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Abstract: Sweet chestnut fruits are popular fruits commercialized as fresh or processed ready-to-eat
products. The major post-harvest problems associated with stored chestnut fruits are fungal rots,
which cause major losses in fruit quality. The aims of this work were to determine the incidence,
abundance and diversity of rots and fungi in three chestnut varieties (Longal, Judia and Martaínha)
of Portugal, collected from an industrial plant, and to identify the stages of storage and processing
where fungi and rots are more significant. Thirty-three chestnut samples from the three varieties were
collected from different stages of industrial processing. Nuts were internally and externally inspected
for damage, infestation and infection, and internal fungi were isolated and molecularly identified.
The variety Martaínha was identified as the least susceptible to fungal growth, while Longal was
the most susceptible. A high diversity of fungi was detected and identified. The dominant fungi
were Mucor racemosus, Penicillium spp. (the causal agents of green rots), Ciboria batschiana (black
rot) and Botrytis cinerea (gray rot). Gnomoniopsis smithogilvyi, the causal agent of brown rot, was
also frequently detected. Sterilization with hydrothermal bath was effective in the elimination or
reduction of most of the rot-causing fungi. These results could serve as a baseline for better monitoring
fungal development and chestnut decay, and to develop effective management measures to control
post-harvest chestnut rots.

Keywords: chestnut rot; storage fungi; post-harvest processing; ecological guilds; Gnomoniopsis
smithogilvyi

1. Introduction

Chestnuts (Castanea sativa Mill.) play an important role in human nutrition owing to
their nutrient composition and their potentially beneficial effects on health. The chestnut
fruit is characterized by high content of water, starch and unsaturated fatty acids, and low
fat content. Chestnuts are considered a good source of energy, especially because they are
cholesterol-free. The fruits are also rich in fiber, vitamins and polyphenols, with gallic and
ellagic acids predominating among the hydrolyzable and condensed tannins [1]. They are
recommended as part of a gluten-free diet in case of celiac disease, and they help in the
reduction of coronary heart disease and cancer [1,2].

Portugal is the fourth largest producer of sweet chestnut in Europe and seventh in the
world, with an annual production of 24.7 thousand tons and an orchard area of 51 thousand
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hectares [3]. Trás-os-Montes, in the northeast of the country, is the first Portuguese chestnut
producer region, with 80% of the national production. The chestnuts produced in this
region are of high quality, and are recognized by the European Union with the Protected
Denomination of Origin “Castanha da Terra Fria”.

Chestnut fruit is a seasonal product, commercialized as fresh or processed ready-to-use
products. The high moisture and the rich nutrient content of the chestnuts represent storage
problems since these conditions are supportive of infestation by insects and infection by a
wide spectrum of spoilage fungi [4,5], resulting in major losses in fruit quality, potentially
leading to completely unmarketable fruits. These conditions make it necessary for chestnuts
to be controlled at both pre- and post-harvest stages.

The major post-harvest problems associated with these fruits are rots, which can be
caused by several fungal agents. Traditionally, Penicillium sp., Aspergillus sp., Fusarium sp.,
Phomopsis castanea, Acrospeira mirabilis, Ciboria batschiana (syn. Sclerotinia pseudotuberosa),
Phoma castanea and Phomopsis endogena have been reported in many different countries
worldwide as the most important fungi responsible for chestnut rots and fruit post-harvest
decay [5–12]. In the past decade, however, a steep rise in the incidence of rotten nuts has
been extensively observed by chestnut growers in some regions of Europe and Australa-
sia [13–16], and the fungus Gnomoniopsis smithogilvyi L.A. Shuttlew., E.C.Y. Liew and D.I.
Guest (2012) (syn. Gnomoniopsis castaneae Tamietti 2012) has been identified as a significant
rot-causing agent [7,16–21].

Chestnut rots are mainly expressed post-harvest, and nuts show steep decay during
storage. Even though many fungi can be detected superficially on the shell [5,6,12], most
of the fungi responsible for internal nut rot are considered endophytic to the plant. After
harvest and during storage, the fungi develop internally and affect the kernel of the nuts, re-
sulting in internally rotten nuts that are superficially apparently healthy [7,12]. For instance,
while Penicillium sp., Sclerotinia sp. and Trichoderma sp. have been shown to start developing
nut rot symptoms even before harvest, others such as Coniophora sp., Botryosphaeria sp.,
Botryotinia fuckeliana (anamorph Botrytis cinerea) and Giberella sp. (anamorph Fusarium sp.)
seem to develop only during storage [12].

