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Abstract: E. pisi was thought to be the only causal agent of powdery mildew in peas, with three
genes, er1, er2 and Er3, conferring resistance to this pathogen. Recently, E. trifolii has also been found
to cause this disease in peas in different countries, but its relevance in pea powdery mildew disease
worldwide is unknown. The objective of this study was to develop a method to identify and quantify
E. pisi and E. trifolii and use it to analyze the relative prevalence of E. pisi and E. trifolii in pea fields
in Spain and Tunisia. We also wanted to discern the effect of the er1, er2 and Er3 resistance genes
on the relative amount of E. pisi/E. trifolii. Using the polymorphic sites present between E. pisi and
E. trifolii ITS sequences, we developed a qPCR method capable of identifying and quantifying these
pathogens. Our results revealed, for the first time, the occurrence of E. trifolii in Tunisia and that the
presence of er1, er2 and Er3 genes have a clear effect on the ratio E. pisi/E. trifolii in both countries.

Keywords: pea powdery mildew; Erysiphe pisi; Erysiphe trifolii; qPCR; resistance; field pea

1. Introduction

Pea powdery mildew is an airborne disease of worldwide distribution, being particu-
larly important in late sowings, reducing yield and quality [1]. Until recently, Erysiphe pisi
DC was thought to be the only causal agent of powdery mildew in peas (Pisum sativum L.)
and three genes for resistance to E. pisi, named er1, er2 (recessive genes) and Er3 (dominant
gene) [2–4] have been described so far. However, E. trifolii Grev. has also been found
to infect peas in different countries, including the USA, India and Spain [5,6]. Most pea
breeding programs in past decades relied solely on the use of er1, whose resistance was
considered durable [7]. However, E. trifolii is able to break down the resistance conferred
by er1 [5,6], reinforcing the need to monitor its distribution and to consider resistance to
E. trifolii as well in pea breeding programs.

Unfortunately, E. pisi and E. trifolii cannot be visually distinguished by the symp-
toms they cause. The two species can be differentiated by nrRNA internal transcribed
spacer sequence (ITS) and teleomorphid features, mainly morphology of chasmothecial
appendages [5,8]. However, measurement of teleomorphid features is not easy and is
highly time consuming, being also not applicable to quantify the presence of both species
when co-infecting the same leaf. Therefore, other methods need to be developed to study
the relevance of these pathogens in pea powdery mildew disease worldwide.

The objectives of this study were: (1) To develop a quantitative real-time PCR (qPCR)
assay to identify and quantify E. pisi and E. trifolii in pea infected samples, (2) to analyze the
relative prevalence of E. pisi and E. trifolii in pea fields in Spain and Tunisia, (3) to discern
the effect of er1, er2 and Er3 resistance genes on the relative amount of E. pisi/E. trifolii
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infecting a leaf, and (4) to know whether the relative amount of E. pisi/E. trifolii changes
along the crop cycle, and between leaves and stems in the case of er2 carrying lines.

2. Materials and Methods
2.1. Development of a qPCR Assay to Identify and Quantify E. pisi and E. trifolii

E. pisi isolate CO-10A and E. trifolii isolate CO-11B were used to obtain pure DNA from
these fungal species for the qPCR probes. These isolates were derived from single colony
isolates and their identity was confirmed by sequencing their ITS sequences [6]. The DNA
was extracted from fresh spores of these isolates using the CTAB method described by [9],
including RNase treatment with RNase A (Panreac Química SLU). The DNA concentration
in each of the samples was quantified by qubit fluorometric quantitation. Integrity of DNA
was checked on agarose gels and its purity was determined using a NanoDropND1000
(NanoDropTechnologies, Inc., Wilmington, NC, USA).

