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Abstract: When natural regeneration of Quercus robur stands is hampered by an insufficient acorn
yield, human assisted sowing of acorns collected in non-affected stands and stored for some period of
time is performed. To inhibit the development of fungi and acorn deterioration during storage, ther-
motherapy is usually applied by submerging acorns for 2.5 h in water heated to 41 °C. This research
aimed to test the effect of four thermotherapy treatments of different durations and/or applied tem-
peratures as well as short-term storage at —1 °C or 3 °C on acorn internal mycobiota and germination.
Fungal presence in cotyledons was analyzed in 450 acorns by isolation of mycelia on artificial media,
followed by a DNA-based identification. Germination of 2000 acorns was monitored in an open field
trial. Thermotherapy significantly decreased fungal diversity, while storage at 3 °C increased the
isolation frequency of several fungi, mainly Penicillium spp. The most frequently isolated fungi did
not show a negative impact on acorn germination after short-term storage. The study confirmed the
efficiency of thermotherapy in the eradication of a part of acorn internal mycobiota, but also its effect
on the proliferation of fast-colonizing fungi during storage. However, the latter showed to be more
stimulated by storage conditions, specifically by storage at 3 °C.

Keywords: pedunculate oak; cotyledons; Penicillium glandicola; Penicillium glabrum; nursery

1. Introduction

Quercus robur L. (English oak, pedunculate oak) is one of the most important European
tree species both economically and ecologically. It is widespread throughout most of the
continent, predominantly in forest stands, where it provides multiple benefits including
wood highly valued for construction, fuel or furniture manufacturing, or as a habitat and
food source for various animal and fungal species [1-4]. In the last several decades a
number of European countries have reported a decline of Q. robur caused by a synergy
of different abiotic and biotic factors [5]. The usual symptoms include increased crown
defoliation and tree mortality, which are likely associated with an insufficient acorn yield
and the suppression of grown seedlings by more competitive species in unfavorable
site conditions. This often leads to impeded natural regeneration [5,6]. Given the more
prominent pressure of newly emerging invasive pathogens and pests, such as the oak lace
bug (Corythuca arcuata (Say, 1832)), and spread of the already established ones ensuing
from global trade and climate change, there is justified concern for the health status and
regeneration of natural Q. robur forest stands both in the present and future [7,8].

The difficulties related to impeded natural regeneration caused by an insufficient
acorn yield are overcome by collecting seeds from other stands, storing them, and introduc-
ing them in the regeneration area by seeding or sowing, or using them for the production
of seedlings which can be utilized for the same purpose [9]. The success of such human
assisted regeneration and the progress of a future forest stand highly depend on seed
quality [10,11]. Important factors that determine the quality of acorns are their size, weight,
viability, moisture content, mineral nutrient reserves, levels of insect and fungus damage,
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and germination [12-16]. Since Q. robur acorns belong to a group of recalcitrant seeds,
which are characterized by a high moisture content and sensitivity to desiccation, they are
prone to viability loss during storage [17,18]. Several authors agree that Q. robur acorns can-
not be stored for longer than one to three years, depending on storage conditions [19-21].
The recommended storage temperatures vary between —3 °C and 4 °C and are usually
related to other factors, such as oxygen concentrations, type of storage containers, medium
used (e.g., dry peat, sawdust, or no medium), seed pretreatment, etc. [18,22-24]. The main
factor preserving acorn viability during storage is the moisture content, which should be at
least 40% [23,25,26].

However, humid conditions suitable for the preservation of viability are conducive to
fungal growth, which can again negatively affect acorn viability and the overall quality [19,27].
In general, fungal presence in seeds of forest tree species is known to have adverse effects on
seed viability during storage, germination success, and health condition of the related plants in
successive developmental stages. However, some fungi act only as endophytes or saprotrophs
with no detrimental impact on the seeds or seedlings [28-30]. Oak acorns also host diverse
mycobiota externally on the shell and internally on the cotyledons, which is shaped by the
maternal (mother tree) and environmental effects and interactions with other seed-inhabiting
organisms (like insects) [11,31-35]. Some of the fungi which invade oak acorns can act as
antagonists of fungal pathogens or as harmless endophytes or saprotrophs [11,27,31]. On the
other hand, some of these fungi are reported to initiate premature acorn shedding from a tree,
cause acorn decay, and reduce germination ability [11,27,34-38]. The most detrimental fungal
pathogen infecting oak acorns in Europe is considered to be Ciboria batschiana, as it causes
black rot and mumification, especially during storage [39,40]. Other common pathogenic fungi
found in acorns are Apiognomonia quercina, Botrytis cinerea, Schizophyllum commune, Stereum
hirsutum, Diaporthe insularis, Phomopsis spp., Fusarium spp., and Ophiostoma spp [11,32,33].

