strains within a species should be carefully considered (Svec et al., 
2015; Ilha et al., 2016; Odooli et al., 2018; Scariot et al., 2018; Ruijter 
et al., 2021).

The performance parameters of microbiological methodologies 
are recommended to be evaluated and validated to ensure that they 
are suitable for their intended use. Quantitative techniques like 
PMA-qPCR demand meticulous assessment of accuracy, precision, 
specificity, quantification limit, linearity, and ruggedness (Broeders 
et al., 2014). These metrics are crucial for determining the method’s 
robustness and reliability across diverse applications. The 
PMA-qPCR method, renowned for its ability to differentiate 
between live and dead cells based on membrane integrity, holds 
significant promise for accurately quantifying viable cells, especially 
in complex matrices like compound probiotic products. However, 
despite its widespread application in various sectors, comprehensive 
evaluation of its efficacy in quantifying specific target species is 
often lacking. Thorough validation of the PMA-qPCR method is 
essential to ensure its precision and reliability across different 
applications, supporting scientific research, quality control, and 
regulatory compliance. Through method validation, the 
effectiveness of PMA-qPCR can be  improved in real-world 
scenarios, ensuring that probiotic products meet their intended 
health benefits and maintain high standards of quality and safety. 
This, in turn, enhances public health and fosters consumer trust in 
these products.

Lacticaseibacillus paracasei, recognized as a pivotal probiotic 
resource, assumes a prominent role within the global health food 
industry. At present, several commercially available strains of 
L. paracasei find widespread application in the production of dairy 
items, solid beverages, and health supplements (Zhang et al., 2010; 
Falfán-Cortés et al., 2022; Pérez Martínez et al., 2023; Beverage et al., 
2024). Furthermore, L. paracasei manifests commendable 
physiological effects, exerting a pivotal role in modulating the 
equilibrium of the human intestinal microbiota (Chuang et al., 2011) 
and serving as a probiotic in disease prevention (Chiang and Pan, 
2012). Notably, it demonstrates the capability of maintaining stable 
viability within the human intestinal tract, positioning it as a 
promising candidate for incorporation into functional foods. 
Particularly, the domain of dairy product development stands out as 
an area with substantial potential for future advancement. In this 
study, a precise PMA-qPCR method for quantifying viable L. paracasei 
was developed and rigorously evaluated. A species-specific primer 
pair was meticulously designed based on core genes identified in the 
whole genome sequence of L. paracasei. The validation process for 
these primers encompassed comprehensive inclusivity and exclusivity 
testing, conducted through whole-genome sequence blasts and a 
thorough analysis of strains collected at various taxonomic levels. The 
efficacy of the PMA treatment conditions was verified using 25 
different L. paracasei strains, ensuring that the method did not 
interfere with the PCR amplification of viable cells while effectively 
suppressing the amplification of non-viable cells. A standard curve 
correlating qPCR Cq values with viable bacterial counts was 
constructed. The PMA-qPCR method was then applied to a variety of 
samples, demonstrating its relative trueness, accuracy, linearity, limit, 
and quantification range. This study successfully established a robust 
PMA-qPCR method for accurately quantifying viable L. paracasei in 

heterogeneous samples, offering valuable implications for evaluating 
the viability and quality of probiotic products.

2 Materials and methods

2.1 Specific primer design

After executing data quality control and conducting an analysis of 
average nucleotide identity (ANI), we acquired 176 publicly available 
genomes of L. paracasei from the National Center for Biotechnology 
Information (NCBI). These genomes underwent re-annotation 
utilizing Prokka v1.14.6 to identify protein sequences, and the format 
was standardized to align with that of the 15 self-sequenced genomes. 
Subsequently, a gene presence/absence analysis was conducted based 
on the annotated protein sequences. Gene families of L. paracasei were 
individually constructed using the CD-HIT rapid clustering of similar 
proteins software (v4.6), applying a threshold value of 50% pairwise 
identity and a 0.7 length difference cutoff in amino acids (Li and 
Godzik, 2006; Li et  al., 2008). The genes only present in all the 
infraspecific strains were preliminarily identified as the core genes in 
L. paracasei. In consideration of the gene presence/absence analysis 
being carried out at the protein level, the nucleotide specificity of these 
conserved genes was subsequently verified through BLASTN against 
the NCBI Nucleotide collection (NT) (Altschul et  al., 1990). The 
species-specific gene for Alkaline shock protein 23 was identified for 
primer design. Subsequently, the corresponding PCR primer pairs for 
L. paracasei were meticulously crafted using Primer Premier v6.0, with 
adherence to various design principles (Singh et al., 1998; Elsalam, 
2003). The primer, designed with a length of 180 bp (Lpa-F: 
5’-ACGCTGGCATCAATAAGGAATT-3′; Lpa-R: 5’-CATCGCTCA 
GGTCTACATCCA-3′), was synthesized by Sangon Biotech 
(Shanghai, China).

