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Tobacco black shank (TBS) disease, caused by Phytophthora nicotianae (P. nicotianae), poses a significant threat to global agriculture and results in substantial economic losses. Traditional methods, like culture-based techniques and quantitative polymerase chain reaction (qPCR), aid pathogen identification but can be less sensitive for complex samples with low pathogen loads. Here, we developed and validated a droplet digital PCR (ddPCR) assay with high sensitivity and specificity for detecting P. nicotianae. ddPCR and qPCR revealed comparable analytical performance including limit of blank (LoB), limit of detection (LoD), and limit of quantitation (LoQ). For the 68 infectious tobacco root samples and 145 surrounding soil samples, ddPCR demonstrated greater sensitivity, with a higher positive rate of 96.4% vs 83.9%. Receiver operating characteristic (ROC) analysis showed an area under the curve (AUC) of ddPCR was 0.913, compared to 0.885 for qPCR. Moreover, ddPCR provided better quantification accuracy for low pathogen concentrations in soil, suggesting better tolerance to potential PCR inhibitors in soil. These results highlight ddPCR as a robust and reliable tool for early diagnosis in complex samples, offering a valuable tool for improving disease management strategies.
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Introduction

Phytophthora nicotianae (P. nicotianae) is a highly destructive soil-borne oomycete pathogen responsible for significant yield losses and economic damage in crops such as peppers, strawberries, and tobacco worldwide (Li et al., 2013; Vanegas-Villa et al., 2020; Burgess et al., 2021). The pathogen causes symptoms such as wilting, root rot, and stem lesions, which can lead to plant death if not managed effectively (Raftoyannis and Dick, 2006; Baysal-Gurel et al., 2022; Pandey, 2023). Successful plant disease management relies on an integrated approach combining multiple strategies (Zhang et al., 2018; Ma et al., 2024). Accurate pathogen detection is fundamental to implementing appropriate management measures, such as crop rotation, resistant varieties, and fungicide applications, thereby improving enhancing disease control efficiency and sustainability.

Current molecular diagnostic methods, such as conventional quantitative polymerase chain reaction (qPCR), are widely used in pathogen detection. Li et al (Li et al., 2011; Blaya et al., 2015). established a qPCR method for the ITS region of P. nicotianae and achieved efficient detection. In addition, several emerging molecular technologies, including metagenomic sequencing and digital PCR, serve as valuable complementary diagnostic tools. By examining entire microbial genomes or metagenomes, metagenomics has become an important approach for exploring pathogen diversity, tracking emerging strains, and investigating host-pathogen dynamics. However, the routine diagnostic and large-scale monitoring applications of this method remain limited due to its complex protocols, dependence on advanced bioinformatics tools, and high costs (Kalantar et al., 2020; Piombo et al., 2021; Roman-Reyna and Crandall, 2024).

Digital PCR (dPCR) has emerged as a valuable method for molecular diagnostics, offering an optimal balance between sensitivity and accuracy (Rotondo, 2020; Hou et al., 2023). It enables absolute quantification of nucleic acids based on Poisson distribution by analyzing the presence or absence of fluorescent signals in thousands of microreaction units (Hu et al., 2021; Meng et al., 2022). Due to the end-point detection and excessive dilution, only minimal optimization for dPCR assay is necessary, whereas qPCR requires the relatively complex adjustments to obtain high amplification efficiency to ensure sensitivity and accuracy (Zhao et al., 2021; Damgaard and Treebak, 2022). Therefore, dPCR technology has been applied in a variety of applications, including quantification of cancer markers (Development of DDPCR blood-based diagnostic tests that simultaneously measure mRNA expression from immune and cancer cells; Riudavets et al., 2021), determination of viral load (Rotondo, 2020; Deng et al., 2024), and environmental monitoring (Molecular ecology resources; Zhu et al., 2020). In addition, it is relatively-tolerant to PCR inhibitors in complex environmental matrices such as soil and plant tissues (Dingle et al., 2013; Maheshwari et al., 2017; Zafeiriadou, 2024). These characteristics imply it is a promising tool for pathogen detection and quantification in plant pathology.

In this study, we developed a droplet digital PCR (ddPCR) method for detecting P. nicotianae and evaluated its analytical performance. We further compared ddPCR and qPCR using 213 field-collected samples, analyzed diagnostic performance through ROC curves to validate sensitivity and diagnostic accuracy. Additionally, pathogen loads were quantified and compared between the two methods.





