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Abstract

:

Didymella pinodella is the major pathogen of the pea root rot complex in Europe. This wide host range pathogen often asymptomatically colonizes its hosts, making the control strategies challenging. We developed a real-time PCR assay for the detection and quantification of D. pinodella based on the TEF-1 alpha gene sequence alignments. The assay was tested for specificity on a 54-isolate panel representing 35 fungal species and further validated in symptomatic and asymptomatic pea and wheat roots from greenhouse tests. The assay was highly consistent across separate qPCR reactions and had a quantification/detection limit of 3.1 pg of target DNA per reaction in plant tissue. Cross-reactions were observed with DNA extracts of five Didymella species. The risk of cross contamination, however, is low as the non-targets have not been associated with pea previously and they were amplified with at least 1000-fold lower sensitivity. Greenhouse inoculation tests revealed a high correlation between the pathogen DNA quantities in pea roots and pea root rot severity and biomass reduction. The assay also detected D. pinodella in asymptomatic wheat roots, which, despite the absence of visible root rot symptoms, caused wheat biomass reduction. This study provides new insights into the complex life style of D. pinodella and can assist in better understanding the pathogen survival and spread in the environment.
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1. Introduction


Root rot of pea is one of the main factors contributing to the decline of cultivated area of this important crop worldwide. The disease is caused by a complex of fungal pathogens with multiple pathogenic species from the genus Fusarium implicated as the common causal agents [1,2,3,4,5]. Besides Fusarium spp., Aphanomyces euteiches has been recognized as a devastating pathogen in North America and France, particularly when pea is grown in short rotations and wet soils [3,6]. In addition, species such as Didymella pinodella (syn. Phoma pinodella; Phoma medicaginis var. pinodella), D. pinodes (syn. Mycosphaerella pinodes), Rhizoctona solani, Pythium spp., and Sclerotinia sclerotiorum are also an important part of the disease complex [2,7,8,9,10]. Their prevalence and dominance may vary greatly depending on the geographical region and pedo-climatic conditions.



In order to better understand their virulence and lifecycle, the detection and quantification of root pathogens are crucial [11,12]. However, pathogen identification often relies on laborious culture based morphological laboratory techniques and microscopy. Besides being time consuming, a high level of expertise is needed for accurate species level identification. As morphological features can vary depending on the environmental and cultural conditions, identification always remains somewhat subjective. Furthermore, often more than one single species of the complex colonize the roots simultaneously and there is growing evidence that the culture media tend to select for fast growing and more competitive species seriously limiting this technique to evaluate species interactions in planta. The study of Zitnick-Anderson et al. [12], for example, showed that the detection of different Fusarium spp. from inoculated pea roots was always higher using molecular methods compared to traditional plating assays. They found that some species such as F. avenaceum and F. acuminatum were always over-represented via plating, while the majority of other species used in their study were under-represented or below detection level with cultural techniques alone. Similarly, Armstrong-Cho et al. [13] and Chatterton et al. [3] reported difficulties and often failure of cultural methods to detect A. euteiches in pea roots even when semi-selective media were used.



Similar challenges exist with isolation and identification of plant associated Didymella spp. For example, in Europe, D. pinodella is one of the most dominant pathogens associated with root rots of pea and faba bean [2,8,14]. Our recent study showed particular dominance of this species in roots of winter pea varieties in Germany, which were found surprisingly less frequently colonized by Fusarium spp. [14]. We also found D. pinodella in asymptomatic vetch, clover and wheat roots [5,15]. Overall, this wide host range pathogen is reported to infect at least 18 species in 14 plant genera [16]. Similar to A. euteiches, Didymella spp. are relatively slow growing fungi that are commonly overgrown by fast growers, requiring frequent sub-culturing. Furthermore, in addition to D. pinodella, the less frequent, closely related D. pinodes [2] and D. lethalis [17] were also reported as a part of the pea root rot complex, and are likely to co-occur on other grain legumes as well. The three Didymella species share many important cultural and morphological characteristics and discrimination of these pathogens based on the morphology alone can be difficult [18,19]. Moreover, the sexual morph of D. pinodella, which is at the moment only reported on agar media cultures, is morphologically very similar to D. pinodes and, if present in natural infections, is likely to be misidentified as the latter species [20]. In addition, due to probable recent evolutionary divergence from a common ancestor, D. pinodella, D. pinodes including the species D. lethalis are genetically very similar and exhibit a high level of inter species haplotype sharing [18,19]. Phylogenetic studies currently used for species level identification in Didymellaceae are inferred primarily from partial sequences of the internal transcribed spacer (ITS), the 28S rRNA (LSU), beta tubulin (tub2), RNA polymerase II the second largest subunit (rpb2) and the actin (act) gene regions [18,19,21]. None of these regions alone, however, is sufficiently informative to discriminate the three species. Thus, to achieve species level taxonomic resolution, comparisons of concatenated data sets of two or more different loci are needed.



Previous attempts to develop a qPCR assay that can distinguish D. pinodes and D. pinodella in soil and plant samples were unsuccessful [22]. The authors targeted the ITS region and found that these two pathogens, including the species D. lethalis (observed in this study), were identical in this region. The goal of the present study was to develop a rapid and sensitive technique for the detection of D. pinodella and to validate it in two different host plant models. We further discuss possible implications of the results generated from the greenhouse inoculation experiments and the potential applicability of the developed qPCR assay in a wider ecological context.