2.2 Inclusivity and exclusivity validation of 
primer specificity

Inclusivity was conducted to assess primer ability to detect target 
strains (ISO 16140-2, 2016). Firstly, the primer was assessed in silico 
through aligning with 38 whole-genome sequences (WGS) of 
L. paracasei through Primer-BLAST on NCBI1 (Ye et al., 2012; Lawley 
et al., 2017; Guo et al., 2024). The WGS sequences were downloaded 
from NCBI website2 including type strain, commercial strains, and 
others. Then, the primer was further validated by PCR test using the 
DNA templates extracted from 25 different L. paracasei strains 
(Table  1). The thermal cycling of PCR assay consisted of initial 
denaturation at 95°C for 5 min, followed by 35 cycles of 95°C for 30 s, 
60°C for 34 s and 72°C for 25 s, followed by a final extension step of 
72°C for 10 min. The electrophoresis on 1% agarose gel was used to 
examine the amplification products using Gel Doc EZ System (Bio-
Rad, California, USA).

The exclusivity of primer characterizes the non-detection of 
non-target strains (ISO 16140-2, 2016). Seventy whole-genome 

1 https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.

cgi?LINK_LOC=BlastHome

2 https://www.ncbi.nlm.nih.gov/genome/
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sequences (WGS) of 25 strains of Lacticaseibacillus at the species level, 
281 WGS of 30 strains within the family Lactobacillaceae at the genus 
level, and 73 WGS of the 36 strains listed in the Chinese catalog of food-
safe cultures were downloaded from the NCBI. The primer was assessed 
in silico by aligning with these WGS through Primer-BLAST on NCBI 
(Ye et al., 2012; Lawley et al., 2017). Then, 36 strains in Chinese list of 
cultures that can be used for food and L. zeae were collected (Table 1). 
The DNA templates of these strains were isolated and PCR products 
were imaged by 1% agarose gel electrophoresis under UV lights.

2.3 Genomic DNA extraction

The bead-beating methods were demonstrated effectiveness for 
DNA extraction (Fujimoto et al., 2004; Guo et al., 2024). Briefly, the 
screw-cap 2.0 mL sample tubes containing 0.25 g of Zirconia/Silica beads 
with 0.1 mm were autoclaved. Bacterial suspensions within 200 μL of 
ddH2O were aspirated into these tubes. The BEAD RUPTOR 12 (OMNI 
International, USA) served as the mechanical cell disruptor for 12 s at a 
speed setting of 6.0 m/s. Supernatants containing DNA were obtained 
by centrifuged at 12,000 rpm for 15 min and 50 microliters of that were 
transferred into 1.5 mL sterile tubes for subsequent qPCR assays.

2.4 Verification of optimal PMA treatment 
conditions

Accurate quantification of viable bacteria is closely linked to the 
appropriate conditions of PMA treatment. A commonly used PMA 

treatment condition, involving a concentration of 50 μM/L, followed 
by 5 min of dark incubation, and finally, 15 min of exposure to light, 
was selected (Desfossés-Foucault et al., 2012; Villarreal et al., 2013; 
Guo et  al., 2024). To validate the suitability of the chosen PMA 
conditions across various L. paracasei strains, we deliberately selected 
25 distinct strains (Table  1) for further investigation. Firstly, the 
bacteria were initially resuscitated on MRS solid medium at 37°C for 
48 h. Subsequently, the cells were inoculated onto MRS solid medium 
and cultured for another 48 h. Having undergone dual cultivation on 
MRS solid medium under optimal conditions, the majority of the 
bacteria were considered highly active. The resuspended bacteria 
within 0.85% sodium chloride solution were adjusted to 
OD620 = 0.3–0.5 with approximate 108 CFU/mL, which was further 
validated by plating counts. Each strain was categorized into live and 
dead groups. To obtain the dead groups, the bacteria were subjected 
to heating at 90°C for 10 min. Subsequently, both live and dead 
bacterial suspensions, each containing approximately 108 CFU/mL, 
were divided into PMA treatment and non-treatment groups. The 
PMA solution from BIORIGIN (China) was dissolved in ddH2O to 
create a 20 mmol/L stock solution. Subsequently, 1.25 μL of this stock 
solution was added to 500 μL of cell suspensions, resulting in a final 
PMA concentration of 50 μM. The mixed samples were then placed in 
the dark for 5 min to allow PMA to penetrate dead cells and bind to 
their DNA. Following this incubation, the treated samples were 
exposed to a 60 W LED light source (Biotium, USA) for 15 min. 
Subsequently, both the bacterial suspensions from the PMA treatment 
group and the non-treatment group were centrifuged at 12,000 rpm 
for 15 min. The harvested bacterial pellets were then subjected to 
DNA extraction.

TABLE 1 Bacterial strains used in this study.