In this work, we intended to determine the incidence, abundance and diversity of
rots and fungi in three chestnut varieties (Longal, Judia and Martaínha) of Trás-os-Montes,
Portugal, collected from an industrial plant, and to identify the stages of storage and
processing where fungi and rots become more significant.

2. Materials and Methods
2.1. Collection of Samples

The study was performed on European chestnuts (C. sativa) received, processed and
stored in a local industry in Braganca, Trás-os-Montes, Portugal, during the growing season
in 2018–2019. Samples were collected in different processing stages, as detailed in Table 1,
from three varieties (Longal, Judia and Martaínha), for a total of 33 samples. The sampling
plan was adjusted to the availability of the industry, and this resulted in a different number
of samples for the two factors—stage of processing and variety—under study.

Table 1. Description of chestnuts sampling points, storage period and sampled varieties.

Code Processing Stage Storage
Period (Days)

Sampled Varieties
(Replicas)

P2 sterilized by hydrothermal bath (45 ◦C,
30 min) and immediately sampled 0 Judia (3)

Longal (2)

P3 sterilized by hydrothermal bath (45 ◦C,
30 min) after storage 15 Judia (1)



Agriculture 2022, 12, 1930 3 of 18

Table 1. Cont.

Code Processing Stage Storage
Period (Days)

Sampled Varieties
(Replicas)

P6 sampled immediately after reception,
without sterilization 0

Judia (3)
Longal (3)

Martaínha (2)

P7 stored without sterilization and sampled
after storage 15

Judia (3)
Longal (1)

Martaínha (1)

P8 stored without sterilization and sampled
after storage 30

Judia (1)
Longal (3)

Martaínha (1)

P9 stored without sterilization and sampled
after storage 45 Judia (2)

P10
sterilized by hydrothermal bath (45 ◦C,

30 min) but rejected after
manual selection

0 Judia (3)
Longal (4)

The samples (of approximately 1 kg of chestnuts) were collected from 1-ton wood
palox pallets from the storage room (stages of storage/process P2, P3, P6, P7, P8 and P9) or
from the rejection palox (P10), and packaged separately in paper envelopes. The envelopes
were immediately sealed and transported to the laboratory. Chestnut samples were stored
in a cold chamber at 4 ◦C for a maximum of 2 days.

2.2. General Inspection of Chestnut Samples

Fifty chestnuts per sample (for a total of 1650 chestnuts) were randomly selected for
external inspection. The external quality of fruits was evaluated by checking for visual
defects, i.e., visible signs of pre- and post-harvest damage, including cracks, signs of
infestation (presence of exit holes caused by the chestnut weevil) and signs of fungal
infection (visible mold growth), as described by Overy et al. [22]. The observed symptoms
were described for each chestnut to determine the percentage of external infection and
infestation per sample.

After external inspection, the 50 fruits were cleaned under running tap water, surface-
disinfected by immersing in 10% commercial bleach for 2 min, washed three times with
sterile distilled water and blot-dried in sterile absorbent paper. Chestnuts were aseptically
bisected longitudinally from the stylar end to hilum with a sterile knife and visually
inspected for the presence of internal molds and insect larvae. Whenever signs of rot were
present, the type of rot was identified. The percentage of rotten surface of each chestnut
was visually estimated to determine the level of infection: Level 0 (L0): no visible mold
infection; Level 1 (L1): 1–25% of chestnut internal surface covered by molds, Level 2 (L2):
26–50%, Level 3 (L3): 51–75%, Level 4 (L4): 76–100%, as proposed by Donis-González
et al. [12]. The disease severity index, or McKinney index [23], was also determined. This
index takes into account the intensity of the rot (severity), its frequency and the maximum
possible value, according to the equation:

MI = [∑((d × f))/(N × D)]× 100 (1)

where d is the category of rot intensity scored for chestnuts, f is the rot frequency, N is the
total number of examined chestnuts (healthy and rotted) and D is the highest category of
rot intensity that occurred.

2.3. Isolation of Fungi from Chestnuts

From each sample, 10 chestnuts with symptoms of kernel infection were sorted for the
isolation and identification of contaminating fungi. Five explants of the rotten parts were
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cut aseptically and plated on solidified potato dextrose agar (PDA; Biolife, Milan, Italy)
in 9 cm Petri dishes. For samples with less than 10 nuts showing visible signs of fungal
infection, non-infected chestnuts were used to complete the 10 chestnuts per sample. Plates
with the explants were sealed with parafilm and incubated at 25 ◦C for 6 days.