2. Materials and Methods


2.1. Fungal Isolates


A total of 64 isolates representing 35 species were included in this study (Table 1). The isolates comprised 20 Didymella, 12 Fusarium and one species of each, Boeremia, Juxtiphoma (syn. Phoma) and Paraphaeosphaeria. Fifteen different Didymella spp., selected as phylogenetically close to D. pinodella based on the phylogenetic results of Chen et al. [18], were obtained from the Westerdijk Fungal Biodiversity Institute (KNAW, Utrecht, the Netherlands) culture collection. Isolates of the remaining species included in this study were obtained from the University of Kassel culture collection maintained at the Ecological Plant Protection Department. The isolates were originally recovered from symptomatic or asymptomatic roots of various field grown legumes with notable exceptions of one isolate of D. macrostoma and one of Boeremia exigua which, in addition to legume hosts, were recovered from a diseased apricot branch (Prunus sp.) (Table 1). All isolates in the internal University of Kassel culture collection were characterized morphologically, and their taxonomic identity was confirmed by sequencing the ITS, beta tubulin, actin and/or RPB2 genes for Didymella isolates and related species, and the TEF-1 alpha gene region for Fusarium spp. [5,15,17,23,24].




2.2. Gene Sequence Collection and Primer/Probe Set Design


Partial gene sequences of the β tubulin (tub2), actin (act), the RNA polymerase II the second largest subunit (rpb2), and the translation elongation factor 1 (TEF-1 alpha) were evaluated in silico for the presence of suitable regions to design primers and probes specific for D. pinodella. The tub2 and rpb2 gene sequences were retrieved from the publically accessible database of the TreeBASE previously deposited by Chen et al. [18] (accession number S20724). The act gene sequences were collected manually using the tub2/rpb2 gene sequence strain numbers (see Table 1 in [18]) as search entries in the public database of the National Center for Biotechnology Information (NCBI). These three loci are commonly used to infer the relationships among the species in Didymella and related genera such as Phoma, Boeremia, Aschochyta, Heterophoma, and others [18]. Depending on the locus, the data set comprised 181–288 gene sequences that represented up to 188 different species. The TEF-1 alpha data set comprised 16 gene sequences only, representing three Didymella (seven sequences (n = 7) of the targeted D. pinodella, D. pinodes (n = 3) and D. glomerata (n = 1) and four Ascochyta species (i.e., one sequence of each A. pisi, A. rabiei, A. fabae f. sp. viciae and Ascochyta sp.) (Figure S1). There were no TEF-1 alpha sequences available for D. lethalis. The limited data availability in the NCBI database is because the TEF-1 alpha is not routinely used in the genetic analyses of the species in Didymellaceae.



Sequence alignments were constructed for each locus separately via Multiple Alignment using Fast Fourier Transform (MAFFT) [25]. Depending on the locus, our own generated sequence data were included in the alignments (Table 1). The Beacon Designer software (v.7.2.) was then used to identify candidate primers and corresponding probe sets specific for D. pinodella. Specific criteria for primer and probe selection were: (i) an annealing temperature range between 58 and 62 °C for the primers and 5–10 °C higher for the fluorogenic hydrolysis probe, (ii) length of 18–25 bases, (iii) G/C between 30% and 60%, (iv) an amplicon length of 70–200 base pairs, (v) the avoidance of hairpin and self-dimer formation and, (vi) a maximum distance between primer and probe of 20 bases. A total of seven sets of candidate primer pairs were designed in silico (Table S1). Of these, five were designed based on the beta tubulin sequence alignments, and two primer pairs from alignments of the TEF-1 alpha gene region. Due to the high level of sequence homology between the target D. pinodella and D. pinodes and D. lethalis, the actin and the RPB2 gene sequences contained no informative regions to design candidate primers and/or probe sets.




2.3. Primer Specificity and qPCR Conditions


In the initial step, the target-specific primer screening of the seven primer pairs designed was performed without labeled probes using a SYBR Green based qPCR method on a 3 isolate/3 species exclusion panel. This panel was designed to include DNA extracts from three closely related species characterized by very low level of nucleotide polymorphisms in each of the target loci. Namely, the exclusion panel comprised species D. pinodella (FOEP 51.11581), D. pinodes (FOEP 51.11585), and D. lethalis (FOEP 51.11668) (Table 1). Each 15 µL reaction contained 7.5 µL SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad, Laboratories, Hercules, CA, USA), 1.5 µL of forward and reverse primer in two different final concentrations of 0.2 µM and 0.5 µM each, 1 µL of template DNA in two different final concentrations of 5 and 50 ng per reaction, and 5 µL of nuclease free water. PCR cycling conditions were as follows: initial denaturation and hot-start enzyme activation for 3 min at 98 °C, followed by 44 cycles of denaturation at 95 °C for 10 s, annealing in a temperature gradient set at 55–63 °C for 30 s and extension at 72 °C for 20 s. Following the melting curve and the quantification cycle data analysis, none of the primer pairs alone could discriminate the target from the non-target Didymella species.



In the second step, the mismatches in the sequence alignments of the probe-binding sites were evaluated for insertion of internal probes and a further increase of the assay specificity. Internal probe sequences of the targeted D. pinodella and the two non-target species D. pinodes and D. lethalis were identical in the five of the seven primers tested. Of these, four primer pairs targeted the tub2 gene region and one primer pair targeted the TEF-1 alpha gene region. Of the remaining two primer pairs, DpinodellaTub and DpinodellaTef, the latter was selected as more promising candidate based on the higher presence of species specific single nucleotide polymorphisms and thus used for the insertion of a probe containing locked nucleic acid (LNA®) modified bases at the mismatch positions [26] (Table 2 and Table S1; Figure S1). This primer/probe set was again tested on the 3 isolate/3 species exclusion panel and its specificity further validated on a 54 isolate—35 fungal species panel in a qPCR assay. The validation panel included DNA extracts from a range of target, genetically related and some of the commonly occurring soil- and legume associated fungal species (Table 1). The selected primer pair and probe set underwent a final validation using DNA extracted from infected plant tissue generated in a greenhouse (see below).