ITS sequences from E. pisi and E. trifolii were retrieved from the Gene Bank database
and aligned using “Multiple Alignment” tool included in the Geneious Prime version
2020.1.2 (Biomatters Ltd., Auckland, New Zealand) software, with default parameters.
Based on this alignment, consistent polymorphic sites between these species were identi-
fied. Then, primer pairs suitable for qPCR amplifications were designed including these
polymorphic sites to specifically amplify E. pisi or E. trifolii. Primers were designed us-
ing Probe Finder version 2.53 (Roche, Basel, Switzerland) and its specificity was checked
using the Primer-Blast NCBI tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/
accessed on 24 July 2017). Two primer pairs per species (EPFw1/EPRv; EPFw2/EPRv;
ETFw1/ETRv1; ETFw2/ETFw2) were tested. The sequence of these primers is shown in
Table 1. Each set of primers was used to amplify DNA from E. pisi, from E. trifolii and from
peas. Polymerase chain reactions were performed in a StepOne Real Time PCR System (Ap-
plied Biosystems, Foster City, CA, USA), using SYBR Green to monitor dsDNA synthesis.
Reactions contained 5 µL Fast Start Universal SYBR Green Master (ROX), 1 µL (1 ng) DNA,
and 0.3 µM of each gene-specific primer in a final volume of 10 µL. The following standard
thermal profile was used for all PCR reactions: Polymerase activation (95 ◦C for 10 min),
amplification and quantification (40 cycles; 95 ◦C for 15 s, annealing temperature for 1 min)
and dissociation curve generation (95 ◦C for 1 min, 60 ◦C for 15 s, 95 ◦C for 15 s). In order
to optimize the qPCR assay, three different annealing temperatures (60 ◦C, 62 ◦C and 64 ◦C)
were tested. The PCR efficiency of each primer pair was calculated using LingRegPCR
version 7.5 software [10].

Table 1. Primer sequences for the amplification of Erysiphe pisi or Erysiphe trifolii by qPCR.

Primer Species Sequence

EPFw1 1 Erysiphe pisi GCTCAGTCGTGGCATCTGCT 2

EPFw2 Erysiphe pisi AGGCTCAGTCGTGGCATCTGCT
EPRv Erysiphe pisi GGCCCGCCAAAGCAACAAGA

ETFw1 Erysiphe trifolii GTCGCTGTTCGCAAGGA
ETRv1 Erysiphe trifolii AGCTGAGACGACACAAACAA
ETFw2 Erysiphe trifolii TACAGAGTGCGAGGCTCA
ETRv2 Erysiphe trifolii GCAGGTCCTTGCGAACA

1 Fw indicates forward primer and Rv reverse primer. 2 Polymorphic sites between E. pisi and E. trifolii ITS
sequences are shown in bold.

2.2. Analysis of the Relative Prevalence of E. pisi and E. trifolii in Pea Fields in Spain and Tunisia

The pea accessions JI2302 (carrying er1 resistance gene), JI2480 (carrying er2 gene), cv.
Eritreo (carrying Er3 gene) and cv. Messire (susceptible) were sown in different locations of
Spain (Córdoba and Almodóvar del Río) and Tunisia (Mornag and Béja) during different
seasons (Figures 1–4). Plants were sown in a randomized complete block design with three
blocks, each block having 1 m row with 20 seeds of each accession. Naturally infected
leave samples were taken from each genotype and replicated in these experiments. In the
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case of the line carrying the er2 gene, as in Spain and in the experiments carried out by
other authors, this gene only confers leaf resistance [3,11]; leave and stem samples were
taken separately in the experiment performed in Córdoba during 2017. We also wanted to
know whether the relative prevalence of E. pisi and E. trifolii changes along the crop cycle.
Therefore, in the experiments carried out in Spain, leave samples were taken at different
stages of the crop cycle. Additionally, leaf samples were collected in commercial pea fields
in Spain (pea fields at Espiel and Santaella) and Tunisia (pea fields at Bizerte, Kairouan and
El Kef).

Pea samples from Spain were taken from the fields and stored at −80 ◦C until DNA
extraction. Samples taken from Tunisian fields were lyophilized. The DNA was extracted
using the CTAB method described by [9] including RNase treatment with RNase A (Pan-
reac Química SLU). DNA was quantified using qubit fluorometric quantitation. The
DNA integrity was checked on agarose gels and its purity was determined using a Nan-
oDropND1000 (NanoDropTechnologies, Inc., Wilmington, NC, USA).