After the incubation period, each different growing colony was isolated and transferred
the number of times necessary to obtain pure cultures into 6 cm Petri dishes containing
10 mL of Malt Extract Agar (MEA: malt extract 20 g/L, glucose 20 g/L, peptone 1 g/L, agar
20 g/L, autoclaved for 15 min at 121 ◦C) for morphological and molecular identification.
Plates were incubated using the same conditions as before. A total of 544 fungi were
isolated from the samples. Fungal isolates were morphologically identified on the basis of
their cultural characteristics such as colony size, shape, opacity, color, form, surface growth,
elevation and margin consistency, and grouped by morphotypes. From these, 78 isolates
representative of all morphotypes were selected for molecular identification. All pure
isolates (spores and mycelium) were preserved in 30% glycerol with 0.05% of Tween 80 at
−20 ◦C until further analysis [5].

2.4. Molecular Identification of Fungal Isolates

The total genomic DNA was extracted according to the SDS protocol described by Ro-
drigues et al. [24]. The DNA was dissolved in 30 to 50 µL of ultrapure water depending on the
yield and stored at 20 ◦C. The universal primers ITS1-F (5′ CTTGGTCATTTAGAGGAAGTAA-
3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) [25,26], which amplify a 600 bp segment
of the ITS1/5.8S/ITS2 region of the rRNA gene, were used for sequencing purposes.
PCR amplifications were performed as described by Rodrigues et al. [24]. PCR prod-
ucts were purified with the commercial GF-1 PCR cleanup kit (Vivantis Technologies,
Malaysia), according to the instructions of the manufacturer. Sequence data were obtained
by Sanger sequencing. The sequences were manually corrected by comparison with the
chromatogram and aligned with the NCBI (National Centre for Biotechnology Information)
GenBank database (http://www.ncbi.nlm.nih.gov/ (accessed on 10 November 2019) using
the BLAST algorithm to identify the fungi.

2.5. Fungi Guild Classification

Each taxon (genus) was assigned to an ecological guild, based on FUNGuild [27]. The
genera were distributed into their respective guild class: animal pathogen, endophyte, hy-
perparasitic, plant pathogen, plant saprotroph, mycoparasitic, saprobiotic, soil saprotroph
and wood saprotroph. Some fungi do not exclusively belong to one guild, and were put in
a class with the combined guilds.

2.6. Statistical Analyses

For the comparison of means of quantitative variables, samples were tested for homo-
geneity of variances by Levene’s test. Since samples failed this criterion, variances were
analyzed by one-way ANOVA, and multiple comparisons between samples pairs were
computed using Tamhane’s T2 test. The mean differences were significant at p < 0.05.

Fungal incidence was determined as the percentage of samples contaminated with a
given species. Fungal frequency was determined as the percentage of isolates of a given
species compared with the total number of isolates. The Shannon–Wiener diversity index
(H’) and the Pielou evenness index (J’) were calculated by PRIMER 5.2.2 [28]:

H’ = −∑[(pi) × ln(pi)] (2)

where pi is the proportion of each species in the community. The logarithmic e base
was used.

J’ = H′obs./H′max (3)

where H’obs. is the observed diversity and H’max (=lnS) is the maximum possible diversity.

http://www.ncbi.nlm.nih.gov/
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For statistical analyses, quantitative variables were tested for normality (Shapiro–
Wilks and Kolmogorov–Smirnov tests). The variables with a normal distribution were
analyzed by one-way ANOVA, followed by Tukey’s Honest Significant Difference (Tukey-
HSD) test. The variables that did not achieve normal distribution despite transformation
were analyzed by the non-parametric Kruskal–Wills ANOVA and Median test for multiple
independent groups, followed by the multiple comparisons Mann–Whitney U test between
independent groups.

To determine which fungi species contribute the most to the discrimination among
the two a priori categorical groups (chestnut variety or processing stage), the raw data
were analyzed by the multiple discriminant analysis (MDA)—first with all species and
later without punctual species (after removal of 9 species that were isolated only once). For
this purpose, a forward stepwise analysis with maximum 0.010 tolerance was computed.
Parametric and non-parametric tests and MDA were analyzed with STATISTICA version
10 [29]. The null hypotheses were rejected when p > 0.05.