2.4. Assay Conditions


The hybridization probe based qPCR mixture contained the following components: 7.5 µL of 2× SsoAdvanced Universal Probes Supermix (Bio-Rad), 1.5 µL forward and reverse primer (0.3 µM), 1 µL corresponding hydrolysis probe (0.1 μM), 1.5 µL of DNA template and nuclease free water to make the total volume of 15 µL. The template DNAs were used in the following concentrations: 5 and 50 ng µL−1 in the initial 3 isolate/3 species exclusion panel; stock DNAs (concentrations ranging from 11.3 to 1997 ng DNA mL−1), 10× diluted stock DNA or 100 ng μL−1 DNA in a 54 isolate/35 species validation panel and; 100 ng μL−1 standardized DNA extracted from greenhouse inoculated root tissue. As negative control samples served nuclease free water substituted for a DNA template or D. pinodella-free plant DNA sample obtained from non-inoculated treatments of greenhouse experiments.



To optimize the qPCR conditions, the optimal primer annealing temperatures were determined with the initial 3 isolate/3 species exclusion panel in a temperature gradient from 54 to 62 °C achieving the highest amplification efficiency and the lowest quantification cycle (Cq) numbers needed for the discrimination of two serial dilutions, and finally, for the absence of cross-reaction with D. pinodes and D. lethalis. All reactions were run for 40–45 cycles; however, random presence of unspecific (off-target) signals were observed at Cq values above 35 which was set as a cut-off value. Moreover, the standards with the lowest DNA concentrations were able to reach the plateau during the first 35 cycles. Thus, for the assay reported here, the optimum qPCR conditions for amplifications were initial denaturation for 3 min at 98 °C, followed by 34 cycles of denaturation at 95 °C for 10 s and annealing, extension and measuring of fluorescent emission at 61 °C for 30 s. All PCR reactions (SYBR Green and hybridization probe based assays) were carried out in a BioRad CFX96 real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA). A minimum of two simultaneous or separate replicate reactions were performed for each sample to confirm the reproducibility of the results.




2.5. Production of Infected Plant Material


Final primer and probe set specificity tests for qPCR assay validation were performed by inoculating field pea cv. Santana and winter wheat cv. Achat with ten different D. pinodella isolates under greenhouse conditions. All ten isolates were tested on pea and eight were tested on wheat. The isolates were recovered during a previous study [5] from asymptomatic roots of white clover, subterranean clover, winter wheat, and winter and spring vetch (Table 1). Fungal colonies for inoculum production were grown on Coons medium [27] at 23 °C under constant black-light blue fluorescent light (F40; range 315 ± 400 nm with the peak at 365 nm). After 20 days of incubation, spores were scraped off from the agar surface with approx. 15 mL of sterile distilled water using a clean microscope slides and enumerated in the suspension with a Fuchs Rosenthal hemocytometer (Paul Marienfeld GmbH & Co. KG, Lauda-Königshofen, Germany).



Inoculations, greenhouse growing conditions, and disease severity assessments were performed according to the method described previously [2,5]. Briefly, seeds of both plant species were surface sterilized in 70% ethanol for 5 min, rinsed with distilled water and four seeds planted per 500 mL pots which contained approximately 600 g autoclaved sand. Inoculations were performed following sowing with individual D. pinodella isolates at 2 × 104 spores g−1 substrate. Control pots were left non-inoculated and irrigated with sterile distilled water. Pots were arranged in a completely randomized design with three replicates and kept in the greenhouse at 19 °C day and 16 °C night temperature, and a photoperiod of 16 h light day−1 (provided by 400 W high-pressure sodium lamps). Plants were watered daily with tap water and additionally fertilized with complex N:P:K fertilizer Wuxal Super (8:8:6 + microelements; 100 mg of N L−1 of substrate). Twenty-one days after inoculations, plants were removed from the pots, the roots separated from above ground parts, washed under running tap water, and assessed for the severity of external and internal root rot symptoms (rated on a 0–8 scale). Roots collected from each treatment were pooled into one plastic bag and stored at −18 °C before further use.



Culture-based fungal re-isolations and morphological identifications were performed as described previously [5,17] using four pea and five wheat roots randomly selected from each treatment. The same number of roots representing each treatment was used for DNA extractions and qPCR assay validation in infected plant tissue. Plant genomic DNA was extracted from 60 mg lyophilized tissue following the protocol of Sreelakshmi et al. [28]. The quantities and qualities of DNAs were evaluated using a Nanodrop and stored in TE buffer at −20 °C before use. Each qPCR reaction was performed twice.




2.6. Preparation of DNA Standards and PCR Efficiency


DNA standards for the 3 isolate/3 species and the 54 isolate/35 species test panels, and the inoculated root samples from the greenhouse were prepared by separate 10 fold dilutions at concentration ranges from 50 ng μL−1 to 5 ng μL−1 and 100 ng μL−1 to 1 ng μL−1 using pure culture DNA extracts from D. pinodella isolates FOEP 51.11581 or FOEP 51.11670. The quantities of pathogen DNA were determined by extrapolation against the regression line obtained from 10-fold serial dilutions of the pure fungal DNA of the reference D. pinodella isolates [12]. Standard curves were generated with CFX Manager Software version 1.0 (Bio-Rad Laboratories, Hercules, CA, USA) by plotting log values of known quantities of targeted DNA versus the corresponding quantification cycle values (Cq). Amplification efficiency (E) of the real-time PCR assay was calculated from a slope of the regression line according to the equation E= {[10(−1/slope)] − 1} × 100.