One of the most effective methods to control Ciboria batschiana prior to acorn storage is
thermotherapy treatment by hot water. It is usually conducted for 2.5hat41 °C [21,27,41,42].
These conditions do not have a negative impact on acorn germination or subsequent
seedling growth, but at the same time they are destructive for the fungus [27,42,43]. Al-
though this treatment can affect other pathogens as well, it does not have an eradicative
effect on all seed-borne fungi and can potentially increase acorn susceptibility to new fungal
invasions during storage, mostly by various Penicillium and Mucor species [44—46]. It is
even suggested that changes in acorn mycobiota, followed by thermotherapy treatment,
may reduce their storability [44]. Higher treatment temperatures or longer duration times
may be more effective for a broader range of fungal species, but it is essential to find the
optimal conditions that will eradicate or inhibit target organism(s) without reducing acorn
quality [45,47]. However, there are only a few available studies on the use of higher tem-
peratures to treat acorns. They deal, for example, with their effect on insect presence and
moisture content [48,49]; however, little is known about their impact on general mycobiota.

Given the importance of acorn quality for the success of regeneration of oak forest
stands and the great impact of the applied seed pretreatments, the aim of this research
was to test the effect of different thermotherapy treatments and short-term storage con-
ditions on the chosen attributes of Quercus robur acorns. The objectives were to: (1) test
the impact of different thermotherapy temperatures on acorn germination in controlled
conditions; (2) explore the effect of thermotherapy treatments of different temperatures and
durations, followed by short-term storage at two different temperatures, on the mycobiota
of acorn cotyledons; and (3) determine if the applied thermotherapy and storage conditions
influence acorn germination in an open field trial.

2. Materials and Methods

Acorns were collected in October 2017 from the ground in Quercus robur forest stands.
The stands are located in Croatia around the Training and Research Forest Centre Lipovljani,
which is managed by the University of Zagreb, Faculty of Forestry and Wood Technology
(45.3744° N, 16.8208° E). Empty and insect-damaged acorns were excluded from further
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analyses by water flotation and visual inspection. The acorns were stored at 3 °C in
polyvinyl chloride (PVC) bags until analysis.

2.1. Testing of Acorn Germination at Different Temperatures

Temperature impact on germination was tested in controlled conditions on a sample
of 300 acorns separated in 10 groups of 30. Every group was treated by thermotherapy at
a different temperature, ranging from 42 to 60 °C, raising 2 °C per each group. For this
purpose, groups of acorns were placed in separate PVC containers filled with 350 mL of
water preheated to the target temperature and incubated for 2.5 h at the same temperature
in a growth chamber (Kambi¢ RK-980 CHCO,, Semic¢, Slovenia).

Germination was expressed as a proportion of acorns (%) in each group which de-
veloped into a normal seedling in the monitoring period, which was tested in accordance
with ISTA (International Seed Testing Association) rules [50]. A PVC container filled with
1400 mL of heat-sterilized sand moistened with 518 mL of water was prepared for each
group of 30 acorns. The pericarp and testa (seed coat) were removed, and acorns were
cut-off two-thirds at the side opposite to the radicle, firmly placed on the sand surface and
covered with a 1 cm layer of the same sand. The containers were then covered with PVC
foil and lid and placed in a growth chamber (Kambi¢ RK-980 CHCO,, Semic, Slovenia)
set to the following conditions: constant temperature 20 °C and constant humidity 80%,
with 12 h exposure to daylight (13,400-14,000 lux) and 12 h in the dark. Grown seedlings
were inspected weekly for a total period of 42 days.