3. Results and Discussion
3.1. Chestnut Overall Inspection

The results of damage observed in chestnut samples after external inspection are
presented in Figure 1. Damaged chestnuts were present in all samples from the three
varieties with different percentages. The highest percentages of damaged chestnuts were
detected in the variety Longal for all the analyzed processing stages. When varieties were
considered in bulk (Longal, Judia and Martaínha, independently of the processing stage),
significant differences were observed between Longal and Judia (p < 0.05).
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Figure 1. Percentage of external damaged chestnuts at different processing stages for the chestnut
varieties Longal (dark blue), Judia light blue) and Martaínha (intermediate blue) (mean ± SD; n = 50).
P2, P3—sterilized chestnuts (0 and 15 days storage); P6—unsterilized chestnuts in reception; P7, P8,
P9—unsterilized chestnuts after storage (15, 30 and 45 days, respectively); P10—sterilized chestnuts
rejected by sorting.

The lowest percentage of damage was observed in Martaínha, stage P7. When com-
paring external damage among stages of processing, regardless of the variety, no significant
differences were observed (p > 0.998). This result could be due to the high differences
among chestnut varieties for the same processing stage.

The observed external and internal symptoms of infestation were described and
counted to determine the percentage of infestation, as summarized in Figure 2. Attention is
drawn to the fact that these results were only analyzed as trends; they were not statistically
computed, given the low and different number of replicas among processing stages.
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Figure 2. Percentage of external and internal infestation at different processing stages for the varieties
Longal, Judia and Martaínha (mean ± SD; n = 50). P2, P3—sterilized chestnuts (0 and 15 days
storage); P6—unsterilized chestnuts in reception; P7, P8, P9—unsterilized chestnuts after storage (15,
30 and 45 days, respectively); P10—sterilized chestnuts rejected by sorting.

The highest percentage of internal infestation was registered in samples from Judia,
processing stage P10. This result was expected, because the processing stage P10 corre-
sponds to the chestnuts rejected based on visual defects. The sterilized chestnuts from
processing stages P2 and P3 (0 and 15 days of storage after sterilization) presented the low-
est percentage of chestnut infestation. On the other hand, the chestnuts stored immediately
after reception without going through the sterilization process (P6 to P9) showed a higher
percentage of internal infestation. Storage time showed to have a negative impact on infes-
tation trend in non-sterilized chestnuts, since internal infestation increased concomitantly
with the augmentation of the period of storage.

The higher average of infestation was detected for the variety Longal compared to
Judia, in all processing stages except for P10.

3.2. Level of Chestnut Rot

The level of internal fungal infection of chestnuts was estimated by determining the
percentage of rotten chestnuts showing different levels of visible infection. The results are
presented in Figure 3 (levels of infection) and Figure 4 (McKinney index). Samples stored
without sterilization generally presented higher levels of infection, reflecting in higher fruit
decay. Comparing samples among varieties, the variety Judia showed the lowest percentage
of infection during the processing stages P2, P6, P7 and P10, while Longal presented a
higher percentage of infection for Level 2 or more, with a concomitant higher McKinney
index. Of the three varieties tested, Longal was the most sensitive to fungal infection
and rot decay, when similar stages of processing are considered. This variety has been
associated with the highest contents of protein, fat and starch [30–32], which potentially
stimulate fungal establishment and development, while showing the lowest contents of
total phenolics, ellagic and gallic acids [32]. Phenolics in general, and particularly ellagic
and gallic acids, have shown to play a key role in plant defense against fungal pathogens
by enhancing plant antioxidative responses or ergosterol inhibition, among other modes of
action [33,34].
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L1—1–25% of chestnut internal surface covered by molds; L2—26–50%; L3—51–75%; L4: 76–100%.
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Figure 4. McKinney index for the infected (rot) chestnuts recorded at different processing stages for
the varieties Longal, Judia and Martaínha.

Comparing non-sterilized Judia samples with 0, 15 and 30 days of storage (P6, P7
and P8), there is a clear increase in the level of infection throughout time, showing that
the storage conditions allow for the proliferation of fungi and rot. For Longal, the trend is
not evident, since a decrease in visual rot (higher % L0 and L1, lower McKinney index) is
observed from P7 to P8.

The observed level of decay (as determined by the McKinney index) correlated posi-
tively and significantly with all the previously mentioned visual parameters, namely the
level of external damage (r = 0.579, p = 0.000), external and internal signs of infestation
(r = 0.647, p = 0.000 and r = 0.593, p = 0.000, respectively) and with the external level
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of fungal infection (r = 0.585, p = 0.000). These correlations were also reported by oth-
ers [22,35]. Internal fungal infection and rot decay are not fully dependent on shell damage
and oviposition wounds, since some fungi responsible for internal infection are considered
endophytes. However, such shell breaches provide penetration sites to external fungi, and
the oviposition inside the kernel can have a role as a vector of fungal spores [22,36].