2.7. Evaluation of Assay Limit of Detection and Limit of Quantification in Plant Tissue


In order to evaluate whether the quantification of fungal DNA could be performed efficiently in the plant matrix and to determine the assay limit of detection (LOD) and limit of quantification (LOQ) in plant tissue, a dilution series of DNA of D. pinodella strain FOEP 51.11670 was made in DNA extract of healthy pea roots ranging from 10.000 pg µL−1 to 0.025 pg µL−1. The LOD and LOQ were evaluated in four replicates for the concentrations of 3.1 pg µL−1 and higher and, in eight replicates for concentrations of 1.6 pg µL−1 and lower. LOD was assessed as the minimal concentrations with positive reads for all repetitions, whereas LOQ was the lowest concentration with a standard deviation of replicates smaller than 0.5 Cq values [29] at  ≤35 cycles. This assessment was done twice, as simplex assay (D. pinodella, TEF-1 alpha alone) and as duplex assay quantifying D. pinodella TEF-1 alpha on the FAM channel and the plant 18S assay in the ROX channel in the same reaction with competition of the two simultaneous reactions. The plant DNA was quantified with qPCR primer probes originally developed for apple (Md, malus × domestica) 18S ribosomal DNA [30], but reacting with many other plant species including pea and wheat.




2.8. Data Analysis from Greenhouse Experiment


Data from the greenhouse inoculation experiment were analyzed in R [31]. Prior to the analysis, root rot disease severity data were expressed as a disease severity index (DSI) and distinct aggressiveness classes were assigned to each of the isolates as described previously [5]. These data were subjected to ANOVA (package ‘agricolae’; [32]) separately for each inoculated host (i.e., pea and wheat). Data were assessed if they met the assumptions for ANOVA using the Shapiro–Wilk and Levene tests (package ‘car’; [33]) and further verified by verifying if the data contained potentially significant outliers (package ‘outliers’; [34]) and visually inspecting the data normality using the quantile–quantile plots (package ‘ggpur’; [35]). When necessary, raw data were log10 transformed prior to the analysis. If significant isolate effects on fresh weight biomass or DSI were observed, mean values were separated with Tukey HSD test (p < 0.05) [32]. A Pearson correlation was performed to determine if there was a relationship between DSI and fresh plant biomass, as well as DSI or fresh plant biomass and DNA quantities of D. pinodella in roots averaged over two technical replicates (package ‘stats’; [31]).





3. Results


3.1. Primer and Probe Specificity


In the analysis of the forward and reverse primers specificity using a SYBR green assays on a 3 isolates/3 species exclusion panel, all seven primer pairs amplified the target D. pinodella but also cross-reacted with the genomic DNA of D. pinodes and D. lethalis. The melting temperature peak and the Cq values of the product amplified from the target species were similar to that of both non-targets (Table S2).



The primer pair DpinodellaTef targeting TEF-1 alpha gene selected for the insertion of LNA probe (Table 2) demonstrated high specificity to D. pinodella and no cross reactivity with D. pinodes and D. lethalis when evaluated on a 3 isolates/3 species exclusion panel (Table 3). The assay was specific with annealing/elongation temperatures above 60 °C. When DpinodellaTef was tested against the genomic DNAs from 35 non-target organisms (the 54 isolate/35 species panel) cross-reactivity with DNA extracts of five Didymella species, namely D. heteroderae, D. aurea, D. microchlamydospora, D. protuberans and D. americana was observed. However, the non-targets were amplified with at least 10 Cq values higher than D. pinodella. The reference strain Cq values ranged from 18 to 19 for a DNA concentration of 100 ng/µL, whereas DNA with the same concentration of non-target species generated signals at Cq 28 for D. heteroderae and Cq 34 for D. americana (Table 4), hence they were detected with a more than 103 and 105 fold lower sensitivity, respectively. No amplicons were generated with the genomic DNA of strains of the remaining non-target Didymella species or other species in the genus Fusarium (Table 4).




3.2. Sensitivity Analysis, Limit of Detection, and Limit of Quantification of the Assay


To evaluate the sensitivity of the assay, serial dilutions of D. pinodella genomic DNA were analyzed in five separate qPCR reactions. A linear response was observed over 10 fold serial dilutions of pure fungal DNA from 100 ng to 1 ng in all five qPCR reactions (Figure 1a; Table S3). Standard curves calculated from a slope of a regression line had reaction efficiencies (E) which ranged from 92% to 95% and correlation coefficients (R2) of 0.99–1.00 (linear regression slope values −3.42 to −3.52). Inter-assay variation determined by reproducibility of standards indicated no inhibition of the target amplification and consistency of the results (Table S3).



The detection limit (LOD) and the limit of quantification (LOQ) of D. pinodella DNA in plant tissue in both, simplex and duplex assays, were 3.1 pg of target DNA per reaction (corresponding to 37.4 pg of pathogen DNA/mg dried plant tissue) detected approximately at Cq 35 (mean Cq was 34.63 and standard deviation ± 0.11). Both assays demonstrated similar efficiencies and correlation coefficients. In the simplex assay, the R2 was 0.998 and the efficiency of the standard curve 87.3% (slope value −3.67) while these values were slightly different in the duplex qPCR i.e., R2 = 0.999 and E = 88.2% (slope value −3.64) (Figure 1b,c; Table S4).