2.2. Thermotherapy Treatment and Storage Conditions

Considering the standardized acorn thermotherapy method applied in most accredited
ISTA laboratories in the world, which entails placing the acorns in a water bath at 41 °C for
2.5 h [21] and based on the results of the previously described acorn germination testing,
the chosen thermotherapy conditions in this study were 41 and 45 °C, for 2.5 and 5 h at each
temperature. For this purpose, 1960 acorns were separated in four groups of 490, which
were exposed to four thermotherapy treatments differing in applied temperature and/or
duration. Each group was placed in a separate PVC container in 3 L of water preheated
to 41 or 45 °C and then incubated in a growth chamber (Kambi¢ RK-980 CHCO,, Semic,
Slovenia) at the same temperature for 2.5 or 5 h.

After treatment, acorns were surface dried at room temperature for several hours and
then stored in different conditions. Out of the 490 acorns used for each thermotherapy
treatment, 90 were separated for the analysis of fungal presence and 400 for the nursery
trial. Those planned for the analysis of fungi were further divided in three groups of 30.
The first group was analyzed within 24 h from the treatment (no storage), the second one
was stored for one month in a laboratory freezer at —1 °C (Pol-Eko-Aparatura ZLN-T
300, Wodzistaw Slaski, Poland), and the third group was stored for the same period in a
laboratory refrigerator at 3 °C (Kirsch Super-720, Offenburg, Germany). Acorns designated
for the nursery trial were separated in two groups of 200, which were stored for a period of
two months at —1 °C and at 3 °C (Figure 1). All groups were stored separately in sealed
PVC bags.

2.3. Isolation and Identification of Fungi

Fungal mycelia were isolated from 360 acorns treated by thermotherapy and stored at
different conditions (Figure 1) and from an additional 90 non-treated acorns that served
as a control, of which 30 were processed immediately upon field sampling and quality
inspection, 30 were stored at —1 °C, and 30 at 3 °C for a period of one month.

Acorns were surface sterilized in a sodium hypochlorite (NaOCl) solution (1% v/v)
for five minutes and rinsed three times in sterile distilled water. The pericarp was then
removed and small pieces (5 x 5 mm) of cotyledons taken from the edges of advancing
discolorations or necroses if present, or from visually healthy tissue. The pieces were
then plated in 90 mm Petri dishes on potato dextrose agar (PDA, Oxoid, Basingstoke, UK)
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amended with streptomycin sulphate (200 mg/L, Sigma-Aldrich, St. Louis, MO, USA).
Petri dishes were incubated in the dark at 20 °C for four weeks and checked daily for
fungal growth. The emerging mycelia were subcultured to the PDA medium. Pure cultures
were grouped into morphotypes based on mycelium color, structure and growth speed,
coloration of agar, and sporulation. At least one isolate of each morphotype group was

used for molecular identification.
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Conducted analysis:  Fungal presence analysis Nursery trial

Figure 1. Scheme of Quercus robur acorn groups exposed to different thermotherapy treatment and
storage conditions, used for the analysis of fungal presence, and for the nursery trial (group labels
are given in bold, numbers of used acorns are given in brackets in italic).

DNA extraction was performed according to Jezi¢ et al. with modifications [51,52]
and PCR amplification was conducted with primers ITS1-F [53] and ITS 4 [54] in 65 puL
reactions containing 200 uM deoxyribonucleoside triphosphates, 0.4 uM of each primer,
0.5 U of Tag DNA polymerase (Sigma-Aldrich, St. Louis, MO, USA), 1.5 mM MgCl,,
1x reaction buffer, and 1 pL of DNA template. Cycling conditions were as follows: an initial
denaturation at 95 °C for 5 min, 35 cycles of denaturation at 95 °C for 30 s, annealing
at 50 °C for 45 s, extension at 72 °C for 90 s, and a final extension step at 72 °C for
5 min. The resulting PCR products were sequenced using the same primers as in the PCR,
at the DNA sequencing facility of Macrogen Europe (Amsterdam, Netherlands). After
processing raw data using the BioEdit Sequence Alignment Editor v.7.2.5 software [55],
sequences were identified by comparison with reference sequences in the National Center
for Biotechnology Information (NCBI) GenBank using the Basic Local Alignment Search
Tool (BLAST) [56]. Sequences with 99.0-100% similarity were identified to the species
level and those with 95.0-98.99% of similarity to the genus level. In cases of ambiguous
results for some morphotypes belonging to the genus Penicillium, additional DNA regions
were amplified in PCR reactions, depending on each individual morphotype. Translation
elongation factor 1-o« (TEF1-o) was amplified using primers EF1-1018F and EF1-1620R [57]
following the protocol of Rehner and Buckley [58] and the (3-tubulin (TUB2) locus was
amplified with a primer set Bt2a and Bt2b [59] according to the protocol of Braun et al. [60].

