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Abstract: Faba bean (Vicia faba) is a temperate grain legume of major importance for food and feed.
Powdery mildews are an important group of diseases in many crops, although in faba bean, it is
still considered to be of only minor and local relevance. Here, we report the occurrence of powdery
mildew in southern Spain, which was identified through ITS sequencing as Erysiphe trifolii. Resistance
screenings allowed the identification of a wide range of responses to the disease, with accessions
BPL-710 and ILB-4708 outstanding due to their high levels of resistance. Histological studies showed
that the mechanisms of resistance may involve the inhibition of germination and impairment of
fungal development, as shown by a limited number of primary and secondary hyphae compared to
those of the susceptible accessions. This work permitted a better understanding of the interaction of
faba bean and powdery mildew, laying the ground for breeding programs for resistance if needed in
the future.

Keywords: Vicia faba; Erysiphe trifolii; management; resistance; breeding

1. Introduction

Faba bean (Vicia faba) is an annual temperate grain legume crop of importance for hu-
man food and animal feed. Like other legumes, igurecontributes to sustainable agriculture
by fixing atmospheric nitrogen in symbiosis with the soil bacteria Rhizobium leguminosarum.
This unique ability reduces the dependence of farmers on extensive use of chemical fertiliz-
ers, protecting soil and water quality [1]. Faba bean cultivation is particularly important
in Mediterranean countries, the Middle East, and China but extends worldwide, with its
cultivation covering nearly three million hectares and there being an overall production
of 7,786,000 tons. After some decades of regression of the crop, there is a renewed inter-
est, with spectacular increases in production in Ethiopia, Canada, and Australia, among
others [2].

There are several important fungal diseases that affect faba bean, such as chocolate
spot, ascochyta blight, and rust, which may reduce yields under favorable conditions
for the development of the pathogens. The first two are diseases caused by necrotrophic
pathogens (Botrytis spp. and Ascochyta fabae, respectively) that may be very harmful in the
flowering stage of the plants if mild temperatures and high relative humidity concur [3].
The causal agent of rust is the biotrophic pathogen Uromyces viciae-fabae, which produces
orange pustules on the leaves and stems of faba bean plants and may be a threat to crop
yields in the pod-filling stage if temperature and humidity are appropriate [4]. Although
management practices may help mitigate the damage caused by these pathogens, the most
effective way to control them is through the application of fungicides. This option, however,
increases costs for farmers and may be damaging to the environment. A more efficient
alternative is the use of resistant cultivars, which requires the development of breeding
programs for disease resistance, and there has been success in obtaining cultivars with high
levels of resistance to different diseases [5].
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Powdery mildews are biotrophic pathogens that infect a wide array of plant species,
including important crops, becoming, under some circumstances, an important limitation
for their cultivation [6]. They belong to Ascomycota with the class Leotiomycetes and
the order Erysiphales [7]. When infecting a plant, they produce typical symptoms of a
white powder covering the surface of the aerial tissues of the plant. In the case of legumes,
powdery mildew may be a serious problem for peas [8]. However, it is not regarded as a
major problem in faba bean, although there are reports of occurrence in Canada, China,
India, the United Kingdom, Korea, Armenia, Pakistan and Sudan [9-16]. Identification
of the causal agent in these cases is confusing, with references to Eysiphe polygoni [10],
Microsphaera penicillata [9,17], E. pisi f.sp. pisi [11], or just Oidium sp. [12].