Inclusivity and 
exclusivity study

Genus Strains

Inclusivity Lacticaseibacillus

L. paracasei CICC 6263T, 6264T, CICC 6028, CICC 6110, CICC 6138, CICC 6227, CICC 20241, CICC 20266, CICC 

22165, CICC 22829, CICC 22830, CICC 22709, CICC 24700, CICC 24825, Z-022, 8130T, ET-22, K56, LC01, Shirota, 

LPC-37, 431, LC-37, Zhang, 207–27

Exclusivity

Lacticaseibacillus L. casei CICC 6117T, L. rhamnosus CICC 6224T, L. zeae CGMCC 1.2442

Bifidobacterium
B. animalis subsp. lactis CICC 24210T, B. animalis subsp. animalis CICC 6250T, B. adolescentis CICC 6070T, B. breve 

CICC 6079T, B. longum subsp. longum CICC 6186T, B. longum subsp. infantis CICC 6069T, B. bifidum CICC 6071T

Lactobacillus

L. acidophilus CICC 6081T, L. crispatus JCM 1185T, L. delbrueckii subsp. bulgaricus CICC 6103T, L. delbrueckii subsp. 

lactis CGMCC 1.2625T, L. gasseri CICC 24878T, L. helveticus CICC 24208T, L. johnsonii CICC 6252T, L. kefiranofaciens 

subsp. kefiranofaciens CGMCC 1.3402T

Limosilactobacillus L. fermentum CICC 24209T, L. reuteri CICC 6132T

Lactiplantibacillus L. plantarum CICC 6240T

Ligilactobacillus L. salivarius CGMCC 1.1881T

Latilactobacillus L. curvatus JCM 1096T, L. sakei CICC 6245T

Streptococcus S. salivarius subsp. thermophilus CICC 6222T

Lactococcus L. lactis subsp. lactis CICC 6246T, L. cremoris CICC 24337T

Propionibacterium P. freudenreichii subsp. shermanii CGMCC 1.2231T, P. acidipropionici CICC 24923T

Leuconostoc L. subsp. mesenteroides CICC 25070T, L. mesenteroides subsp. cremoris CICC 22181

Pediococcus P. acidilactici CGMCC 1.2696T, P. pentosaceus CGMCC 1.2695T

Weizmannia W. coagulans CGMCC 1.2009T

Staphylococcus S. vitulinus CICC 10850, S. xylosus JCM 2418T, S. carnosus ACCC 01657
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2.5 Quantitative PCR amplification

The total qPCR volume was 20 Lµ  per reaction, including 10.0 
Lµ  of 2× SYBR Green premix (TaKaRa, Japan), 0.4 L of each10 Mµ µ  

forward and reverse primers, 0.08 Lµ  of ROX reference dye, 2 Lµ  of 
bacteria genomic DNA, and 7.12 Lµ  ddH2O. The thermal cycle 
program was as follows: 95°C for 30 s, followed by 40 cycles of 95°C 
for 5 s, 60°C for 34 s. The qPCR reactions were carried out in an ABI 
7500 Fast real-time PCR system. Triplicates were performed for target 
DNA and sterile water (negative control).

2.6 Construction of standard curves 
between viable cell numbers and Cq values

In order to achieve viable cell counting by PMA-qPCR method, a 
standard curve between viable cell numbers and qPCR Cq values was 
performed (Ilha et al., 2016; Odooli et al., 2018; Scariot et al., 2018). 
Fresh cultures of L. paracasei CICC 6263T was obtained and then 
diluted to 108 CFU/mL that further confirmed by culture plating. The 
bacteria with 108 CFU/mL were treated by PMA to filter dead cells and 
then DNA was extracted as described above. The DNA series with 
10-fold dilutions was amplified to obtain the Cq values. Then, the 
standard curve between Cq values and viable cell numbers 
were constructed.

2.7 Linear and quantification limits of the 
PMA-qPCR method

Samples were prepared by combining viable L. paracasei cells with 
nonviable cells of L. rhamnosus. In each sample, a consistent count of 
nonviable L. rhamnosus cells was maintained at approximately 
108 CFU/mL, while varying concentrations of viable L. paracasei cells 
were introduced, namely 108, 107, 106, 105, 104, and 103 CFU/mL. The 
103 CFU/mL were further diluted to obtain lower L. paracasei 
concentration for quantification limits detection. Viable L. paracasei 
were quantified using the culture-based method to obtain the 
theoretical values. To obtain the linear characteristics, the PMA-qPCR 
measured values and theoretical values were linearly fitted.

2.8 Quantification of viable 
Lacticaseibacillus paracasei by PMA-qPCR 
method

The wide applicability of the established PMA-qPCR method was 
firstly confirmed using 25 strains of L. paracasei (Table  1). These 
strains included type strains CICC 6263T, CICC 6264T, and 
commercial strains Z-022, 8130T, ET-22, K56, LC01, Shirota, LPC-37, 
431, LC-37, Zhang, 207–27, as well as CICC 6110, CICC 22165, CICC 
20241, CICC 22830, CICC 6138, CICC 6028, CICC 24700, CICC 
24825, CICC 6227, CICC 20266, CICC 22709, and CICC 22829. Each 
bacterial suspension was adjusted to approximately 108 CFU/mL, 
followed by PMA treatment, DNA extraction, and qPCR amplification. 
Viable cell number of each strain were further determined by 
plate counting.