3.3. Fungal Species Frequency and Incidence

A total of 557 fungal isolates were obtained from chestnut samples. Of these, 78 iso-
lates were sequenced for molecular identification by the ITS region. The fungal species
identified in this study, with reference to the most similar strain used for identification, are
given in Table S1, along with the GenBank accession numbers of the comparison strains and
the percentage of similarity. The number of isolates of each species molecularly identified
is also shown. From the sequenced isolates, 37 different species were identified, scattered
among 18 families and 23 genera: Alternaria, Aureobasidium, Botryotinia, Botrytis, Ciboria, Cla-
dosporium, Coleophoma, Coniella, Curvibasidium, Cytospora, Didymella, Fusarium, Gnomoniopsis,
Lanzia, Mollisia, Mucor, Penicillium, Peniophora, Phacidium, Pilidium, Sporothrix, Stromatina
and Trichoderma.

Along the storage and the processing stages, the frequency of the species varied
greatly (Figure 5a). Globally, in all samples, the results showed a clear predominance of
ascomycetous molds (91.9%): of the 37 species identified, only three belonged to other phyla,
namely Mucormycota (Mucor racemosus) and Basidiomycota (Curvibasidium cygneicollum
and Peniophora meridionalis). These proportions are comparable with those previously
reported [36,37].

Mucor racemous, a cosmopolitan fungus widely distributed in nature, was the most
prevalent species (between 24.2% and 100% frequency), and it was present in all stages
of production, even after chestnut sterilization (P2, P3 and P10). The resistance of the
Mucoraceae to warm bath was also reported by Morales-Rodriguez et al. [38].

The second highest frequency was detected for the genus Penicillium, able to proliferate
throughout storage in both sterilized and non-sterilized chestnuts. These fungi have
a strong conidial proliferation, and are the causal agents of the highly aggressive and
destructive green and blue rots (Figure 6a), as also described by Donis-Gonzalez et al. [12].
Of the eight Penicillium species identified in this study, P. brevicompactum, P. thomii and
P. polonicum were the dominant ones. Others have previously reported similar results,
with Penicillium species showing up to 100% incidence [11,12,22,35]. Prencipe et al. [39]
also identified P. bialowiezense, P. brevicompactum, P. glandicola and P. polonicum as chestnut
contaminants. More recently, Morales-Rodriguez et al. [36] reported P. brevicompactum as
one of the most abundant contaminants of chestnuts. This Penicillium species is not only a
saprotroph capable of causing green rot in fruits, but is also associated with the production
of several mycotoxins in chestnuts and in other fruit species [39–43].

B. cinerea, generally associated with fruit decay and considered the causal agent of
gray rot in chestnuts [11,12] (Figure 6b), was also frequently isolated. C. batschiana, showing
the same frequency of detection as B. cinerea, has been identified as the causal agent of
chestnut black rot (Figure 6c) and is responsible for causing severe post-harvest losses
by disease [12,17]. It has been reported in Greece [44], Italy [9,17] and the USA [12].
C. batschiana and B. cinerea, with an average frequency of 10.6%, were detected in all the
stages except in the sterilized samples. Nevertheless, C. batschiana achieved the highest
frequency in rejected chestnuts (21.4%, in P10, Judia), which can mean that a significant
level of black rotten chestnuts is eliminated by sorting.
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Figure 5. (a) Heat map of the frequency of the fungal species (in percentage of analyzed chestnuts),
obtained for each storage and processing stages of the Judia, Longal and Martaínha varieties; (b) their
respective total number of isolates and species, and diversity indexes (Shannon–Wiener, H’, and
Pielou, J’).
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Figure 6. Chestnuts with visible and advanced rot caused by Penicillium brevicompactum (a), Ciboria
batschiana (b), Botrytis cinerea (c) and Gnomoniopsis smithogilvyi (d). The rot-causing agents were
isolated and molecularly identified.

G. smithogilvyi is currently considered the major causal agent of chestnut brown rot
in several countries in Europe, and also in New Zealand and Australia. It has been found
in different climatic regions in Switzerland [20], and has been reported to be a ubiqui-
tous pathogen in Australia [14,45], in Italy [16,17], in Switzerland [20] and in the United
Kingdom [46]. G. smithogilvyi causes characteristic texture degradation and brown rot in
the endosperm [17], showing conidiomata when in advanced infection levels (Figure 6d).
G. smithogilvyi, which is reported in this study for the first time in post-harvest chestnuts
from Portugal, was more frequently detected in non-sterilized samples with 15 or more
days of storage, showing up to 40% incidence, and, interestingly, it was absent from steril-
ized samples (Figure 5a). In laboratory trials, the hydrothermal bath was also identified as
the critical phase for the inactivation of G. smithogilvyi in chestnut fruits [38].