In Southern Spain, like in most Mediterranean climates with mild winters, spring
faba bean types are typically sown in autumn or winter under rain-fed conditions and are
harvested by late spring [18]. By doing so, terminal drought and high summer temperatures
are avoided. Powdery mildew is seldom a problem under these conditions. However, as
part of a breeding program, faba bean is often grown under small cages covered with insect-
proof nets to avoid pollinators with drip irrigation, which results in a higher temperature
and relative humidity. Under these conditions, which might be extended to horticultural
faba beans, powdery mildew may occur at the end of the season in late-sown plants.
In the context of a changing climate, the challenges for crops in the near future may be
very different from those of today. This includes emerging diseases, which increase their
incidence by reaching new areas or affecting new hosts [19]. Then, it cannot be disregarded
that powdery mildew may become a serious problem for faba bean cultivation in the short
term, especially considering that the crop is extending to very diverse areas where the
conditions for the development of disease might be encountered. However, the knowledge
about this disease in faba bean is very limited, with very little information on the causal
agents, mechanisms of interaction between plants and pathogens, and potential sources
of resistance. If the disease becomes widely extended in faba bean, serious outbreaks
could endanger crop yields, given that no resources to counteract its effects are available at
the moment.

The aims of this work were, on the one hand, to identify the causal agent responsible
for the occurrence of powdery mildew in faba bean plants in Cérdoba (South of Spain) and,
on the other hand, to identify and characterize sources of resistance to be used in the future
to breed cultivars resistant to the disease.

2. Materials and Methods
2.1. Species Determination with ITS (rDNA Internal Transcribed Spacer) Sequencing

Conidia from naturally infected plants of faba bean harvested in the field (isolate
CO-18) were collected and maintained on susceptible faba bean plants (accession V-404)
under controlled conditions. Faba bean seeds were sown on 1 L plastic pots (2 seeds per pot)
containing a mixture of sand and peat (1:1) and were grown in a growth chamber at 20 °C
with a photoperiod of 14 h of visible light (150 pmol m~2 s~! photon flux density) and 10 h
of darkness until the faba bean plants had 3 fully expanded leaves. A single-colony isolate
was obtained from these plants and used to inoculate new healthy plants. The single-colony
isolate CO-18 was allowed to grow and then used for the following screening and ITS
analysis. Powdery mildew was obtained from several plants by scratching the surface of
several leaves with a razor and collecting the tissue. Then, DNA was obtained from the
isolate using the CTAB method as reported in [20]. ITS sequences were amplified using
the Erysiphe-specific primers EryF (5 TACAGAGTGCGAGGCTCAGTCG 3') and EryR (5
GGTCAACCTGTGATC CATGTGACTGG 3'), as reported earlier in [21], and two clones
were sequenced. The PCR mix and amplification conditions were as described in [21].

Two independent PCR products were purified and sequenced directly from both
strands using an ABI3730XL sequencer. The sequences obtained were used as queries in
BLAST (http:/ /www.ncbi.nlm.nih.gov/BLAST, accessed on 14 March 2021) searches to
identify the most similar sequences available in the GenBank databases.


http://www.ncbi.nlm.nih.gov/BLAST
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2.2. Screenings under Controlled Conditions

Two different experiments were carried out in growth chambers under controlled
conditions. In the first one, a collection of 19 germplasm accessions of faba bean were
evaluated for their response to powdery mildew infection. In Table S1 (Supplementary
Data), the origin of all evaluated accessions are given. This set of accessions were selected
for their differential responses to chocolate spot and rust [22,23]. Pea cv. Messire, which is
susceptible to pea powdery mildew (E. pisi) [24], was also included to assess its response to
the powdery mildew isolated from faba bean. One seed of each accession was sownin 1L
plastic pots containing a mixture of sand and peat (1:1) and grown in a growth chamber at
20 °C with a photoperiod of 14 h of visible light (150 pmol m2s7! photon flux density)
and 10 h of darkness until the faba bean plants had 3 fully expanded leaves.

The powdery mildew isolate used (CO-18) was collected from naturally infected plants
of faba bean in the field and maintained on infected faba bean plants (accession V-404)
growing in a growth chamber as described above; fresh inoculum was available two weeks
after infecting the plants. For the experiment, heavily sporulating leaves were detached
from these plants, and spores were blown into a settling tower, containing the accessions to
be evaluated. The conidium density was around five conidia per mm?. After inoculation,
the plants were transferred back to the growing chamber under the same conditions. The
experiment was designed to be completely randomized with three replications consisting
of a pot with a plant.