To quantify E. pisi and E. trifolii in these samples, 1 ng of their DNA was subjected
to qPCR using the specific primers developed for E. pisi and E. trifolii and the protocol
described above. A dilution series of pure DNA from E. pisi and E. trifolii (10, 1, 0.1, 0.01,
0.001, 0.0001, 0.00001 and 0.000001 ng/uL) were used in each qPCR assay, in duplicate, as a
template, for constructing standard curves. Low inter-assay variation was confirmed by
checking the reproducibility of standards indicating no inhibition of the target amplifica-
tion. Calibration curves were generated and their correlation coefficient, efficiencies and
slopes were calculated using the software StepOne v 2.1(Applied Biosystems, Foster City,
CA, USA).

3. Results and Discussions
3.1. Development of a qPCR Assay to Identify and Quantify E. pisi and E. trifolii

E. pisi was thought to be the only causal agent of powdery mildew in pea till At-
tanayake et al. [5] described E. trifolii causing powdery mildew symptoms on peas in the
USA. Since then, E. trifolii has also been identified infecting er1 pea lines in Spain and
India [6], suggesting that E. trifolii might be very widely distributed, even when not studied
in many countries. In fact, E. trifolii has also been reported infecting other legume crops
close to peas, such as lentils, grass peas and red peas [12,13], that can serve as a green
bridge for spore dispersion, reinforcing the need to monitor E. trifolii distribution. The fact
that resistance against E. pisi and E. trifolii might have different genetic controls not only on
peas [6] but also on related species [13] reinforces the need to run specific E. trifolii resistance
breeding in peas. This is complicated by the difficulty to distinguish between E. pisi and
E. trifolii symptoms. Both species can be distinguished using morphological characters,
but this method is highly time consuming, if even possible, as cleistotecia are not always
formed, and is unsuitable for a fast analysis of the amount of each species infecting a plant.
Therefore, there is a general lack of knowledge about the relative relevance of E. trifolii as a
pea pathogen in pea producing areas. Our study provided a useful tool to fill this gap. We
took advantage of the polymorphism present between E. pisi and E. trifolii ITS sequences
to develop a quantitative real-time PCR method that enables the fast identification and
quantification of E. pisi and E. trifolii.

Two primer pairs per species and three annealing temperatures were tested for the
qPCR amplifications. According to the specificity and efficiency obtained, the primer
pairs EPFw1/EPRv (amplicon 78 pb) for E. pisi and ETFw2/ETRv2 (amplicon 123 pb) for
E. trifolii and an annealing temperature of 62 ◦C was selected for further qPCR assays. For
the primers selected, efficiency at this temperature was 2 for the primers specific for E. pisi
and 1.927 for the primers specific for E. trifolii, and the melting curves showed that only one
target sequence was amplified. Assays confirmed that the selected primers were specific
for E. pisi or E. trifolii. Thus, these primers correctly amplified the ITS sequence when using
DNA from their specific species but did not produce amplification when using DNA from
the other Erysiphe species or from Pisum sativum (only a residual presence of unspecific
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(off-target) signals yielding Cq values >31 in the non-target species, compared to the Cq
values around 16 obtained for the target species, was observed; see Table 2). Therefore,
these primers are suitable for the identification and quantification of E. pisi and E. trifolii in
any pea sample.

Table 2. Quantification cycle (Cq) values of EPFw1/EPRv and ETFw2/ETFw2 primer pairs analyzed
in DNA from Erysiphe pisi, Erysiphe trifolii and Pisum sativum using 62 ◦C as the annealing temperature.

Primer Pair Species

E. pisi E. trifolii Pisum sativum

EPFw1/EPRv 16.45 31.02 31.93
ETFw2/ETFw2 34.44 16.46 36.99

Our quantitative real-time PCR method was successfully used by us to study the
relative prevalence of these two species in Spanish and Tunisian pea fields, and could
be used to carry out similar studies in other countries. Molecular techniques have been
previously widely used as a fast and reliable method to identify and quantify pathogens
in samples. In particular, the nrRNA internal transcribed spacer sequence (ITS) is highly
conserved within individuals from the same species and has been used in many studies as
a reliable tool to identify and quantify different organisms [14–16].