As probiotics used in food ingredients typically contain high 
concentrations of bacteria, a selection of six probiotic formulations 
comprising singular L. paracasei strains (e.g., zhang, LPB-27, etc.) 
or combinations with other probiotics and lactic acid bacteria, 
along with simple excipients such as maltodextrin, were collected. 
Initially, the total bacteria of each sample were diluted to 
approximately 108 CFU/mL, and viable numbers of L. paracasei 
were detected using the established PMA-qPCR method. 
Theoretical values of L. paracasei in each sample were provided by 
the producer.

To further validate the PMA-qPCR method’s capacity to 
accurately quantify viable L. paracasei within composite bacterial 
flora and withstand interference from the matrix, eight compound 
probiotic products were collected. Each compound probiotic 
product contained typically featured intricate formulations. These 
formulations incorporated complex excipients, including common 
additives such as maltodextrin and resistant dextrin, as well as 
prebiotics like fructooligosaccharides, erythrosis, and stachyose. 
Additionally, botanical ingredients such as cranberry, peach, and 
hawthorn powder were included in these probiotic formulations. 
Then, the established PMA-qPCR method was used to detect 
viable L. paracasei in these compound probiotics. Theoretical 
values of viable L. paracasei in these samples were obtained 
according to products claims. To enhance the analysis of probiotic 
products, qPCR was used on PMA-untreated samples to identify 
and measure dead or damaged bacteria, offering a complete view 
of the total bacterial count, encompassing both living and dead 
cells. The principles of how PMA-qPCR quantifies the number of 
viable target cells in compound probiotics are illustrated in 
Figure 1.

2.9 Statistical analysis

The statistical analysis comprised two key methodologies. 
Firstly, the T-test method, executed in Excel (Microsoft Office 
2021), was employed to determine the significance of PMA 
treatment conditions on viable cells, comparing treated and 
non-treated groups. Additionally, the T-test assessed the 
significance between theoretical and measured values across all 39 
samples, with a significance threshold of p < 0.05. Secondly, to 
ensure rigorous analysis and scientific validity, the Bland–Altman 
method was utilized. Implemented using R software (version 4.2.2), 
this method evaluated the agreement between theoretical and 
PMA-qPCR measured results. It involved plotting individual 
differences against mean values, incorporating the line of identity, 
line of bias, and upper and lower 95% confidence limits 
of agreement.

3 Results

3.1 Specificity of the newly designed primer

The specificity of the designed primer for L. paracasei was initially 
validated through a Primer-BLAST analysis on NCBI. In this 
preliminary test, no significant similarity with non-target 
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FIGURE 2

The PCR amplification of inclusivity and exclusivity assay visualized on an agarose gel. (A) Inclusivity assay with 25 target strains (Table 1); (B) Exclusivity 
assay with 37 non-target strains (Table 1).

microorganisms was detected. Then, inclusivity and exclusivity of the 
primer were evaluated using DNA templates from 25 target strains of 
L. paracasei and 37 non-target strains by PCR amplification. Positive 
results for the 25 strains of L. paracasei were obtained, while other 37 
strains were all negative (Figure  2). The results demonstrated the 
highly specificity of the newly designed primer to L. paracasei and 
target detection of L. paracasei within multi-strains would 
be achievable.

3.2 Evaluation of the optimal PMA 
treatment conditions

The PMA treatment conditions involving a concentration of 
50 μM/L was selected. This was followed by 5 min of dark incubation 
and, finally, 15 min of exposure to light. To further validate the 
optimality and broad applicability of these chosen PMA treatment 
conditions, 25 strains of L. paracasei were employed with and 
without PMA treatment. For the viable group, the Cq values 
obtained from the PMA treatment and non-treatment groups 
underwent statistical analysis using the T-test method. No 
significant differences (p = 0.057–0.993) (Figure 3A) were observed 
between the treated and non-treated groups for each strain, 
indicating that the chosen PMA conditions would not inhibit the 
qPCR amplification of viable cells. The 25 different strains of 
L. paracasei, each with a concentration of 108 CFU/mL, underwent 
heat inactivation to obtain total dead cells. Subsequently, the 
efficiency of PMA treatment was further evaluated. The inhibition 
efficiencies of PMA treatment on qPCR amplification of dead cells 
from each L. paracasei strain were calculated. As depicted in 
Figure 3B, the inhibition efficiency of each strain ranged from 99.96 
to 100.00%. This remarkable inhibition indicates that qPCR 
amplification of DNA originating from dead cells was nearly 
completely suppressed. These results demonstrate that the chosen 
PMA conditions are optimal for distinguishing between viable and 
dead cells of L. paracasei, including the type strain, commercial 
strains, etc.