Along the processing stages, the highest number of isolates were, as expected, re-
covered from the rejected chestnuts (P10), for Judia (63) and Longal (87) varieties. The
maximum percentage of fungal frequency was detected during this stage for P. thomii
(28.6%), T. viridescens (22.9%), the causal agent of black rot C. batschiana (21.4%), and B. tuli-
pae (17.1%). The causal agent of brown rot, G. smithogilvyi, although not highly frequent
(10.0%), showed a relatively important position in sample contamination. By contrast, P2
showed the lowest level of fungal contamination, with Mucor, Penicillium and Alternaria
contributing with the highest percentages. The sterilization process by hydrothermal bath
seems to be ineffective for the elimination of these three fungi.

When P2 (sterilized) and P6 (non-sterilized) samples are compared, it is evident that the
sterilization process has an important effect on fungal contamination. Overall, the results
show a high percentage of fungal incidence in non-sterilized samples (P6 to P9), although
time of storage could not be clearly associated with increased level of contamination. These
inconsistencies may be related to the number of repetitions per sample, which, due to
industrial limitations in providing all kinds of samples, was not constant for all processing
stages and chestnut varieties. As previously reported, the higher number of samples may
justify the higher species richness [47].

Non-sterilized chestnut samples (P6, P7, P8 and P9) were compared in order to
determine the effect of the storage period. Samples with the longest storage period (45 days,
P9) showed higher levels of fungal infection (Figure 3) and rot incidence than samples
with shorter storage periods (P6, P7 and P8). As also reported by Washington et al. [34],
the storage period was found to influence the proliferation of fungi. In general, the decay
incidence increased with longer storage period and seems to also depend on cultivar [35].
At harvest, the chestnuts already infected by rot-causing fungi will colonize the fruit during
storage [34]. Storage time also contributed to the elimination of the fungi that are less
resistant to the storage conditions. By comparing the richness (number of different fungal
species, Figure 5b), the diversity of fungi decreased with the storage period, from 27 species
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in P6 to 11 species in P9. Moreover, a decrease in both the abundance and diversity of
fungal communities on chestnuts during storage period was recently reported [37].

Shannon–Wiener diversity (H’) revealed a similar pattern of total species (Figure 5b),
with the highest values being reached in P6 to P10, and the lowest values in P2 and P3
samples. The evenness index (J’) ranged between 0.609 and 0.964 in Judia (P2) and Longal
(P2), respectively, being virtually constant in the Longal and Martaínha samples. Contrary
to this, in Judia samples, J’ underwent greater variations.

Rapid, accurate, real-time and non-destructive methods capable of monitoring, detect-
ing and quantifying rot incidence and severity, and even of differentiating the type of rot or
causal agent during storage and processing, would significantly benefit the chestnut supply
chain manufacturing process, even more so if we consider that the onset of decay starts long
before the onset of visible signs [48,49]. Devices such as molecular- or biochemical-based
sensors have been developed for the timely detection of various post-harvest pathogenic
fungi or specific decay-related derivative metabolites, such as volatiles [50–53], and some
are even able to differentiate different rotting fungi [50,52].

Many of these methods have been developed and tested with success at controlled
laboratorial or small-scale levels [49], and now need to be scaled up to the agri-food
industries. Valuable information on decay development along the supply chain would
facilitate rational management decisions.

3.4. Fungal Species Richness and Diversity among Chestnut Varieties

The distribution among chestnut varieties of the frequency of the 37 fungal species is
displayed in Figure 7a. The results show that M. racemosus f. sphaerosporus had the highest
incidence in all varieties with identical values. P. brevicompactum attacked the varieties
Judia and Martaínha with almost the same incidence (21.7% and 20%, respectively) and
was less present in Longal (7.7%). T. viridescens, P. expansum and Con. fragaria showed
similar incidences in the varieties Judia and Longal.

For the Judia variety, the highest incidence of fungi affecting chestnuts was for M. race-
mosus and P. brevicompactum, with nearly 22% each, followed by C. batschiana, B. cinerea
and P. thomii. The Longal variety presented higher frequencies of M. racemosus, P. thomii,
P. polonicum, C. americana, and B. cinerea. In Martaínha, besides M. racemosus and P. brevi-
compactum, the dominant species included Ph. mollerianum, P. glabrum and Cytospora sp.