Plants were evaluated 12 days after inoculation when symptoms (sporulating mycelium
of the plant growing over the surface of the leaves) were clear and extended on susceptible
accessions. For evaluation, a “corrected severity” (CS) was defined, which included both
the surface covered by disease symptoms and the extension of the disease all across the
plant. It was calculated as follows:

CS=(S+IL)/2

CS: Corrected severity.

S: Severity (% of plant surface covered by symptoms).

IL: % of leaves with symptoms against the total number of leaves per plant.

In the second experiment, nine accessions from experiment 1 were selected, and
8 additional commercial cultivars were studied (Table S1, Supplementary Data). All of the
procedures and experimental design were the same as those in the first experiment, with the
only difference being that plants were inoculated when they had 6-8 fully expanded leaves.

2.3. Characterization of the Responses to Infection

An experiment under controlled conditions was carried out in order to characterize
the different responses to infection found in the previous experiments. Five accessions
were selected from the previous experiments, namely, BPL 710 and ILB 4708 (resistant),
132-1 (intermediate), and V404 and cv. Alameda (susceptible). Again, plants were grown as
in the previous experiments. Inoculation in this case was performed on detached leaves
as in [25]. When plants presented 3-5 fully expanded leaves, the first and second leaves
(from the top) were detached and placed on a square Petri dish (15 x 15 cm) containing an
agar-water medium (0.4% p/v); each Petri dish contained only the leaves from a single
plant. The experiment was designed to be completely randomized with four replications
(one replication being one plant growing in a pot). Inoculation was performed as in
the experiments described above, and the uncovered Petri dishes were placed inside the
settling tower.

For sampling, one leaflet of each leaf was randomly selected two days after inoculation,
and the tip was cut out and processed for histological observations as described in [25]. In
brief, two slices of the central area of each leaf were placed with the adaxial surface up on
filter paper dipped in fixative (1:3, absolute ethanol/glacial acetic acid, v/v). The fixative
was changed several times until the tissues were bleached; they were transferred to filter
paper dipped in tap water for a minimum of 2 h and then moved again to filter paper in
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lactoglycerol (1:1:1, lactic acid/ glycerol/water, v/v/v) for at least another 2 h. After this,
the sample was carefully laid with the adaxial surface down on a cover glass on which a
drop of trypan blue in lactoglycerol (0.1%, w/v) had been placed, and then it was mounted
in lactoglycerol on a microscope slide. Then, at least 100 spores were counted per leaf at
20 x magnification with a light microscope. Germination was recognized by the presence
of at least a primary germ tube. To assess further development, 100 germinated sporelings
were examined (when available), and the numbers of primary hyphae, secondary hyphae,
and secondary appressoria were counted (Figure 1).

Figure 1. Germinated powdery mildew conidium (isolate CO-18) growing on the surface of a leaf
of cv. Alameda and showing various structures (A). Ungerminated conidia on the leaf surface of
accession BPL 710 (B).

2.4. Response of Faba Bean to Infection by E. pisi

Given that powdery mildew incited by E. pisi is widespread in areas with peas but is
not seen on neighboring faba bean crops, an additional experiment was conducted under
controlled conditions to confirm and exclude the pathogenicity of E. pisi on faba bean.
Four faba bean plants (cv. Alameda, which was shown to be susceptible to E. trifolii in our
experiments) and four pea plants (cv. Messire susceptible to both E. trifolii and E. pisi) were
grown as described in the previous experiments. When plants had four fully expanded
leaves, they were inoculated with isolate CO-23 of E. pisi, as in the above experiments.
Leaflets were detached from all leaves 48 h after inoculation, and histological procedures
were carried out as previously described.

2.5. Statistical Analysis

Analyses of variance (ANOVAs) were carried out for the different parameters eval-
uated in each experiment, and the means were compared by using the Tukey test. The
software employed was Statistix 8 (AnalyticalSoftware, Tallahassee, FL, USA).
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3. Results
3.1. Species Determination with ITS (rDNA Internal Transcribed Spacer) Sequencing

The direct sequencing of PCR products obtained using the EryF and EryR primers
yielded sequences from 667 to 678 bp that were identical to each other and showed 100%
similarity to seven GenBank sequences belonging to different E. trifolii (syn. E. trifoliorum)
isolates growing on legumes and deposited in GenBank under the accession numbers
OP256907.1 [26], LC010015.1 and LC010014.1 [27], MZ265172.1 [28], LC270860.1 [29], and
FJ378884 and FJ378874 [30].