3.3 Conversion of Cq values to viable cell 
numbers

For the qPCR method, Cq values are the direct results obtained. 
To determine viable cell numbers, a relationship between Cq values 
and viable cell numbers should be established (Figure 4). The slope 
of the linear equation between the Cq values of individual strains and 
the logarithm of the number of viable bacteria is −3.22, and R2 is 
0.997. The amplification efficiency (E) was calculated as 104.48% 
using the formula E = 10 (−1/slope) – 1 (Rogers-Broadway and Karteris, 
2015; Svec et al., 2015). This efficiency value is deemed acceptable as 
it falls within the range of 90 to 110% (Ruijter et al., 2009), indicating 
that the newly designed primer also exhibits good sensitivity and can 
be utilized for the detection of L. paracasei in probiotic products. 
Through the utilization of the standard curve, it became feasible to 
convert the Cq values of L. paracasei samples into CFU 
equivalent cells.

3.4 Limit of quantification of the 
established PMA-qPCR method

To ascertain the limit of quantification of the established 
PMA-qPCR method, three composite samples were prepared, each 
containing viable L. paracasei and non-viable L. rhamnosus. In each 
sample, the concentration of non-viable L. rhamnosus remained 
approximately 108 CFU/mL, while viable L. paracasei concentrations 
were 2.57 × 103 CFU/mL, 7.30 × 103 CFU/mL, and 1.54 × 104 CFU/mL, 
respectively. Five replicates were run for each sample. The average Cq 
values corresponding to 7.30 × 103 CFU/mL and 1.54 × 104 CFU/mL 
were 29.54 ± 0.21 and 28.49 ± 0.04, respectively, both falling below 30 
and within the range of the standard curve (Figure 4). When the 
concentration of L. paracasei were 2.57 × 103 CFU/mL, the average Cq 
value was 31.01 ± 0.23, which was close to the negative control and 
beyond the range of the standard curve. Therefore, the limit of 
quantification for the PMA-qPCR method was established as 
7.30 × 103 CFU/mL.

https://doi.org/10.3389/fmicb.2024.1456274
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Guo et al. 10.3389/fmicb.2024.1456274

Frontiers in Microbiology 07 frontiersin.org

3.5 Linear, and range of the established 
PMA-qPCR method

In this study, compound samples comprising viable L. paracasei 
and deceased L. rhamnosus were prepared, with total bacterial 
concentrations of approximately 108 CFU/mL, while viable L. paracasei 
numbers ranged from 103 to 108 CFU/mL. Firstly, the accuracy of the 
established PMA-qPCR method within these range was validated. The 

accuracy profile facilitates the assessment of both accuracy and 
precision by comparing the measured values with their corresponding 
theoretical values (ISO 16140-2, 2016). Typically, an acceptability limit 
(AL) of ±0.5 Log10 units is employed to delineate the permissible 
difference between the measured and theoretical values. This AL 
represents the maximum allowable deviation of the method from the 
theoretical values.

The results obtained from PMA-qPCR detection were statistically 
analyzed according to ISO 16140-2 (2016) (E). A graphical 
representation of computed results was created, with the horizontal 
axis depicting theoretical values in Log10 units and the vertical axis 
illustrating the bias (Figure 5). Straight lines connect the upper and 
lower tolerance-interval limits to interpolate the behavior of the limits 
across different levels of the validation samples. The horizontal line 
denotes the theoretical values, while any disparities between 
theoretical values and average concentration levels of L. paracasei are 
depicted by black dots. In the absence of biases, these recovered values 
align with the horizontal theoretical line. Additionally, AL is indicated 
by two dashed horizontal lines, and β-ETI (expected tolerance 
interval) limits are shown as broken full lines. According to Figure 5, 
the bias between theoretical and measured values for each viable cell 
concentration was 0.05, 0.04, 0.06, −0.09, −0.05, and 0.27 Log10 units. 
Importantly, all these biases are all within the acceptable limits (± 0.5 
Log10 units). This demonstrated the compelling evidence for the 
accuracy of the PMA-qPCR method in quantifying viable L. paracasei 
within 103–108 CFU/mL. Furthermore, five replicates were conducted 

FIGURE 3

Optimal PMA treatment conditions evaluation. (A) Assessment of the impact of PMA treatment on qPCR amplification of viable L. paracasei cells from 
25 different strains. PMA (+) and PMA (−) represent samples treated with and without PMA, respectively. (B) Determination of the inhibition efficiency of 
PMA on dead L. paracasei cells.

FIGURE 4

Sensitivity of the newly designed primer for quantification of viable L. 
paracasei by qPCR. The standard curve was constructed using the 
average Cq values derived from 10-fold serial dilutions of target DNA 
extracted from an equal proportion of L. paracasei and the logarithm 
of the concentration of culturable L. paracasei.
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FIGURE 6

A linear correlation between theoretical and measured values was 
effectively established within the concentration range of 103 to 
108  CFU/mL for L. paracasei. Each data point presented herein is 
derived from the analysis of five replicates.