The impact of thermotherapy treatment and storage conditions on the number of
isolated mycelia and different fungal taxa per acorn was analyzed using the Kruskal-Wallis
test and multiple comparison of mean ranks for all groups post hoc test. Associations of
the ten most frequent fungal taxa with treatment and storage conditions were explored
using correspondence analysis (CA). Tests were performed in the TIBCO Statistica 13.5.0
software package (TIBCO Software Inc., Palo Alto, CA, USA).

2.4. Nursery Trial

Nursery germination of acorns was monitored in an open field trial conducted in the
nursery “Sumski vrt i arboretum” located at the University of Zagreb, Faculty of Forestry
and Wood Technology (45.8202° N, 16.0228° E). A total of 2000 acorns were used in the



Forests 2021, 12, 528

50f16

trial; 1600 treated by thermotherapy (Figure 1) and 400 non-treated control ones, half of
which were stored at —1 °C and another half at 3 °C. Acorns were sown on 3 May 2018
in 10 blocks corresponding to 10 groups exposed to different thermotherapy and storage
conditions (eight treated groups and two control ones) (Figure 2). In each block acorns
were sown in 4 rows per 50 at the depth of 5 cm. Prior to sowing, the acorns were treated
with contact fungicide (35% copper + 2% zinc).

W

T21 T1+3 T11 C+3 Ca

at41°Cfor5h control
stored at -1 °C

at41°Cfor25h
stored at 3 °C

at41°Cfor25h control

stored at -1 °C

(non-treated)
stored at 3 °C

(non-treated)
stored at -1 °C

T4+3
at45°Cfor5h
stored at 3 °C

T4
at45°Cfor5h
stored at -1 °C

T3+3
at45°Cfor2.5h
stored at 3 °C

T31
at45°Cfor2.5h
stored at -1 °C

T2+3
at41°Cfor5h
stored at 3 °C

Figure 2. Block distribution of Quercus robur acorn groups exposed to different thermotherapy
treatment and storage conditions sown in the nursery trial.

Grown seedlings were counted after their first emergence, 21 days after sowing
(24 May 2018), and again after an additional 42 days of growth (5 July 2018). Nursery
germination (%) was expressed as a share of grown seedlings in a total of 200 sown acorns
per each block.

Correlation between the number of obtained isolates of the eight most frequent fungal
species (which occurred in at least two acorn groups) and the germination proportion
of each acorn group was tested in the TIBCO Statistica 13.5.0 software package (TIBCO
Software Inc., Palo Alto, CA, USA).

3. Results
3.1. Impact of Temperature on Acorn Germination in Controlled Conditions

Germination of Quercus robur acorns exposed to a thermotherapy treatment at temper-
atures ranging from 42 to 60 °C was evaluated based on the number of grown seedlings
in the monitoring period. On the 7th day of monitoring, there was no seedling growth in
any of the 10 groups of acorns treated at different temperatures. The first seedlings were
observed on the 14th day of monitoring only in groups treated at 46 and 48 °C. Generally,
most of the seedlings emerged in the third week of monitoring (between the 14th and
21st days) in the groups treated at lower temperatures (42, 44, 46, and 48 °C), while in
the groups treated at higher temperatures (54, 56, 58, and 60 °C) there was no observed
growth in the entire monitoring period (Figure 3). Germination was the highest in the
group treated at 46 °C.