3.2. Analysis of the Relative Prevalence of E. pisi and E. trifolii in Pea Fields in Spain and Tunisia

A linear response was observed over the serial dilutions included. Standard curves
obtained in the different plates were suitable for the quantification of both pathogens, show-
ing good correlation coefficient (R2) values (ranging from 0.842 to 0.998, being generally
>0.98), and efficiencies between 84.199 and 125.629. Linear regression slope values ranged
from −3.962 to −2.267. According to the results obtained in the qPCRs assays, the amount
of E. pisi and E. trifolii was estimated in the different pea samples and used to calculate the
percentage of E. pisi and E. trifolii. The percentages of each pathogen in the different lines
and experiments are shown in Figures 1–4.

Our study shows, for the first time, the presence of E. trifolii infecting peas in Tunisia,
being even more important than in Spain, as, in most of the lines studied, the percentage
of E. trifolii compared to E. pisi was higher than in Spain. It is also shown that E. trifolii is
not only able to infect E. pisi-resistant pea lines carrying the er1 gene, but also any pea line
carrying either er2 or Er3, or none of them. Still, the presence of er1, er2 and Er3 genes have
a clear effect on the relative prevalence of E. pisi and E. trifolii.

JI2302 (er1) showed incomplete resistance in Spain and Tunisia, with powdery mildew
symptoms starting later and progressing slower than on the susceptible accessions. For
instance, at Córdoba 2017, disease severity (DS) on JI2302 was only 10% by the first scoring
date (3 May), when it was already 100% on cv. Messire. DS on JI2303 increased to a
maximum of 30% by 16 May. Similarly, in the following season (Córdoba 2018) DS on
JI2302 was 28% by the first scoring date, 11 May, reaching a maximum of 32% by 22 May,
when it was already 100% on Messire by 11 May. DS scores in Tunisia also show a reduced
powdery mildew on JI2302, with DS 43% at Mornag 2017 compared to 90% on Messire, and
5% on Béja 2019, compared to 92% infection of Messire. Analysis of the infected samples
showed that the pathogen infecting er1 plants was mostly E. trifolii (>98% in all cases)
(Figure 1). These results confirm previous studies reporting the stable resistance that the
er1 gene confers to E. pisi and the capability of E. trifolii to break this resistance down [6,17].
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Figure 1. Percentage of E. pisi and E. trifolii in the different samples collected in accessions JI2302.
Percentages shown are the average of three biological replicates. Each sample was named by the
location where it was taken, followed by the date when it was sampled.

The er2 resistance gene remained highly effective protecting against powdery mildew
infection in Spain, with accession JI2480 displaying only very few symptoms by the end of
the crop cycle. Our study showed that these few symptoms are caused mainly by E. pisi
(Figure 2). These results are in agreement with previous studies showing that er2 resistance
to E. pisi is temperature- and leaf age-dependent, with complete resistance expressed only
at high temperatures (25 ◦C) or in mature leaves [17]. In Tunisia, this line could be more
infected, but still showing incomplete resistance (DS lower than 27%). The species infecting
JI2480 in Tunisia was also mainly E. pisi, but the percentage of E. trifolii increased compared
to Spain. Expression of er2 against E. trifolii was not affected by growing temperatures in
the range of 20–25 ◦C in a previous study [6], but this outcome suggests that resistance
to E. trifolii conferred by the er2 gene can also be influenced by other environmental
conditions or other variables not known yet. Therefore, more studies are needed to clarify
environmental effects on the expression of er2 resistance against E. trifolii.