FIGURE 7

Scatter plot of theoretical values versus measured results.

for each sample to evaluate the precision of the established PMA-qPCR 
method. The coefficient of variation (CV) for the Log10-transformed 
viable cell counts were calculated. Low CV values of 0.97, 0.39, 1.66, 
1.61, 2.11, and 1.74%, underscored the robustness of the PMA-qPCR 
method in accurately quantifying viable cell counts.

Based on the accuracy results, a linear regression analysis was 
conducted to correlate the theoretical values with the measured values 
(Figure 6). The resulting correlation coefficient (R2) of the fitted curve 
was determined to be 0.994, indicating a strong linear relationship 
between the measured and theoretical values within the range of 103 
to 108 CFU/mL (Figure 6). These findings substantiate the method’s 
reliability and accuracy in quantifying bacterial concentrations within 
the specified range. However, it is noteworthy that the upper limit of 
the quantitative range is set at 108 CFU/mL, reflecting the limit of 
detection rather than necessarily delineating the genuine upper 
threshold of the developed methodology. In cases where bacterial 
densities surpass this concentration, the total bacterial density can 
be adjusted to 108 CFU/mL, following which the optimal conditions 
for PMA treatment can be applied to the sample.

3.6 Applications of PMA-qPCR method to 
different sample types

The implemented PMA-qPCR method was employed across three 
distinct sample categories: pure cultures, probiotics as food 
constituents, and probiotic products. Pure cultures denote samples 
exclusively containing bacteria devoid of any matrix influence. 
Probiotic as food ingredients encompass samples containing either 
single strains of L. paracasei or multiple bacterial strains, with little 
matrix influence. Probiotic products encompass samples containing 
multiple bacterial strains along with complex matrix effects. Initially, 
a y = x line was plotted to visualize the level of agreement between the 
theoretical and measured values (Figure 7). Most data points closely 
conformed to the line for each analyzed sample, indicating a high level 
of concordance between the theoretical and measured values.

The results were further analyzed using the Bland–Altman 
method in accordance with ISO 16140-2 (2016) (E). Individual sample 

differences against the mean values were plotted, showing the line of 
identity (zero difference), the line of bias, and the upper and lower 
95% confidence limits (CLs) of agreement for the bias (Figure 8). The 
mean bias of the 39 samples was 0.058 Log10, demonstrating high 
agreement between PMA-qPCR measured and theoretical values. The 
lower and upper limits of agreement were − 0.272 and 0.388 Log10. The 
95% confidence limits were − 0.366 to −0.178 Log10 and 0.294 to 0.482 
Log10, respectively (Figure 8). The differences between the measured 
and theoretical values of 38 samples consistently fell within the 95% 
confidence interval defined by the CLs. Only one probiotic sample 
exceeded the CLs, aligning with ISO 16140, which allows no more 
than 1 out of 20 data points to exceed the CLs. For this outlying 
sample, the difference between the measured and theoretical values 
was −0.385 Log10, still within ±0.5 Log10. This demonstrates the 
accuracy and suitability of the PMA-qPCR method for quantifying 
viable L. paracasei. A T-test was utilized to assess the significance of 
differences between the theoretical and measured values of all 39 
samples. The resulting p value of 0.76 (p > 0.05) indicates no significant 
difference between the theoretical and measured groups within the 

FIGURE 5

Accuracy profile for different concentrations of L. paracasei detected 
by the established PMA-qPCR method. The β-ETI represents the 
interval within which the expected proportion of future results will 
fall, with β set at 80% in accordance with ISO 16140-2:2016 (E) for 
this study. The bias (Bi) was determined as the absolute difference 
between the medians of the theoretical and measured values.
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sample set. This underscores the precision and reliability of the 
PMA-qPCR method for detecting viable cells across various 
applications, including pure cultures, probiotics as food ingredients, 
and composite probiotic products.

To investigate the total, viable, and dead cells in probiotic 
products, both PMA-treated and untreated samples were analyzed 
using qPCR. As shown in Figure 9, the total cell numbers (qPCR) of 
L. paracasei were higher than the viable cell numbers (PMA-qPCR). 
Significant differences were particularly observed in PP-2 and PP-4 
probiotic products, with p values lower than 0.05. These findings 
indicate the presence of dead or membrane-damaged cells in the 
probiotic products. The PMA-qPCR method effectively excluded dead 
or membrane-damaged cells, providing an accurate count of viable 
L. paracasei cells in composite probiotics.