Materials and methods



Sample collection and DNA extraction

Tobacco samples, including root tissue and rhizosphere soil, were collected from tobacco fields in Qingdao, Shandong Province, China. Approximately 50 mg of root tissue was ground in liquid nitrogen, and total DNA was extracted using the DNeasy Plant Mini Kit (Qiagen, Germany) following the manufacturer’s protocol. For soil samples, around 5 grams of rhizosphere soil—defined as soil in close contact with the roots—was collected, and DNA was extracted using the DNeasy PowerSoil Kit (Qiagen, Germany) in accordance with the manufacturer’s instructions. The quality and concentration of the extracted DNA from all samples were assessed using a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA).





ddPCR and qPCR methods

The primer/probe used in the study designed by Li at al. Nic-Forward: 5’-CCTATCAAAAAACAAGGCGAACG-3’, Nic-Reverse: 5’-CAGAGACTTTCGTCCCCACAGT-3’, and Nic-Probe: 5’-CTTCGGCCTGATTTAGTAGT-3’. For the ddPCR assay, experiments were conducted using the QX200 Droplet Digital PCR System (Bio-Rad, USA). The 20 µL reaction mixture consisted of 10 µL of 2× ddPCR Supermix for Probes (Bio-Rad), 1 µL of each primer (final concentration 500 nM), 0.5 µL of the probe (final concentration 250 nM), 2 µL of template DNA, and nuclease-free water to achieve the final volume. The probe was labeled with FAM (6-carboxy-fluorescein) at the 5’ end and a black hole quencher 1 (BHQ1) at the 3’ end (Sangon Biotech). Droplets were generated using the QX200 Droplet Generator (Bio-Rad) following the manufacturer’s protocol. The droplets were then transferred to a 96-well PCR plate, sealed with pierceable foil, and thermally cycled in a Veriti™ 96-well thermal cycler (Applied Biosystems, USA). The cycling protocol included an initial denaturation at 95°C for 10 minutes, followed by 45 cycles of denaturation at 94°C for 30 seconds and annealing/extension at 58°C for 1 minute, with a final extension at 98°C for 10 minutes and a hold at 4°C. After amplification, the droplets were read using the QX200 Droplet Reader (Bio-Rad), and data were analyzed with QuantaSoft software (Bio-Rad).

For qPCR, reactions were performed using the Light Cycler 480 II (Roche Applied Science, Germany). Each 20 µL reaction mixture contained 10 µL of 2× Probe qPCR MasterMix (TianGen, China), 1 µL of each primer (final concentration 500 nM), 0.5 µL of the probe (final concentration 250 nM), 2 µL of template DNA, and nuclease-free water to complete the final volume. The thermal cycling conditions for qPCR were identical to those used for ddPCR, and references to Li et al.





Specificity of ddPCR assay

The specificity of the primers and probes was assessed using a panel of 15 closely related Phytophthora spp. and other pathogens, including P. capsici, P. cactorum, P. ramorum, P. infestans, P. citrophthora, P. cryptogea A1, P. cryptogea A2, P. cinnamomi, Pythium spp., P. ultimum, P. aphanidermatum, Pythium myriotylum, Verticillium albo-atrum, Verticillium dahliae, Pythium helicoid.





Analytical performance assessment

The dynamic range was determined by a linear fit using a series of dilution samples, with nine replicates per concentration. To establish the limit of blank (LoB), 60 measurements were performed on three blank samples at different times. Blank measurements were defined as reactions containing nucleic acid-free water instead of a DNA template, conducted under the same ddPCR conditions as the test samples (Dong et al., 2020).

The limit of quantification (LoQ) was determined by conducting 20 measurements across five serial dilutions of samples. LoQ is defined as the lowest target DNA concentration that can be reliably quantified by the ddPCR assay with acceptable precision, indicated by a coefficient of variation (CV) of less than 25% (Kralik and Ricchi, 2017; Dong et al., 2020).

The limit of detection (LoD) represents the lowest concentration at which the ddPCR assay can detect target DNA with 95% confidence interval (CI). LoD was determined by performing 70 measurements across seven low-concentration dilution series and analyzing the data using probit regression, following the EP17-A guidelines (Tholen et al., 2004).





Statistical analysis

All statistical analyses were performed using OriginPro 2024 (version 10.1.0.178). Data were reported as mean ± standard deviation (SD), unless otherwise specified. The Shapiro-Wilk test was used to assess the normality of data distribution. Correlation analysis was conducted using either Pearson or Spearman methods, based on the data distribution. ROC curves were generated to evaluate the diagnostic performance of qPCR and ddPCR platforms, and the AUC values were calculated. A p-value of < 0.05 was considered statistically significant.






Results and discussions



Optimization of ddPCR method

The ddPCR reaction conditions and system were optimized to achieve optimal performance. The assay performed well across a range of annealing temperatures (Figure 1A). An annealing temperature of 58°C was selected as it provided clear separation of positive and negative droplets, with minimal “rain” (droplets with intermediate fluorescence values). Additionally, the reaction system was also optimized, and the primer and probe concentrations were determined to be 500 nM and 250 nM, respectively (Figure 1B).