Some fungi seem to have preference for certain varieties. C. americana showed higher
incidence in Longal, while Judia was more contaminated by C. batschiana. If Penicillium
species are considered, P. thomii and P. polonicum were predominant in Longal, while
P. brevicompactum was more common in Judia and Martaínha.

Sixteen (43.2%) of the thirty-seven total species are common to the three chestnut
varieties (Figure 7b). Among these shared species are fungi responsible for several rots:
black rot (C. batschiana), brown rot (G. smithogilvy), gray rot (B. cinerea and M. racemus) and
green rot (Penicillium spp.). Species such as Au. microstictum and C. americana, associated
with mummified chestnuts, and Cl. cladosporioides, Cy. elongatum, Co. paracylindrospora, Cy-
tospora sp., F. acuminatum, L. echinophila and Ph. mollerianum were also isolated from the three
varieties. Judia and Longal varieties shared nine species (24.3%): A. alstroemeriae, B. tulipae,
Con. fragariae, F. anguioides, F. oxysporum, Fusarium sp., P. expansum, Ph. fennicum and
Trichoderma viridescens. One species (Bo. ficariarum) was shared by Longal and Martaínha,
while none were shared by Judia and Martaínha. The remaining species (11–29.7%) were
unique of each variety: (i) P. glabrum in Martaínha; (ii) A. leptinellae, Didymella americana,
P. bialowiezense, P. glandicola, Pilidium acerinum and Sporothrix variecibatus in Judia; and
(iii) Cur. cygneicollum, Penicillium aurantiogriseum, Peniophora meridionalis and Stromatinia
narcissi in Longal. All the unique species from Longal and five species from Judia were
isolated only once. Curiously, all the Basidiomycota species (Cur. cygneicollum and Penio-
phora meridionalis) came from Longal chestnuts. In a recent work [54], Cur. cygneicollum was
found in galled twigs of Castanea molissima.
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Figure 7. (a) Heat map of the frequency of the fungal species (in percentage of analyzed chestnuts),
obtained for each variety (Judia, Longal and Martaínha); (b) Venn diagram showing the unique and
shared number of species in the 3 varieties; (c) total number of species and Shannon–Wiener, H’, and
Pielou, J’, indexes for the common processing stages (P6, P7 and P8).
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Many of the species isolated in this work were reported by others in association with
C. sativa tree nuts, crust, leaves and pollen [55], and in C. sativa galls [56]. Contrary to
Kačániová et al. [55], who isolated several Aspergillus spp. from nuts in Slovakian chestnut
orchards, no Aspergillus spp. were recovered from chestnuts in this study.

Techniques traditionally applied in plant pathology diagnostics show many limi-
tations, namely those associated with fungal cultivation methods, thus hampering the
identification of the true fungal diversity [57]. The development of further research using
high-throughput DNA sequencing (HTS) and metagenomics technologies will allow an
in-depth characterization of the fungal community composition, including the detection of
the uncultivable ones.

For the common processing stages (P6 to P8), Longal had the highest H’ and J’ values
(Figure 7c), followed by Judia and Martaínha. The evenness index (J’) was lower in
Martaínha (0.885), indicating the presence of more dominant fungal species than in Judia
((J’ = 0.906) and in Longal (J’ = 0.927).

3.5. Mold Guilds According to Stage Processing and Chestnut Variety

Nine functional groups were associated with the species identified (Figure 8;
Table S2) [58–63]. Overall, Saprobiotic, Saprobiotic–Plant pathogen, and Plant pathogen
were the most representative guilds in all processing stages of the three varieties (Figure 8a).
Except for P2, the other processing stages ranged from three to six guild types. P2 had
the lowest guild diversity, dominating the Saprobiotic, followed by Plant pathogen (Judia
and Longal) and Endophyte–Plant pathogen–Wood saprotroph (only in Judia) guilds. Ju-
dia was the only variety showing the guild Mycoparasitic (P6), and the complex groups
Animal pathogen–Endophyte–Plant pathogen–Wood saprotroph (P7 and P10) and Ani-
mal pathogen–Endophyte–Plant pathogen–Soil saprotroph (P6). Both P6 and P7 were not
submitted to sterilization, and P10 corresponds to sterilized but rejected chestnuts.

Figure 8b displays the mean values of guild frequencies among chestnut varieties.
The two guilds Saprobiotics and Saprobiotic–Plant pathogen dominated in the three vari-
eties. Contrary, the Plant pathogen–Saprobiotic–Hyperparasitic guild exhibited a decreas-
ing representativeness from Martaínha > Longal > Judia, a pattern also followed by the
Endophyte–Plant pathogen–Wood saprotroph guild.