3.2. Impact of Thermotherapy and Storage on Acorn Mycobiota

Mycobiota was analyzed in a total of 450 acorns distributed in 15 groups, of which
12 were exposed to different thermotherapy and storage conditions (Figure 1), and three
were control groups stored under different conditions (no storage, at —1 °C, and at 3 °C).
The analysis resulted in the growth of 1149 mycelia belonging to 46 different fungal taxa.
There was not a single acorn without fungal growth in the group treated at 41 °C for 5h
and stored at —1 °C or in any of the groups stored at 3 °C, regardless of the thermotherapy
treatment. In all other groups 10 to 53% of acorns did not reveal fungal presence (Figure 4).
The highest number of mycelia was isolated from acorns in groups stored at 3 °C, while
the highest number of different fungal taxa was found in the control groups (Figure 4).
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Figure 3. Germination success of Quercus robur acorns treated by thermotherapy for 2.5 h at differ-

ent temperatures.
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Figure 4. Number of obtained fungal taxa, isolated mycelia, and acorns without fungal growth in
Quercus robur acorn groups exposed to different thermotherapy treatment and storage conditions.

The Kruskal-Wallis test revealed that thermotherapy treatment conditions had a
significant impact on the number of different fungal taxa found per acorn (H (4) = 66.39,
p < 0.001) and that storage conditions significantly affected both the number of isolated
mycelia (H (2) = 151.93, p < 0.001) and different fungal taxa per acorn (H (2) = 18.85,
p < 0.001). Multiple comparison of mean ranks for all groups showed that the number of
fungal taxa per acorn was significantly higher in control groups compared to all treated
groups (Table 1). According to the same test, a significantly higher number of mycelia per
acorn developed in groups stored at 3 °C in comparison with non-stored ones (p < 0.001)
and with those stored at —1 °C (p = < 0.001). However, the groups stored at 3 °C exhibited
significantly less different fungal taxa per acorn in comparison with the latter two groups
(p =0.001 and p = 0.031, respectively).

The most frequently isolated species were Penicillium glandicola, encompassing 67%
of all isolated mycelia and occurring in all 15 acorn groups, and Penicillium glabrum,
represented in 15% of all isolates and found in 13 acorn groups. Among the ten most
frequently found fungal taxa were also Truncatella angustata, Tubakia dryina, Fusarium
solani, Trichoderma citrinoviride, Alternaria alternata, Talaromyces sp., and Fusarium avenaceum,
encompassing together 11% of all isolates obtained in the research. The remainder of
36 fungal taxa was present in five or less isolates and occurred in only one or two acorn
groups (Appendix A, Table AT).
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Table 1. Impact of thermotherapy treatment conditions on the number of obtained fungal taxa per
acorn tested with multiple comparison of mean ranks for all groups post hoc test (significant p values
among treatments are highlighted in red).

Control 41°C,25h 41°C,5h 45°C,2.5h 45°C,5h
Control <0.001 <0.001 <0.001 <0.001
41°C,25h <0.001 1.000 0.600 0.465
41°C,5h <0.001 1.000 0.345 0.264
45°C,2.5h <0.001 0.600 0.345 1.000
45°C,5h <0.001 0.465 0.264 1.000

The correspondence analysis revealed that association of fungal taxa was statistically
significant with both acorn storage (X2 = 306.62, df = 18, p < 0.001) and treatment conditions
(X2 = 381.93, df = 36, p < 0.001). P. glandicola, F. solani, and Talaromyces sp. were most
associated with acorns stored at 3 °C, while P. glabrum, T. citrinoviride, and F. avenaceum
were mostly found in non-stored acorns (Figure 5). In regards to thermotherapy treatments,
P. glandicola, T. angustata, and T. citrinoviride were more associated with treated acorns;
while T. dryina, F. solani, A. alternata, and F. avenaceum with non-treated acorns (Figure 6).

3.3. Impact of Thermotherapy and Storage on Acorn Germination in A Nursery

Nursery germination of thermotherapy treated and control acorns stored under differ-
ent conditions (at —1 °C or at 3 °C) was monitored on the 21st and 63rd day after sowing.
Acorns stored at 3 °C revealed equal or higher germination success in comparison with the
ones stored at —1 °C, except in the control. The highest nursery germination (79%) was
recorded in a group treated at 41 °C for 5 h and stored at 3 °C. It was generally higher in
groups treated at 41 °C in comparison with groups treated at 45 °C (Figure 7).