Figure 1 | Optimization of ddPCR parameters. (A) Optimization of ddPCR reaction conditions from 54°C to 60°C. (B) Optimization of primer/probe concentration in ddPCR reaction system. The Blue and Gray droplets represent positive and negative droplets respectively.







Analytical specificity

The specificity of the ddPCR assay was confirmed by testing in a panel of closely related Phytophthora species and other pathogens. No cross-reactivity was observed, demonstrating that the primers and probes specifically amplified P. nicotianae DNA without interference from other pathogens (Supplementary Figure S1).





Dynamic range and limit of blank

The dynamic range of the ddPCR assay was determined by serially diluting standard genomic DNA samples of P. nicotianae (10¹ to 105 copies/reaction) using the gravimetric method. The assay exhibited good linearity across five orders of magnitude, with R² values of 0.989 for qPCR and 0.999 for ddPCR (Figures 2A, B).




Figure 2 | Dynamic range and LoB of qPCR and ddPCR analyses (A, B). The blue line indicates linear regression of the detected value against the expected value. The error line indicates the standard deviation and the intersection of the dashed lines is the LoB.



The LoB was determined based on 60 measurements from six blank samples. Although the distribution of the 60 blank controls was expected to conform to a normal distribution, the Shapiro-Wilk test revealed that neither qPCR (W = 0.375, P < 0.05) nor ddPCR (W = 0.408, P < 0.05) followed a normal distribution (Supplementary Figure S2). Consequently, a non-parametric approach was adopted following the EP17-A guidelines (EP17-A protocols for determination of limits of detection and limits of quantitation; approved guideline), and the LoB was calculated based on the 95th percentile of the measurements: LoB = X57 + 0.5 × (X58 − X57). Supplementary Table S2 presents the 15 highest blank values for each target. Linear interpolation between the 57th and 58th values yielded an estimated LoB of 2.8 copies/reaction for ddPCR and 3.1 copies/reaction for qPCR (Figures 2A, B).





Limit of Quantification and Detection

To evaluate LoQ, standard gDNA P. nicotianae samples were series diluted from 50 to 3 copies/reaction. Both methods showed good accuracy, but ddPCR showed less bias between expected and measured values across all the tested samples (Table 1). While the LoQ for both ddPCR and qPCR analysis was 8 copies/reaction, ddPCR showed lower bias (0.9%) and RSD (10.4%), indicating higher accuracy. At 3 copies/reaction (below the LoQ), the RSD of ddPCR (29.3%) was significantly lower than that of qPCR (49.6%).


Table 1 | LoQ of ddPCR and qPCR.



Seventy measurements from seven low-concentration samples (1 to 50 copies/reaction) were analyzed by probit analysis to determine the LoD (Figures 3A, B). The results showed a LoD95% of 4.6 (95% CI: 3.2 ~ 16.1) copies/reaction for ddPCR and 3.8 (95% CI: 2.5 ~ 32) copies/reaction for qPCR, indicating similar detection sensitivity between the two methods. Notably, the upper limit of the 95% CI for ddPCR was lower, suggesting higher positivity rates for low-concentration samples.




Figure 3 | The limits of detection of 95% (LoD95%) via probit analysis for qPCR (A) and ddPCR (B). The vertical dotted lines indicated LOD and values are denoted with 95% confidence intervals in parenthesis.







Diagnostic performance of qPCR and ddPCR

To assess diagnostic performance in crops, a total of 213 field samples were analyzed, including soil and root samples. The infection status of these samples was previously verified for the presence or absence of P. nicotianae through the colony culture method. The cutoff values for distinguishing positive and negative samples were determined as 3.1 copies/reaction for ddPCR and 5.9 copies/reaction for qPCR, calculated using the maximum Youden index. ddPCR demonstrated significantly higher detection sensitivity compared to qPCR for these samples (Figures 4A, C). Among the 101 positive soil samples, 68 (67.3%) were identified as positive by both methods, while ddPCR detected an additional 27 samples (ranging from 3.4 to 486.4 copies/reaction, mean: 63.9 copies/reaction) that were missed by qPCR (Figure 4B). For the 68 root samples, 67 were consistently identified as positive by both methods (Figure 4C).




Figure 4 | Diagnostic performance of ddPCR and qPCR for P. nicotianae. (A-C) Venn diagrams comparing ddPCR and qPCR results for field-collected samples. (D-F) ROC analysis of ddPCR and qPCR. The red diagonal line represents the random prediction baseline. (Each sample was tested in duplicate.).