3.2. Screenings under Controlled Conditions

The first symptoms appeared 6-7 days after inoculation, and they were clearly visible
on all plants 12 days after inoculation. A wide range of responses to infection by powdery
mildew was found in the 19 genotypes of faba bean studied in the first experiment (Figure 2),
with accessions BPL-710, ILB-5284, IC-158-1, 095-1, 135-1, BPL-261, and 132-1 appearing as
the most resistant ones with CS < 10% and with V-404 as the most susceptible with a CS of
49.2% (V-404). Pea cv. Messire was even more susceptible with a CS of 64.9%.

Figure 2. Responses to powdery mildew of 19 accessions of faba bean and a pea check (cv. Messire)
under controlled conditions. The corrected severity (CS) was evaluated 12 days after inoculation.
Vertical lines show the standard error of the mean for n = 3.

The results of the second experiment confirmed the resistance of BP-710 and ILB-
4708 and the susceptibility of V-404 (Figure 3). A high variation in responses was also
identified among the commercial cultivars, with cvs. Arrechana, Borjana, and Prothabon
being the most resistant ones (CS < 20%) and Brocal and Quijote being the most susceptible
(CS > 40%). As an example, the differences in the CS between BPL-710 and cv. Alameda are
illustrated in Figure 4.
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Figure 3. Responses to powdery mildew of 17 accessions of faba bean under controlled conditions.
The corrected severity (CS) was evaluated 12 days after inoculation. Vertical lines show the standard
error of the mean forn = 3.

Figure 4. Resistant accession BPL-710 (left) compared to susceptible cv. Alameda (right) 12 days after
inoculation with E. trifolii CO-18.

These differences in CS values between accessions in both experiments were found to
be significant in the respective ANOVAs (p < 0.001). Pearson’s correlation analysis between
the results of the nine accessions that were common to both experiments was significant
(p <0.02) with r = 0.76.

The original datasets of the evaluations of both experiments are given in the Supple-
mentary Data (Tables S2 and S3).

3.3. Characterization of the Responses to Infection

The analyses of variance identified significant differences between the five tested
accessions for all evaluated parameters (Table 1). Spore germination was significantly
lower (less than 20%) on leaves of the two resistant accessions BPL-710 and ILB-4708, and it
was particularly high on the susceptible cv. Alameda. Equally, the numbers of primary and
secondary hyphae and the number of secondary appressoria formed by germinated spores,
which were indicative of colony growth, were much lower on the resistant accessions
BPL-710 and ILB-4708 than on the susceptible cv. Alameda. The result of this can be seen
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microscopically in Figure 5, with only germinated spores on BPL-710 and fully developed
colonies on cv. Alameda.

Table 1. Values of the different parameters studied in the histological studies of five accessions of
faba bean infected by powdery mildew (E. trifolii): percentage of conidium germination and numbers
of appresoria and of primary and secondary hyphae per colony (germinated spores). Different letters
in each column indicate significant differences (Tukey test, p < 0.05).

Germination No. Primary No. Secondary No. Secondary

(%) Hyphae Hyphae Appresoria
BPL-710 1344 a 0.03a 0.00 a 0.00 a
ILB-4708 16.81Db 0.08 a 0.00 a 0.00 a
132-1 27.87 ¢ 0.24b 0.00 a 0.00 a
V-404 2994 c 0.39 ¢ 0.20b 1.20b
Alameda 41.50d 2.59d 3.05¢ 3.88¢

Figure 5. A fully developed colony of powdery mildew (isolate CO-18) from a spore on cv. Alameda
(A) with several primary and secondary hyphae and secondary appressoria. A germinated spore on
accession BPL-710 (B).