For the eight most frequent fungal taxa, which occurred in more than two treat-
ment/storage acorn groups, there was no correlation between the number of their isolates
and acorn germination in either of the groups sown in a nursery trial (Table 2).
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75 Dise Truncatella angustata Tran
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Y I’g.]an
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Figure 5. Correspondence analysis map showing association of the 10 most frequent fungal taxa with

acorn storage categories (no storage, storage at —1 °C, and storage at 3 °C).

Table 2. Pearson correlation coefficients and related p values reveal no significant correlation between the number of

obtained isolates of the eight most frequent fungal species and acorn germination in groups sown in a nursery trial.

Penicillium Penicillium Truncatella Tubakia Diplodia Fusarium Trichoderma Alternaria
glandicola glabrum angustata dryina seriata solani citrinoviride alternata
G inati 0.344 —0.201 —0.329 —0.118 —0.487 —0.438 —0.079 0.294
ermimnation p=0.331 p=0577 p=0353 p=0.746 p=0.154 p =0.206 p=0828 p=0.410
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Figure 6. Correspondence analysis map showing association of the 10 most frequent fungal taxa with
acorn thermotherapy treatment categories (C = control, T1 = at 41 °C for 2.5 h, T2 =at 41 °C for 5 h,
T3 =at 45 °C for 2.5 h, and T4 = at 45 °C for 5 h).
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Figure 7. Nursery germination of thermotherapy treated and non-treated (control) acorns stored
under different conditions, monitored 21 and 63 days after sowing.

4. Discussion

Thermotherapy is a recommended acorn treatment for the efficient control or eradica-
tion of pathogens and pests [41,48,61] and is usually applied before acorn storage. However,
it is suggested by some authors that it can have adverse effects on the stored acorns, in
terms of inflicting injuries, increasing their susceptibility to ubiquitous fungi, and reduc-
ing their viability [39,44,45]. Therefore, this study aimed to test the impact of different
thermotherapy treatments followed by a short-term storage on the Quercus robur acorn
mycobiota and germination.

The first experiment, which entailed exposing the acorns to different temperatures for
2.5 h, revealed a high or complete lack of germination in groups treated at temperatures
above 48 °C. In those treated at 42 to 48 °C, germination varied between 70 and 87%,
which is in accordance with other research reporting scarified acorn germination [62,63]
and indicates that these treatment temperatures did not adversely affect germination in
laboratory conditions. The temperature of 48 °C could thus be determined as the highest
applicable temperature for acorn thermotherapy (among the ones used in this research)
with no harmful effect on germination. In the groups treated at 46 and 48 °C, the first
seedlings emerged 14 days after sowing, one week earlier than in the groups treated at
42 and 44 °C. This suggests the possible positive effects of the higher temperature on the
time of germination, although more elaborative studies including acorn quality attributes
are required for such a conclusion. Some of the possible explanations include the widely
applicable Van’t Hoff’s rule, which states that metabolic activities rise with temperature
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increase [64], or the potential stimulating effect of heat damage on the faster development of
radicle, as was the case with rodent-damaged acorns in the study conducted by Drvodeli¢
and Or8anic [65].

Since the commonly performed thermotherapy treatment (at 41 °C for 2.5 h) can lead to
the proliferation of ubiquitous fungal species during acorn storage [39,41,44,45], the second
part of this study focused on the impact of different thermotherapy and short-term storage
conditions on the internal acorn mycobiota. Generally, among the ten most frequently
isolated species were Penicillim glandicola, P. glabrum, Fusarium solani, F. avenaceum, and
Alternaria alternata, which was not surprising as members of these genera were reported to
be the most common potentially harmful fungi inhabiting Quercus robur acorns in similar
studies [11,27,32,33,66]. Several other frequently isolated species in this research were
reported as plant pathogens by other authors, although not on oak acorns. Truncatella
angustata is confirmed as the causative agent of leaf spots and fruit rot on several woody
hosts [67-70], Tubakia dryina is described as pathogenic on Q. robur petioles and leaves [71],
and Diplodia seriata is reported as a pathogen of Vitis vinifera L. and various pome and
stone fruit trees and a xylem colonizer in declining oak trees [72-75]. As these most
common fungi were mostly associated with cotyledon discoloration or necroses (personal
observation, data not shown), they might play a role in acorn deterioration or viability
loss during longer-term storage or storage under more unfavorable conditions. Some
of the species, such as P. glandicola, T. angustata, and T. citrinoviride, were shown to be
relatively more associated with treated acorns, indicating that thermotherapy favored their
spread. The first one was the most numerous fungus isolated in this study, relatively more
frequently found on acorns stored at 3 °C, thus confirming previous findings of Penicillium
spp. dominance in treated and stored acorns [27,41]. However, the results indicate that
all Penicillium spp. do not share such abilities, since the second most frequent species,
P. glabrum, did not reveal a notable association with treated acorns in comparison to control
ones and was mostly found on non-stored acorns.