ROC curve analysis further evaluated the diagnostic performance of both methods (Figures 4D-F). The AUC value for ddPCR (0.913) was higher than that of qPCR (0.885) (Figure 4D). For soil sample, ddPCR achieved an AUC of 0.871, outperforming qPCR (0.825) (Figure 4E). In contrast, both methods showed perfect accuracy (AUC = 1.000) for root samples (Figure 4F). The overall performance difference was largely attributed to soil samples.





Quantification of P. nicotianae in field-collected samples

The quantitative results of 68 positive soil samples and 67 positive root samples display a high correlation coefficient between qPCR and ddPCR (Pearson r>0.80; Figures 5A, B). However, the correlation coefficient for soil samples (R2 = 0.882) was lower compared to that of root samples (R2 = 1.000).In addition, the two methods’ quantitative results showed a greater bias for low-concentration samples, as reported in other studies (Sidstedt et al., 2020; Wang et al., 2022).Thus, we consider that qPCR is an effective technology, while its reliability could decrease when testing the complex low-quantity samples compared with digital PCR.




Figure 5 | Distribution of quantified P. nicotianae. by qPCR and ddPCR. (A, B) Correlation between qPCR and ddPCR results. (C, D) Violin plots showing the distribution of target copy numbers detected by qPCR (purple/red) and ddPCR (cyan/blue) in the samples. Boxes indicate the interquartile range (25%-75%) and the black horizontal line indicates the mean.



To further explore this difference, violin plot distributions demonstrate a high consistency of patterns between the two methods in soil and root samples (Figures 5C, D). However, measured values of ddPCR were significantly higher than qPCR (mean: 7176.4 vs 2973.2 copies/reaction). This bias is likely due to the matrix effect of field samples, which reduces amplification efficiency. As a result, qPCR amplification efficiency for field samples was lower than for standard samples, leading to an underestimation of quantitative results when using standard curves derived from pure gDNA.

Compared to qPCR, ddPCR demonstrate the superior detection performance and quantitative reliability for P. nicotianae. The qPCR assays generally requires precise reaction conditions for optimal amplification efficiency, and inadequately optimized qPCR protocols are prone to producing highly variable results (Dijkstra et al., 2014; Taylor et al., 2019).In contrast, digital PCR relies on high-quality primer/probe sets and minimal system optimization, resulting in more robust performance. In our study, the qPCR assay used was well optimized based on the protocol by Li et al (Li et al., 2011), therefore the both methods yielded similar positivity rates for standard samples and root samples with fewer impurities. However, differences were observed in the detection of soil samples with more complex components. The detection sensitivity and quantification accuracy of qPCR were significantly reduced for low-quality test samples. Additionally, ddPCR exhibited a significantly higher positive detection rate than qPCR, particularly in low-concentration soil samples. One of the noteworthy findings was that the negative predictive value (NPV) of ddPCR (47.059%, 95% CI: 33.158–61.400) was higher than that of qPCR (38.889%, 95% CI: 27.841–51.130), indicating a lower rate of false negatives with ddPCR. Since virulence differences among P. nicotianae isolates may be associated with variations in pathogen load (GigaScience), ddPCR’s superior sensitivity could provide a more accurate assessment of infection levels, which is critical for studying host-pathogen interactions and disease progression. The different amplification efficiencies of qPCR between standard and field samples resulted in its low sensitivity to detect complex low concentration samples. This difference is also probably responsible for the underestimation of qPCR quantitative results, as evidenced by our results and other reports (Rutledge and Stewart, 2008; Ruijter et al., 2021). Therefore, ddPCR is a more robust quantitative detection method, which is particularly suitable for low-abundance target detection in complex matrices.

Nevertheless, the diagnostic reliability of DNA-based methods (e.g., qPCR and digital PCR) is inherently limited by their inherent inability to discriminate viable pathogens from residual DNA of dead cells, which may lead to overestimate infection levels and distort disease progression evaluations. Subsequent studies would therefore incorporate viability-correlated pathogenicity analysis. In addition, despite digital PCR’s superior sensitivity and absolute quantification capacity, its substantial operational cost (including equipment and consumable costs) currently restricts widespread application (Supplementary Table S3). Future research should focus on reducing operational costs, increasing throughput, and improving the practical adoption of digital PCR in routine diagnostics. Furthermore, integrating ddPCR with automated analytical platforms could significantly expand its utility in pathogen surveillance, environmental microbiology, and agricultural disease management.






Conclusions

This work demonstrates the establishment of a ddPCR method capable of sensitive detection and precise quantification for P. nicotianae. While the analytical performance of ddPCR and qPCR is comparable, ddPCR exhibits superior diagnostic performance and higher quantitative accuracy for field samples. Additionally, ddPCR is more sensitive and well-suited for the early detection of complex samples with low pathogen loads. Finally, ddPCR provides a powerful tool for improving disease management strategies, enabling more precise monitoring, timely interventions, and sustainable agricultural practices.
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