3.3. Greenhouse Experiment—Validation Assay


Significant variation among individual isolates of D. pinodella occurred for both, severity of pea root rot symptoms and pea biomass reduction (Figure 2). Disease severity indices ranged from 12 to 92, and biomass reductions between 1% and 92% compared to the non-inoculated control. Among the 10 isolates tested, two isolates were classified as non-aggressive, two as weakly aggressive, and three isolates each were classified as moderately and highly aggressive, respectively. Four isolates induced significant biomass reduction compared to the non-inoculated control, and these included one weakly aggressive and all moderately and highly aggressive isolates (Figure 2). Root rot severity and pea biomass were highly significantly correlated (Pearson correlation coefficient r = −0.96, p < 0.001). The qPCR assay confirmed the presence of D. pinodella in all but one of the inoculated treatments (e.g., isolate FOEP 51.11625; Figure 3). The quantities of the pathogen DNA increased linearly with the increase in isolate aggressiveness level (r = 0.84, p = 0.001) over a range from 47 pg per mg dried tissue for the non-aggressive isolate FOEP 51.11633 to 2.6 × 105 pg/mg dried tissue for the highly aggressive isolates FOEP 51.11670 (Figure 3). A high and significantly negative correlation between pea fresh weight and D. pinodella DNA quantities in pea roots was also observed (r = −0.79, p = 0.004). The results from culture dependent methods confirmed the presence of all isolates in pea roots including the isolate FOEP 51.11625 which was below the detection limit in the qPCR assay. However, the qPCR assay also indicated the presence of low quantities of D. pinodella isolate FOEP 51.11625 in pea roots but the signal was detected at Cq 36.2.



In contrast to pea, none of the isolates induced symptoms of root rot on wheat (Figure 2). Interestingly, however, despite the absence of root rot symptoms, inoculation with all D. pinodella isolates led to reduced wheat biomass, and three isolates (FOEP 51.11606, FOEP 51.11673 and FOEP 51.11643) caused significant biomass reductions compared to the non-inoculated control. Among individual isolates, there was no significant difference in their effect on wheat biomass (Figure 2). All eight D. pinodella isolates were detected in inoculated wheat roots with the qPCR assay (Figure 3) and their presence was also confirmed by cultural methods. The quantities of pathogen DNA as determined by qPCR ranged from 1.8 × 102 to 1.4 × 104 pg/mg dried wheat root tissue (Figure 3). There was no correlation between DSI and fresh weight of wheat and/or quantities of pathogen DNA in wheat roots (rDSI-pathogen DNA = 0.03, p = 0.93; rbiomass-pathogen DNA = −0.29, p = 0.45).





4. Discussion


This study was prompted by reports which indicated that D. pinodella is an important part of the pea root rot complex in Germany, Denmark, and Sweden [2,8,14,36]. Recently, we also found high abundance of this species in symptomatic and asymptomatic pea roots from France and Hungary (Šišić et al., unpublished data) as well as in asymptomatic faba bean, vetch, clover, and wheat roots grown in different regions of Europe [5,14,15]. Given the limitations of culture based methods often coupled with the labor-intensive PCR amplifications, Sanger sequencing and phylogenetic studies, we designed and validated a novel probe-based qPCR assay for detecting and quantification of this pathogen. Didymella pinodella can attack both roots and epicotyl (i.e., the foot region) and can cause severe damage and plant death under favorable environmental conditions [9]. In addition to being part of the foot and root rot pathogen complex, D. pinodella is also a seed borne pathogen [37] and an important component of the Ascochyta blight complex which is a serious disease of peas worldwide [38]. This pathogen can survive as mycelium on infested plant debris and for at least five years as chlamydospores in soil, making rotations in heavily infected areas often of limited success [9]. Davidson et al. [22] previously designed a qPCR assay; however, it could not distinguish D. pinodella from D. pinodes. Although not evaluated by Davidson et al. [22], their primers and probe set would likely cross-react with D. lethalis as the species has an identical ITS sequence with the former two species. In addition to a high level of morphological and genetic similarity, D. pinodella, D. pinodes, and D. lethalis occupy similar ecological niches and can occur together in plant and environmental samples [17,38].



While our assay could provide reliable discrimination of the targeted D. pinodella from closely related D. pinodes and D. lethalis, several other non-targeted Didymella spp. gave positive signals. These included D. heteroderae, D. aurea, D. microchlamydospora, D. protuberans, and D. americana. The risk of cross-contamination, however, is low and unlikely to occur as none of the species were previously associated with pea roots, and only D. americana was reported in association with other grain legumes (beans and soybean) and cereals (maize, wheat and millet) [16]. Nevertheless, even if potential co-infections with non-targets occur, it will likely have negligible effects on the results as the amplification levels were up to 105 fold weaker compared with the targeted species. In contrast, no cross-reactivity with any of the relevant Fusarium spp. was observed. Furthermore, we show that developing a D. pinodella-specific qPCR assay is challenging, and that none of the current housekeeping genes in the Didymella genus are suitable for designing D. pinodella-specific primer pair due to the very high homology between D. pinodella, D. pinodes and D. lethalis gene sequences. Our results, in contrast, point to a high resolution power of the TEF-1 alpha gene region.



The assay was highly consistent across seven separate qPCR reactions and had a quantification/detection limit (LOD and LOQ) of 3.1 pg of target DNA per reaction in plant tissue. It is possible, however, that the LOD and LOQ values are slightly lower than reported here and fall in the range between 1.6 pg µL−1 reaction (the detection limit for both simplex and duplex assays at mean Cq 35.76 ± 0.51) and 3.1 pg µL−1 per reaction, but we did not pursue these analyses further. This is because the results from greenhouse tests showed that pea root rot symptoms and pea and wheat biomass reductions following pathogen inoculations occurred at D. pinodella quantification levels well above 1 ng of pathogen DNA in root samples indicating that the amounts of 3 pg or lower in plant and environmental samples are likely of no significance for plant health.