The most detrimental fungal pathogen on European oak acorns, Ciboria batschiana,
was not identified in this research. Although this could be predicted for the thermotherapy
treated acorns, since this procedure successfully eliminates this pathogen [27,41], its absence
from control acorns was not expected. The same results were also reported in Turkey [33].
There are several possible explanations for this, such as the fact that infections depend
on forest sites and host conditions [11,33], so they might not have been prominent in the
sampling area chosen for this research. Although infections can occur in the crown, most
of the acorns are invaded while on the ground [32,76], and as the acorns in this research
were collected very shortly after shedding, there might not have been enough time for
the noticeable infection to occur. With regard to the fact that damaged and empty acorns,
with possible advanced progression of the infection were discarded before analysis, that
C. batschiana might not have prevailed in this particular sampling location, and that there
might not have been enough opportunity for ground infection, it could be that there was
no sufficient inoculum for the spread of the fungus inside and among acorns, especially
since storage time was relatively short.

Thermotherapy treatment had a significant impact on the acorn mycobiota diversity in
this research. Non-treated control acorns were invaded by a significantly higher number of
different fungal species in comparison to the treated ones, regardless of the conditions they
were stored in (Figure 4, Table 1), thus confirming the efficiency of thermotherapy in the
eradication of a part of acorn mycobiota as stated in research by Knudsen et al. [27]. CA also
indicated that some species, namely T. dryina, F. solani, A. alternata, and F. avenaceum, were
relatively more associated with control acorns (Figure 6). However, the last was the only
one completely eradicated already at 41 °C and 2.5 h exposure (Appendix A, Table Al).
There were no significant differences in fungal diversity among the treatment groups,
suggesting that an increase in the thermotherapy temperature (from 41 to 45 °C) and
duration (from 2.5 to 5 h) did not noticeably affect the survival of more persistent fungal
species, although there were on average more various species found in acorns treated at
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41 °C for 2.5 h in comparison with the other three treatment groups (Figure 4). For example,
Fusarium solani, Alternaria alternata, and Talaromyces sp. were not found in acorns treated at
45 °C, while Tubakia dryina was not present in acorns treated at 45 °C and those treated at
41 °C for 5 h (Appendix A, Table Al).

Acorn storage at 3 °C proved to be more favorable for fungal proliferation compared
to non-stored acorns and those stored at —1 °C, as it resulted in zero acorns without
fungal growth and a significantly higher number of obtained isolates per acorn than in
the latter groups. Thermotherapy treatment did not impact the reduction of isolated
mycelia, whose number in all groups stored at 3 °C regardless of the treatment conditions,
exceeded the number of isolates obtained in the control groups (Figure 4). These results
confirm higher susceptibility of thermotherapy treated acorns to the spread of persistent
and ubiquitous fungi during storage as reported [27,44-46]. However, they also indicate
that storage temperature also plays a significant role, as stated by Schroder [77]. This was
corroborated by the smaller number of obtained mycelia per acorn in most of the treated
groups which were non-stored or stored at —1 °C, compared to control groups stored in the
same conditions. Exceptionally, in the group treated at 41 °C for 5 h and stored at —1 °C
and in the non-stored group treated at 41 °C for 2.5 h, these numbers were bigger than for
related groups of non-treated acorns, because of the higher occurrence of two ubiquitous
species, P. glandicola in the former and both P. glandicola and P. glabrum in the latter.