4 Discussion

The specificity of the newly designed primer for L. paracasei is 
paramount for ensuring precise detection and quantification of this 
probiotic strain, particularly within complex sample matrices 
(Broeders et  al., 2014; Garrido-Maestu et  al., 2018), significantly 
enhancing probiotic product manufacturing and quality control. Our 
primer design methodology is founded on a meticulous analysis of 
genomic data, leveraging 176 publicly available L. paracasei genomes 
subjected to rigorous re-annotation to ensure data consistency. This 
comprehensive approach facilitated an accurate gene presence/
absence analysis, crucial for identifying core genes specific to 
L. paracasei, ensuring the target sequence is present across all strains 
while absent in non-target organisms. Utilizing CD-HIT software for 
gene presence/absence analysis at the protein level enabled precise 
clustering of similar proteins, identifying conserved gene families 
with high confidence. Stringent thresholds (50% pairwise identity 
and 0.7 length difference) ensured the inclusion of genuinely 
conserved genes, enhancing the specificity of the target. Following 
identification of potential core genes, their nucleotide sequences 
underwent BLASTN analysis against the NCBI Nucleotide collection 

to validate their specificity to L. paracasei at the nucleotide level, 
eliminating significant similarities with non-target species. This dual-
level verification, examining both protein and nucleotide levels, 
provided a robust foundation for designing highly specific primers. 
The selection of the gene encoding Alkaline Shock Protein 23 was 
based on its consistent presence across L. paracasei strains and 
absence in related species, with its stability and crucial role in stress 
response mechanisms contributing to its conservation as an ideal 
marker for species-specific detection. Validation processes further 
reinforced the primer’s specificity, with in silico tests using Primer-
BLAST against extensive whole-genome sequences from target and 
non-target strains confirming the absence of significant similarity 
with non-target organisms. Practical inclusivity and exclusivity tests 
involving 25 L. paracasei strains and 37 non-target strains provided 
empirical evidence of the primer’s accurate discrimination between 
target and non-target DNA (Figure 2), underscoring the primer’s 
reliability and specificity for diverse applications in probiotic research 
and product development.

The efficiency of DNA extraction is pivotal for accurately 
quantifying target microorganisms, with minimizing DNA loss being 
a crucial aspect in maintaining precision. Although commercial DNA 
extraction kits are widely used, concerns regarding DNA loss during 
column purification have been frequently documented, often 
attributed to the competitive binding of humic substances to silica 
membranes (Lloyd et al., 2010; Natarajan et al., 2016; Plotka et al., 
2017). In this study, a streamlined approach to DNA extraction was 
employed, utilizing a one-step cell lysis method with a bead mill 
homogenizer due to its rapidity and ease of operation. This 
simplification of procedures significantly reduces the potential for 
DNA loss, thereby enhancing the reliability of downstream analyses. 
Moreover, maintaining consistent lysis conditions, including speed 
and duration, is essential for ensuring the stability and reproducibility 
of DNA quality. Effective DNA extraction is paramount as it lays the 
groundwork for establishing a robust correlation (R2 = 0.997) between 
Cq values and viable cell numbers, as depicted in Figure  4. 
Consequently, the resulting standard curve facilitates the translation 
of DNA quantities into viable cell numbers (Ilha et al., 2016; Yang 
et al., 2021). Furthermore, the efficacy of this method extends across 
various sample types, including pure cultures, probiotics as food 

FIGURE 8

Bland–Altman plots comparing the quantitative values of PMA-qPCR 
measured values with those of theoretical values for 39 samples. 
(mean difference  =  0.058 Log10; SD  =  0.168 Log10).

FIGURE 9

The total cell numbers (qPCR) and viable cell numbers (PMA-qPCR) 
of L. paracasei in eight probiotic products (PP-1 to PP-8) were 
assessed.
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ingredients, and compound probiotic products, as evidenced by the 
high degree of consistency between theoretical and PMA-qPCR 
measured values of viable L. paracasei (Figures  7, 8). Previous 
research has also demonstrated the accuracy of the bead-beating 
method in quantifying viable L. rhamnosus cell numbers (Guo et al., 
2024), further affirming the advantages of this DNA extraction 
approach. Therefore, the bead-beating method emerges as a highly 
recommended tool for obtaining DNA followed by qPCR 
amplification, facilitating accurate viable cell counts and enhancing 
the reliability of microbial analysis in diverse sample matrices.

The PMA treatment condition is a crucial parameter for accurate 
viable cell counting, as it directly impacts the efficiency of dead cell or 
extracellular DNA filtration while leaving live cells unaffected (Nocker 
et al., 2006; Fujimoto and Watanabe, 2013; Yang et al., 2021). In this 
study, the chosen PMA treatment conditions (50 μM/L, 5 min, 15 min) 
(Desfossés-Foucault et al., 2012; Villarreal et al., 2013) were validated as 
optimal for distinguishing between viable and dead cells under bacterial 
concentrations of 108 CFU/mL (Figure 3). A notable aspect of this study 
is the comprehensive collection of 25 distinct strains of L. paracasei to 
confirm the PMA treatment conditions, which is rare in previous 
PMA-qPCR studies. The results presented in Figure 3 demonstrate the 
wide applicability of the optimal PMA treatment conditions across 
various strain types, including both laboratory strains and commercial 
ones. This highlights the robustness and versatility of the selected PMA 
treatment protocol for accurately distinguishing viable cells from dead 
ones, regardless of strain origin or source.