3.4. Response to Infection by E. pisi

Powdery mildew symptoms were macroscopically visible on pea plants already by
9 dai, reaching 68% CS by 14 dai. However, no powdery mildew symptoms developed at
any time on the faba bean plants inoculated with E. pisi. This was confirmed histologically
(Table 2), since the spore germination and formation of primary and secondary hyphae of
E. pisi were markedly reduced on faba bean compared to those on peas.

Table 2. Values of the different parameters from the histological studies of five accessions of faba bean
infected by powdery mildew: percentage of conidium germination, percentage of primary hyphae,
and percentage of secondary hyphae per germinated spore. Different letters indicate significant
differences (Tukey test, p < 0.05).

No. Secondary
Hyphae

Faba bean 26.2a 10a 0.00 a
Pea 49.8b 2.58b 0.75b

Germination (%) No. Primary Hyphae
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4. Discussion

In this paper, we report the occurrence of powdery mildew on faba bean in Spain for
the first time. Powdery mildew has been described on faba bean in several countries, being
ascribed to E. pisi in the United Kingdom [11], to Microsphaera penicillata in Canada [17],
and to E. polygoni in Sudan [15], Korea [12], China [10], India [16], and Pakistan [14]. As far
as we know, no occurrence has been reported before in the Mediterranean region. It is also
the first time that Erysiphe trifolii has been identified as the causal agent of powdery mildew
on this crop. Previous identifications were based on morphological traits in some cases,
but never before had the species of powdery mildew infecting faba bean been determined
with ITS.

E. trifolii has been reported on clovers, grass peas, peas, and lentils in the field [21,30,31].
E. trifolii occurs yearly in Cordoba, late in the season by profusely infecting annual medics
(unpublished). It has also been reported that E. trifolii causes powdery mildew in peas
and Lathyrus spp. It is severe only in late-planted nurseries in Cordoba and, normally, in
India with higher temperatures during the crop season [24,32-35]. This is also what we
found on faba beans, with infection only occurring in late-planted nurseries. Hence, the
environmental conditions seem to be critical for the development of powdery mildew on
faba bean, with higher temperatures favoring E. trifolii.

Emergent diseases are a challenge for agricultural production around the world. Major
diseases of the most important crops are kept at bay by a combination of different strategies,
such as the employment of pesticides, resistant cultivars, and agronomic tools. However,
the outbreak of an unexpected disease may cause important trouble, jeopardizing yields for
a long time before practical solutions are implemented. There have been many examples
of the occurrence of unexpected diseases in different crops in the last decades, as in the
cases of java rose apple, common bean, monkshood, snapdragon, sunflower, Japanese
persimmon, and soybean [36—42]. The appearances of powdery mildew in carrot caused
by Erysiphe heraclei in Brazil [43] and in faba bean gall in Ethiopia [44] are recent examples
of novel outbreaks for both the disease and the host of our study. This risk is even higher
in the context of a changing climate [45,46]. This is why it is important to anticipate, and,
among the different available options, it would be very useful to have a repository of genes
that confer resistance to potential serious diseases. The south of Spain is experimenting a
shortening of the cool season and a general increase in temperatures in spring, which might
favor the early development of powdery mildew in faba bean, as we have seen. Thus,
it would be very useful to have a germplasm presenting resistance to powdery mildew
in case it is necessary to carry out a breeding program of faba bean for resistance to that
disease. Our experiments under controlled conditions proved to be an efficient tool for
screening collections of accessions for their responses to powdery mildew, which facilitated
this activity without being conditioned by the environmental conditions of field trials. The
high correlation between the common accessions in the two experiments that we performed
confirms the solidness and reproducibility of our protocol. These experiments revealed a
wide diversity of responses to E. trifolii among the tested genotypes, pointing to a rich gene
pool for the interaction with this disease. It is remarkable that the commercial varieties
that are among the most grown in the area (Alameda, Brocal, Prothabat, and Claro de
Luna) rank high in susceptibility, which might be a problem in a hypothetical outbreak of
powdery mildew in faba bean. Only Prothabon presents a moderate response to the disease,
while Arrechana and Borjana are newly obtained cultivars that are not cultivated in the
area. All of this stress the risks of a potential outbreak of powdery mildew in the region
and the need for sources of resistance among faba bean germplasms. In our study, BPL 710
stood out as the most resistant accession to the disease in both experiments, with low levels
of severity. This accession also presented high levels of resistance to chocolate spots and
rust in previous studies [22], so it may work as a good source of resistance for commercial
cultivars. There are also other interesting accessions that may provide additional resistant
genes for breeding.
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As for the mechanisms explaining the reduced progression of disease in the least
susceptible accessions, reduced spore germination it appears to be one of the key elements
for this, presenting values that are at least 40% lower in accessions BPL 710 and ILB
4708 than those in the other ones. This is not a very common mechanism of resistance
against powdery mildew, although it has been reported in some accessions of Pisum spp.
when infected with E. pisi [47]. Spore germination may be suppressed by morphological
features, such as leaf surface properties and plant architecture [48]. Additionally, leaf wax
chemistry may play a role in inhibiting germination [48-50]. In our experiment, fungal
development seemed to be hampered in resistant accessions even for spores that succeeded
in germinating, with limited growth that was reflected in the numbers of primary and
secondary hyphae and secondary appressoria (indicative of colony growth) compared to
those in the susceptible accessions, where bigger colonies were established. No visible
macroscopic necrosis or signs of hypersensitive resistance were observed.