Not many studies report the fungal guilds associated with chestnuts. In green leaves
and necrotic galls sampled in chestnut orchards, in Italy, 10 functional groups were found
and the dominating ones were Endophytes and Plant pathogens [56].

3.6. Mold Community Analysis According to Processing Stage and Chestnut Variety

For MDA analysis, the species that appeared only once were removed. Of a total of
selected 30 species, 26 were included in the model, while 4 were not (A. alstroemeria, F. oxys-
porum, Ph. mollerianum and L. echinophila). Using the processing stage as the discriminant
factor (Figure 9a), the MDA of the mold species frequency showed distinct communities
among the stages (Wilks λ = 0.00000, F = 6.7902, p < 0.0001). The first two root functions,
explaining 95.8% of the total discriminant power, showed that all samples were clearly
separated (Figure 9a). The squared Mahalanobis distances were significant (p < 0.05) be-
tween P6 (without sterilization, day 0) and all the stages (with and without sterilization,
days 15, 30 and 45), between P8 and P9, and P9 and P10. The mycobiota composition
varied between sterilized/unsterilized samples and storage periods. These differences are
probably a consequence of physicochemical changes in chestnuts. Throughout chestnut
storage, parameters such as starch, total soluble sugars, reducing sugars, soluble protein
and moisture contents were found to decrease [37]. These authors found a strong correla-
tion between fungal community and chestnut quality: fungal decay incidence, starch and
malondialdehyde content changes along storage. In addition, hydrothermal bath provokes
changes in the chemical composition of the fruits, decreasing the starch concentration and
increasing the concentration of sucrose [10].
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MDA analysis suggests that mold communities are different among the three chestnut
varieties (Figure 9b, Wilks λ = 0.11219, F = 2.7492 p < 0.01). Of the 30 species, 13 were
responsible for significant differences, particularly the species P. glabrum, Cytospora sp.,
C. americana, Cy. elongatum, A. leptinella, Cl. cladosporioides, B. tulipae, Bo. ficariarum and
Ph. fennicium. The squared Mahalanobis distances were highly significant between Longal
and Martaínha (p = 0.0041) and between Longal and Judia (p = 0.01905). This analysis
suggests differences in the fungal communities associated with chestnut varieties.

As previously mentioned, the three varieties tested show divergent chemical and nutri-
tional compositions [30–32], which potentially define the establishment and development
of different mycobiota based on their own nutritional requirements. For instance, Judia and
Longal have higher protein and fat content than Martaínha [31,32], which might explain
the higher incidence of proteolytic and lipolytic fungi such as Penicillium spp. in those
varieties. On the other hand, Longal has been associated with higher starch contents [31],
which has been reported as an excellent substrate for G. smithogilvyi [64]. Differences in
fungal incidence and severity of colonization were also reported by Sieber et al. [11].
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4. Conclusions

In the industry, the storage of chestnuts is a major problem due to the growth of a wide
spectrum of spoilage fungi, which lead to the appearance of rots. As a result, chestnuts lose
their fruit quality and commercial value.

Among the dominant species identified in this study, some were previously associated
with chestnut rot or decay: B. cinerea, the causal agent of gray rot; G. smithogilvyi, the
main causal agent of chestnut brown rot in the world; C. batschiana, identified as the
agent of chestnut black rot and responsible for serious post-harvest losses; Penicillium spp.,
responsible for green rot, particularly P. brevicompactum, which is also associated with the
production of several mycotoxins in chestnuts.
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The results also suggest that the mycobiota diversity differed with the chestnut culti-
vars, processing stages and storage periods. The variety Martaínha was identified as the
least prone to fungal growth, while Longal was the most susceptible to infection. Steril-
ization with hydrothermal bath appeared to be effective in eliminating or reducing most
rot-causing fungi, such as G. smithogilvyi, C. batschiana and B. cinerea, although other fungi
(Mucor, Penicillium and Alternaria) seem to be more resistant to this sterilization method.

The nut–fungal interactions in different varieties and processing stages can serve as
a baseline in monitoring fungal development and chestnut decay, in order to develop
management measures and effective treatments to control the post-harvest fruit rot.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture12111930/s1, Table S1: Fungal species identified in
this study, with reference to the most similar strain used for identification, GenBank accession
numbers of the comparison strains and percentage of similarity. The number of isolates of each
species molecularly identified is also shown. Table S2: List of fungal species identified in this study,
and their reported geographical distribution, guild, associated disease and hosts.
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