The developed PMA-qPCR method demonstrates high accuracy 
in quantifying viable L. paracasei across a broad range of 
concentrations and sample types. The strong correlation coefficient 
(R2 = 0.994) observed in the linear analysis within the concentration 
range of 103 to 108 CFU/mL (Figure 6) underscores the method’s 
reliability in quantifying viable cell numbers. This high degree of 
linearity indicates the precise ability of the PMA-qPCR method to 
maintain accuracy and consistency across varying levels of viable 
cells. Furthermore, the established PMA-qPCR method underwent 
validation across three dimensions of sample types: pure cultures, 
probiotics as food ingredients, and compound probiotic products 
(Figures  7, 8). For instance, in compound probiotic products 
containing multiple bacterial strains, such as B. animals subsp. lactis, 
L. rhamnosus, L. paracasei, L. plantarum, L. fermentum, L. gasseri, 
B. breve, L. delbrueckii subsp. bulgaricus, L. reuteri and others, the 
difference between theoretical and PMA-qPCR measured values was 
−0.059 Log10 (Figure 8), demonstrating the high accuracy of the 
method in quantifying viable L. paracasei within complex probiotics. 
The accurate results obtained in this study further validate the 
specificity of the primers, affirming their capability to detect 
L. paracasei without interference from other non-target bacteria. 
Additionally, the compound probiotic products contained various 
matrix components such as resistant dextrin, erythritol, maltitol, 
polydextrose, or fructooligosaccharides. The successful 
quantification of viable L. paracasei within these complex matrices 
highlights the robustness and tolerance of the PMA treatment 
conditions and qPCR reaction to diverse sample compositions. 
Although utilizing the DNA of the target strain for preparing the 
standard curve theoretically enhances accuracy by tailoring the 
qPCR amplification process (Ilha et al., 2016; Odooli et al., 2018; 
Scariot et al., 2018), practical scenarios often involve unknown or 
unobtainable target bacterial strains. The high accuracy 

demonstrated in this study suggests the feasibility of applying a 
standard curve derived from the type strain to other strains within 
the same species. The comprehensive validation process and results 
provide a thorough overview confirming the suitability of the key 
parameters chosen, including DNA extraction, PMA treatment 
conditions, and standard curve preparation, for establishing the 
PMA-qPCR method. This underscores the method’s versatility and 
suitability for assessing bacterial viability in real-world samples with 
diverse compositions.

This study further demonstrated the presence of dead/damaged 
cells in probiotic products, as illustrated in Figure  9. During 
production, storage, and distribution, probiotic products are 
subjected to various biological, physical, and chemical stresses. These 
stresses can damage the probiotic cells, resulting in a microbial 
population comprising viable, dead, and stressed/damaged cells, 
including those in a viable but non-culturable (VBNC) state (Fiore 
et al., 2020; Fusco et al., 2021). The presence of dead and VBNC cells 
may impact the quality and efficacy of probiotic products (Foglia 
et al., 2020; Fusco et al., 2021). Therefore, accurate quantification of 
viable cells in probiotic products is crucial to ensure their 
effectiveness. The PMA-qPCR method represents a significant 
advancement in the accurate identification of probiotics and the 
quantification of viable bacteria. Both the findings of this study and 
previous research endeavors have unequivocally demonstrated the 
method’s accuracy and stability in achieving precise identification of 
target strains and enumeration of viable bacteria (Berezhnaya et al., 
2021; Yang et al., 2021; Guo et al., 2024). Furthermore, the method’s 
versatility allows for the simultaneous detection of multiple bacteria 
under the same PMA-qPCR conditions, thereby enhancing efficiency. 
This capability holds profound implications for consistency control 
in enterprise production processes and market supervision of 
compound probiotics. The simplicity and rapidity of the PMA-qPCR 
method make it highly conducive to standardized research and 
application. Its feasibility in routine use provides invaluable technical 
support for ensuring the quality and safety of probiotic products. By 
offering a reliable means of quantifying viable bacteria, the method 
contributes to enhancing the transparency and accountability of 
probiotic product labeling, thereby bolstering consumer confidence.

5 Conclusion

In conclusion, this study has successfully developed and validated 
a precise PMA-qPCR method for quantifying viable L. paracasei in 
probiotics. The specificity of the newly designed primers was 
rigorously evaluated, demonstrating high specificity for L. paracasei 
detection across various strains. Optimal PMA treatment conditions 
were established to effectively distinguish between viable and dead 
cells, ensuring accurate quantification of viable L. paracasei. The 
method exhibited a strong linear relationship between Cq values and 
viable cell numbers, with high amplification efficiency and a 
quantification limit of 7.30 × 103 CFU/mL. The accuracy and precision 
of the method were confirmed, with biases within acceptable limits 
across various concentrations of viable cells. Moreover, the method 
demonstrated robustness and reliability across different sample types, 
including pure cultures, probiotics as food ingredients, and compound 
probiotic products. Its simplicity, speed, and consistency make it 
indispensable for standardized research, offering vital technical 
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support for quality assurance in probiotic product manufacturing. Its 
implementation in routine testing procedures can enhance 
transparency and accountability in the probiotics industry, ultimately 
bolstering consumer confidence and satisfaction.
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