Additional studies will be needed to discern the genetic basis of the identified resis-
tances. In the case of pea, three single genes have been reported conferring resistance to
powdery mildew [8], but polygenic resistance is also suggested although not yet character-
ized [47]. Existence of both monogenic and polygenic resistances is a common fact needing
detailed studies to discern among them [8,35,48,51].

Something similar happened with the response of faba ban to infection by E. pisi,
with no macroscopically visible powdery mildew symptoms developing at all on faba
bean plants, confirming the results reported in [34]. The resistance fo E. pisi was seen as a
marked reduction in E. pisi spore germination and development of hyphae compared to
those in pea. This seems to point to nonhost resistance, which reflects a lack of adaption
of the pathogen to a particular species, which is considered a nonhost [52]. This type of
resistance might provide long-term protection and appears to be associated with basal
plant resistance. Nonhost resistance may include different obstacles to infection by the
plant, such as the presence or absence of signals, preformed barriers, and induced defense
responses [52]. Interestingly, although the isolate of E. trifolli in our study is capable of
infecting faba bean, this crop appears to be highly resistant to the isolates of E. trifolii ex
L. sativus, ex. M. truncatula, and ex. V. articulata, confirming the complexity of E. trifolii,
which should be regarded as a species complex composed of host-specialized isolates [34].

5. Conclusions

In conclusion, this work allowed the identification of the species of powdery mildew
infecting faba bean in our area, as well as the selection of potential sources of resistance to
the disease, and it described some of the mechanisms of resistance involved. All of these are
the first steps towards a better understanding of this pathosystem, which will be necessary
if powdery mildew becomes a problem for faba bean cultivation in the future. Future work
should focus on widening the scope of studies to other faba bean genotypes and species of
powdery mildew, as well as on identifying the most interesting genes of resistance.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy14040663/s1, Table S1: Origin of the different accessions
evaluated in the experiments under controlled conditions for their response to infection by powdery
mildew. IFAPA: Instituto Andaluz de Investigacion y Formaciéon Agraria, Pesquera, Alimentaria
y de la Produccion Ecolégica (Spain). ICARDA: International Center for Agricultural Research in
the Dry Areas (Lebanon); Table S2: Original dataset of corrected severity for the first experiment
under controlled conditions for the evaluation of 19 accessions of faba bean and 1 accession of pea
to infection by powdery mildew; Table S3: Original dataset of corrected severity for the second
experiment under controlled conditions for the evaluation of 18 accessions of faba bean to infection
by powdery mildew.
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