The few powdery mildew symptoms observed in Spain on JI2480 (er2) were mainly on
stems rather than on leaves (in leaves only a thin mycelium was observed in the lower side
of the leaves). Tiwari et al. [11] also reported a higher infection in stems compared to leaves,
and Heringa et al. [3] reported that lines carrying the er2 gene had only leaf resistance. Our
study showed that these few symptoms are caused mainly by E. pisi both in leaves and
stems, not supporting the hypothesis that E. pisi and E. trifolii might differ in their ability to
infect leaves or stems.
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Figure 2. Percentage of E. pisi and E. trifolii in the different samples collected in accessions JI2480.
Percentages shown are the average of three biological replicates. Each sample was named after the
location where it was taken, followed by the date when it was sampled. It is also specified after the
date whether samples were taken from leaves or stems.

The cultivar Eritreo (Er3) was highly resistant in both Spain and Tunisia (showing
up to DS 10%). Therefore, the Er3 gene provided resistance to both pathogens. It is
worth mentioning that two recent studies in southern Spain showed high powdery mildew
resistance in Er3 carrying gene breeding lines, whereas all other lines and cultivars, some
of which might have er1, were heavily infected [18,19]. Our results show that the few
symptoms observed were caused by both E. pisi and E. trifolii. In Spanish samples, the
percentage of E. trifolii ranged from 37 to 70% depending on the region and time point. In
Tunisian samples, E. trifolii was more abundant (88 and 93% in 2017 and 2019, respectively)
(Figure 3). E. trifolii was more abundant in most samples, which is in agreement with the
reported capability of E. trifolii to overtake Er3 resistance at higher temperatures [6]. Still,
some proportion of E. pisi was also found in these lines. Our previous study [20] indicates
that, in Er3 lines, E. pisi is able to develop some hyphae. Its growth is stopped soon after
due to hypersensitive response in most of the colonies (95.5%) but not all. The small amount
of E. pisi found in Er3 lines may correspond to this small amount of mycelium produced by
E. pisi or, alternatively, there may exist an environmental factor not identified yet that could
affect Er3 expression and allow a small amount of growth of E. pisi in Er3 lines.
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Figure 3. Percentage of E. pisi and E. trifolii in the different samples collected in cv. Eritreo. Percentages
shown are the average of three biological replicates. Each sample was named after the location where
it was taken, followed by the date when it was sampled.

In cv. Messire (lacking er1, er2 and Er3 mediated resistance) and in the other varieties
collected in different commercial pea fields in Spain and Tunisia, the relative prevalence
of E. pisi with respect to E. trifolii varied between varieties, locations and time points, but
E. pisi was frequently more abundant than E. trifolii. In general, E. trifolii was more relevant
in Tunisia than in Spain, even exceeding E. pisi in some samples (Figure 4).

Figure 4. Percentage of E. pisi and E. trifolii in the different samples collected in susceptible lines. For
Messire, percentages shown are the average of three biological replicates. Each sample was named
after the location where it was taken, followed by the date when it was sampled. The cultivar from
which the sample obtained is also specified after the date.

The evolution on the percentage of both pathogens along the crop cycle did not show
a clear trend, with E. trifolii increasing a bit in the later sampling dates during 2017 and
2019, but showing the opposite trend during 2018.
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4. Conclusions

In conclusion, our study provides, for the first time, a qPCR method that allows the
identification and quantification of E. pisi and E. trifolii. Its implementation to analyze the
amount of these pathogens in pea samples allowed us to analyze the relative prevalence
of these pathogens in Spanish and Tunisian fields, and open the door to carry out similar
analyses in other countries. Our study showed, for the first time, the presence of E. trifolii
infecting peas in Tunisia, being even more important than in Spain, as, in most of the lines
studied, the percentage of E. trifolii compared to E. pisi was higher than in Spain. Our study
also reported, for first time, the effect of er1, er2 and Er3 genes on the ratio between E. pisi
and E. trifolii infecting a plant. Our results reveal that E. trifolii is more important than
previously thought, showing that this pathogen is able to defeat the er1 resistance gene,
but also to infect any pea line. This, joined to the fact that E. trifolii has a broad host range
and was reported to infect other legumes close to peas reinforces the need to monitor its
distribution and to consider resistance to E. trifolii as well in pea breeding programs.
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