The assay enabled detection and quantification of D. pinodella in symptomatic and asymptomatic pea and wheat roots. The results from greenhouse experiments further revealed the existence of natural variability in aggressiveness in the population of D. pinodella and a strong positive correlation between the quantities of the pathogen DNA in pea roots and the severity of root rot disease symptoms and pea biomass reduction. These results suggest that the aggressiveness of D. pinodella to pea may be related to the ability of individual isolates to overcome plant resistance after initial infections. Previous studies have shown, for example, that the aggressiveness of Fusarium solani f. sp. pisi (syn. F. pisi, F. vanettenii) towards pea is related to the pathogens ability to synthesize the enzyme pisatin demethylase responsible for degradation of the pea phytoalexin pisatin. All naturally occurring isolates without this ability were essentially non-pathogenic [39]. Moreover, as none of the D. pinodella isolates included in this study originated from pea, it appears that various hosts can be asymptomatically colonized by strains of this pathogen which are highly aggressive to pea and thus, these alternative hosts may contribute to the possible spread of this pathogen acting as a reservoir and source of inoculum. Furthermore, although wheat showed no symptoms of root rot following inoculations with any of the D. pinodella isolates, all isolates reduced wheat biomass, three causing significant biomass reductions in comparison to the non-inoculated control. Schulz and Boyle [40] previously postulated that endophytic interactions are asymptomatic in their nature and are the result of a balanced antagonism between a microorganism and a host plant. It is thus possible that in the case of the wheat-D. pinodella interaction, a higher investment from the plant host is necessary to maintain balanced antagonism at the expense of plant growth. Molecular diagnostic assays, such as the one presented here, are therefore of increasing importance to better understand the relevance of alternative hosts of pathogens as well as the nature of asymptomatic infections and possible implications these may have for control strategies and productivity. The potential of qPCR detection methods to reveal asymptomatic infections and as a tool for epidemiological studies was also demonstrated in other fungus/plant pathosystems [41].



In conclusion, the probe-based qPCR assay described is a reliable procedure for quantification and evaluation of infections caused by D. pinodella in different plant hosts. This analytic method could provide further insights into the complex life style of D. pinodella and can assist in better understanding the pathogen survival, activity, and spread in the environment. Our results also highlight the need for studies investigating the factors which lead from asymptomatic to symptomatic interactions and indicate that a positive qPCR signal from asymptomatic plants may be relevant for a given plant’s productivity. Further research should also explore the possibilities for multiplexing the assay presented here with the existing assays for the detection and quantification of major pathogenic species associated with pea and other legumes.
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Figure 1. Standard curves for DpinodellaTef primer and probe set generated from qPCR assays in this study. Panel (a) represents the linear standard curve and the assay performance averaged over five separate qPCR reactions (each performed with two technical replicates) generated in the primer and probe set validation experiments using 10-fold dilution series of D. pinodella genomic DNA ranging from 1 to 100 ng (see Table S2 for detailed results); Panels (b,c) show linear standard curves and the assay performance for the  ≤35 quantification cycles threshold generated for simplex (b) and duplex (c) qPCR assay used to determine limits of detection (LOD) and quantification (LOQ) of the pathogen DNA in plant tissue. The LOD and LOQ were evaluated for dilution series of D. pinodella genomic DNA ranging from 2.5 × 10−5 to 10 ng (each in 4 or 8 replicates) made in DNA extract of healthy pea roots (see Table S3 for detailed results). The Cq values are plotted against the DNA concentrations expressed on a logarithmic scale. The error bars were too small to illustrate. 
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Figure 2. Effects of D. pinodella isolates on pea and wheat root rot disease severity (right) and plant fresh weight (left). The isolate effects on fresh weight are expressed as percentage change relative to the non-inoculated control. Root rot disease severity is expressed as isolate disease severity index (DSI) and corresponds to different bar colors, where DSI = 0–15 non-aggressive; DSI = 16–30 weakly aggressive; DSI = 31–70 moderately aggressive; DSI = 71–100 highly aggressive isolate. Different letters indicate significant differences among isolates (ns = non-significant). Asterisks next to the bars (*) indicate significant difference from the non-inoculated control plants (Tukey multiple comparisons test (p < 0.05)). Pea fresh weight data were Log10 transformed prior to analysis. Data presented are means of three replicate pots. 
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Figure 3. Mean DNA concentrations of D. pinodella isolates in greenhouse inoculated pea and wheat roots. The dashed horizontal line shows the assay limit of detection (LOD) which is the minimum amount of the pathogen DNA detectable for the lowest pathogen concentration with positive reads for all repetitions at the ≤35 cycle threshold. Different bar colors correspond to the isolate disease severity index (DSI) classes, where DSI = 0–15 non-aggressive; DSI = 16–30 weakly aggressive; DSI = 31–70 moderately aggressive; DSI = 71–100 highly aggressive. The concentrations are means of two technical replicates expressed on logarithmic scale per milligram (mg) freeze dried root tissue. 
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Table 1. List of fungal strains used in this study. Different species are highlighted in bold.






Table 1. List of fungal strains used in this study. Different species are highlighted in bold.





	n 1
	Species
	Isolate 2
	Host/Substrate
	Origin





	1
	Boeremia exigua
	FOEP 51.11636
	Vicia villosa
	Sweden



	2
	B. exigua
	FOEP 51.11552
	Prunus sp.
	Germany



	3
	Didymella americana
	CBS 185.85
	Zea mays
	USA



	4
	D. anserina
	CBS 397.65
	Plastic
	Germany



	5
	D. aurea
	CBS 269.93
	Medicago polymorpha
	New Zealand



	6
	D. boeremae
	CBS 109942
	Medicago littoralis seed
	Australia



	7
	D. exigua
	CBS 183.55
	Rumex arifolius
	France



	8
	D. glomerata
	CBS 528.66
	Chrysanthemum sp.
	Netherlands



	9
	D. heteroderae
	CBS 109.92
	Food
	Netherlands



	10
	D. lethalis
	FOEP 51.11668
	Vicia villosa
	Italy



	11
	D. lethalis
	FOEP 51.11595
	Trifolim subterraneum
	Switzerland



	12
	D. lethalis
	FOEP 51.11597
	Trifolim subterraneum
	Switzerland



	31
	D. lethalis
	FOEP 51.11588
	Pisum sativum
	Germany



	32
	D. lethalis
	FOEP 51.11584
	Pisum sativum
	Germany



	33
	D. macrostoma
	FOEP 51.11637
	Vicia villosa
	Switzerland



	13
	D. macrostoma
	FOEP 51.11626
	Vicia sativa
	Germany



	14
	D. macrostoma
	FOEP 51.11551
	Prunus sp.
	Germany



	15
	D. maydis
	CBS 588.69
	Zea mays
	USA



	16
	D. microchlamydospora
	CBS 105.95
	Eucalyptus sp.
	UK



	17
	D. nigricans
	CBS 444.81
	Actinidia chinensis
	New Zealand



	18
	D. pedeiae
	CBS 124517
	Schefflera elegantissima
	Netherlands



	19
	D. pinodella
	FOEP 51.11581
	Pisum sativum
	Germany



	20
	D. pinodella
	FOEP 51.11606
	Subterranean clover
	Germany



	21
	D. pinodella
	FOEP 51.11604
	Subterranean clover
	Germany



	22
	D. pinodella
	FOEP 51.11670
	Triticum aestivum
	Germany



	23
	D. pinodes
	FOEP 51.11583
	Pisum sativum
	Germany



	24
	D. pinodes
	FOEP 51.11590
	Pisum sativum
	Germany



	25
	D. pinodes
	FOEP 51.11585
	Pisum sativum
	Germany



	26
	D. pomorum
	CBS 539.66
	Polygonum tataricum
	Netherlands



	27
	D. protuberans
	CBS 381.96
	Lycium halifolium
	Netherlands



	28
	D. subglomerata
	CBS 110.92
	Triticum gramineae
	USA



	29
	D. tanaceti
	FOEP 51.11629
	Vicia sativa
	Germany



	30
	D. tanaceti
	FOEP 51.11664
	Trifolium repens
	Germany



	34
	Didymellasp.
	FOEP 51.11623
	Trifolim subterraneum
	Italy



	35
	Didymella sp.
	FOEP 51.11624
	Trifolim subterraneum
	Italy



	36
	Fusarium acuminatum
	FOEP 40.11161
	Vicia faba
	Germany



	37
	F. avenaceum
	FOEP 11164.1
	Pisum sativum
	Germany



	38
	F. crookwellense
	FOEP 40.11152.2
	Vicia faba
	Germany



	39
	F. culmorum
	FOEP 40.11152.1
	Pisum sativum
	Germany



	40
	F. equiseti
	FOEP 40.11147.1
	Vicia faba
	Germany



	41
	F. flocciferum
	FOEP 144.16
	Vicia faba
	Germany



	42
	F. graminearum
	FOEP 40.11189.1
	Vicia faba
	Germany



	43
	F. oxysporumf. sp. pisi
	FOEP 40.11162
	Vicia faba
	Germany



	44
	F. redolens
	FOEP 40.11140.1
	Pisum sativum
	Germany



	45
	F. solanif.sp. pisi
	FOEP 40.21
	Trifolim subterraneum
	Germany



	46
	F. solani f.sp. pisi
	FOEP 40.11222
	Pisum sativum
	Germany



	47
	F. solani f.sp. pisi
	FOEP 40.11169
	Vicia faba
	Germany



	48
	F. sporotrichioides
	FOEP 40.11159
	Pisum sativum
	Germany



	49
	F. tricinctum
	FOEP 40.11223
	Pisum sativum
	Germany



	50
	Juxtiphoma eupyrena (syn. Phoma eupyrena)
	FOEP 51.11656
	Trifolium repens
	Sweden



	51
	J. eupyrena
	FOEP 51.11558
	Vicia faba
	Germany



	52
	J. eupyrena
	FOEP 51.11571
	Pisum sativum
	Germany



	53
	Paraphaeosphaeria sporulosa
	FOEP 51.11662
	Trifolium repens
	Germany



	54
	P. sporulosa
	FOEP 51.11639
	Vicia villosa
	Sweden



	55
	D. pinodella (GH-test)
	FOEP 51.11643
	Trifolium repens
	Germany



	56
	D. pinodella (GH-test)
	FOEP 51.11604
	Trifolim subterraneum
	Germany



	57
	D. pinodella (GH-test)
	FOEP 51.11645
	Trifolium repens
	Germany



	58
	D. pinodella (GH-test)
	FOEP 51.11606
	Trifolim subterraneum
	Germany



	59
	D. pinodella (GH-test)
	FOEP 51.11670
	Triticum aestivum
	Germany



	60
	D. pinodella (GH-test)
	FOEP 51.11673
	Triticum aestivum
	Germany



	61
	D. pinodella (GH-test)
	FOEP 51.11625
	Vicia sativa
	Germany



	62
	D. pinodella (GH-test)
	FOEP 51.11679
	Triticum aestivum
	Germany



	63
	D. pinodella (GH-test)
	FOEP 51.11609
	Trifolim subterraneum
	Germany



	64
	D. pinodella (GH-test)
	FOEP 51.11633
	Vicia villosa
	Sweden







1 Total number of isolates. Pure fungal DNA test panel included the strains 1–54; qPCR validation assay using a DNA extracts from greenhouse infected plant tissue (GH-test) was performed with the strains 55–64. 2 CBS = The Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; FOEP = Culture Collection of the Ecological Plant Protection Department at University of Kassel.
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Table 2. Nucleotide sequences of DpinodellaTef primer and probe set used in the qPCR assay.
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Primer/Probe Name

	
Sequence (5′ to 3′) 1

	
GC%

	
Amplicon Length (bp)






	
DpinodellaTef_forward

	
GCACCATGACTTCCTCCA

	
56

	
78




	
DpinodellaTef_reverse

	
CCTGTAATGATTGTTAGCTTTATGA

	
32




	
DpinodellaTef_probe

	
FAM-TGGCAC[TAT]TGTCGCATTCTCACT–BHQ1

	
46








1 The position of the locked nucleic acid (LNA) modified bases in the probe sequence are shown in square brackets and highlighted in bold.













[image: Table] 





Table 3. Quantification cycle (Cq) values of DpinodellaTef primer and probe set evaluated in the specificity assay on a 3 isolates/3 species exclusion panel. The optimum primer annealing temperatures and two different fungal DNA concentrations were also tested.
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	Annealing Temp. (°C)
	DNA Concentration (ng/µL)
	D. pinodella Cq 1
	D. pinodes Cq
	D. lethalis Cq
	H2O Cq





	62.0
	5
	28.19
	-
	-
	n/a



	62.0
	50
	24.42
	-
	-
	n/a



	60.7
	5
	28.15
	-
	-
	n/a



	60.7
	50
	24.21
	-
	-
	n/a



	59.1
	5
	28.3
	34.27
	-
	n/a



	59.1
	50
	24.7
	30.31
	-
	n/a



	57.2
	5
	29.16
	30.84
	-
	n/a



	57.2
	50
	25.34
	27.44
	-
	n/a



	55.6
	5
	29.4
	30.17
	-
	n/a



	55.6
	50
	26.19
	26.05
	-
	n/a



	54.0
	5
	30.08
	30.11
	34.83
	n/a



	54.0
	50
	26.29
	27.02
	31.19
	n/a



	61.6
	H2O
	n/a
	n/a
	n/a
	37.79



	54.5
	H2O
	n/a
	n/a
	n/a
	-







1 n/a—not tested. “-” = no signal was detected.
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Table 4. Quantification cycle (Cq) values of DpinodellaTef primer and probe set tested against pure fungal DNA extracts in a 54 isolate/35 species validation panel.






Table 4. Quantification cycle (Cq) values of DpinodellaTef primer and probe set tested against pure fungal DNA extracts in a 54 isolate/35 species validation panel.





	Species
	Isolate
	Cq 1





	Didymella pinodella
	FOEP 51.11670
	18.58



	D. pinodella
	FOEP 51.11606
	18.61



	D. pinodella
	FOEP 51.11604
	19.27



	D. heteroderae
	CBS 109.92
	28.25



	D. microchlamydospora
	CBS 105.95
	30.23



	D. protuberans
	CBS 381.96
	31.02



	D. aurea
	CBS 269.93
	31.62



	D. americana
	CBS 185.85
	34.34



	Boeremia exigua
	FOEP 51.11636
	-



	B. exigua
	FOEP 51.11552
	-



	D. anserina
	CBS 397.65
	-



	D. boeremae
	CBS 109942
	-



	D. exigua
	CBS 183.55
	-



	D. glomerata
	CBS 528.66
	-



	D. lethalis
	FOEP 51.11584
	-



	D. lethalis
	FOEP 51.11588
	-



	D. lethalis
	FOEP 51.11595
	-



	D. lethalis
	FOEP 51.11597
	-



	D. lethalis
	FOEP 51.11668
	-



	D. macrostoma
	FOEP 51.11626
	-



	D. macrostoma
	FOEP 51.11551
	-



	D. macrostoma
	FOEP 51.11637
	-



	D. maydis
	CBS 588.69
	-



	D. nigricans
	CBS 444.81
	-



	D. pedeiae
	CBS 124517
	-



	D. pinodes
	FOEP 51.11583
	-



	D. pinodes
	FOEP 51.11585
	-



	D. pinodes
	FOEP 51.11590
	-



	D. pomorum
	CBS 539.66
	-



	D. subglomerata
	CBS 110.92
	-



	D. tanaceti
	FOEP 51.11664
	-



	D. tanaceti
	FOEP 51.11629
	-



	Didymella sp.
	FOEP 51.11624
	-



	Didymella sp.
	FOEP 51.11623
	-



	Fusarium acuminatum
	FOEP 40.11161
	-



	F. avenaceum
	FOEP 11164.1
	-



	F. crookwellense
	FOEP 40.11152.2
	-



	F. culmorum
	FOEP 40.11152.1
	-



	F. equiseti
	FOEP 40.11147.1
	-



	F. flocciferum
	FOEP 144.16
	-



	F. graminearum
	FOEP 40.11189.1
	-



	F. oxysporum f. sp. pisi
	FOEP 40.11162
	-



	F. redolens
	FOEP 40.11140.1
	-



	F. solani f. sp. pisi
	FOEP 40.21
	-



	F. solani f. sp. pisi
	FOEP 40.11169
	-



	F. solani f. sp. pisi
	FOEP 40.11222
	-



	F. sporotrichioides
	FOEP 40.11159
	-



	F. tricinctum
	FOEP 40.11223
	-



	Juxtiphoma eupyrena (syn. Phoma eupyrena)
	FOEP 51.11558
	-



	J. eupyrena
	FOEP 51.11571
	-



	J. eupyrena
	FOEP 51.11656
	-



	Paraphaeosphaeria sporulosa
	FOEP 51.11639
	-



	P. sporulosa
	FOEP 51.11662
	-







1 Cq values are means from two separate qPCR reactions and two technical replicates per reaction. Cq value for D. pinodella FOEP 51.11670 (CPC 28850) is the mean of ten technical replicates of five separate reactions. “-” = Cq below limit of detection.
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