The number of different fungal taxa colonizing thermotherapy treated acorns stored at
3 °C was significantly smaller compared to acorns stored under other conditions, contrary
to the control groups where it was somewhat bigger (Figure 4). This indicates that a few
eurivalent species that survived the treatment spread more successfully during storage at
this temperature and thus suppressed the potential isolation of other species or maybe even
their growth in acorns. This was corroborated by the fact that by far the most numerous
fungus in this research, P. glandicola, was mostly associated with acorns stored at 3 °C.

The lowest nursery germination of the analyzed acorns was observed in the control
group stored at 3 °C (55%), while the highest in the group treated at 41 °C for 5 h (79%).
Generally, germination was somewhat higher in the groups treated at 41 °C compared to
those treated at 45 °C, especially when comparing treatments conducted for 5 h. Shorter
treatment times should thus be considered when higher temperatures are applied, since
such conditions did not seem to have an adverse effect on acorn germination in the study
by Belletti et al. [48].

In all thermotherapy treated groups, germination was higher than in the control group
stored at 3 °C, which revealed the highest fungal diversity in this research. This supports
previous findings that thermotherapy increases germination by eradicating some of the
pathogenic fungi present in acorns that could potentially spread during storage, especially
at temperatures above zero [27,41,44,77]. At the same time, there was no significant corre-
lation between the occurrence of the most frequently isolated fungi and acorn germination
proportion, indicating that the presence and spread of the ubiquitous fungi after treatment
did not adversely affect germination after short-term storage. Except in the control group,
germination was comparable or was somewhat higher in groups stored at 3 °C than in
equally treated groups stored at —1 °C, which confirms that the dominantly present fungus
P. glandicola, most frequently associated with treated acorns stored at 3 °C, did not have a
detrimental impact on acorn germination after short-term storage. However, these findings
do not exclude the possibility of a different outcome after storage for a longer time period,
as reported for some fungal species in other studies [27,78,79].

Non-treated acorns stored at —1 °C revealed unexpectedly high nursery germination,
which could be explained by the impact of other factors which were not taken into consid-
eration in this study. It was noticed that the position of the group in the open-field layout,
which was directly associated with the exposition of soil and planted acorns to the sun, had
an effect on germination. Four groups which were positioned at the eastern and western
edge of the layout (Figure 2), including the control one stored at —1 °C, resulted in higher
acorn germination.
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5. Conclusions

The first experiment revealed that in order to ensure the normally expected acorn
germination, the thermotherapy temperature applied for 2.5 h should not exceed 48 °C.

The treatment temperatures chosen for further analysis were lower, 41 and 45 °C,
and half of the treatments were performed for a longer period of time (5 h). The obtained
results confirmed a significant impact of hot-water thermotherapy on the reduction of
fungal diversity in treated acorns compared to the non-treated ones. However, there was
no significant difference among the applied treatments, indicating that the tested increase
of temperature and duration did not contribute materially to the elimination of persistent
fungi, although a few potentially harmful species, like F. solani, A. alternata, and T. dryina
were eradicated only at the 45 °C or during the 5 h treatment duration at 41 °C.

The study confirmed that thermotherapy treatment can bring about the proliferation
of a few fast-colonizing fungi during storage, as two of the three most frequently isolated
species were shown to be more associated with the treated acorns. However, the results
suggest that storage temperatures play a more important role in their spread, as the
most dominant species, P. glandicola, occurred more frequently in acorns stored at 3 °C
in comparison with other storage conditions. Storage at this temperature was generally
more conducive to the spread of the most persistent fungal colonizers, regardless of the
thermotherapy treatment applied, as acorn groups stored at 3 °C revealed significantly
more isolated mycelia compared to others.

Given the dominant occurrence of P. glandicola, the treated acorns stored at 3 °C
harbored the least number of other fungal taxa, which shows the aggressiveness and
adaptability of the fungus during colonization of these tissues. Despite its colonizing
abilities, P. glandicola did not seem to have a detrimental effect on acorn germination in
the nursery, and neither did the other frequently isolated fungi; however, this does not
exclude the possibility of their detrimental impacts after a longer-term storage or storage
at higher temperatures.

Acorn nursery germination was affected by factors other than thermotherapy and
storage conditions; therefore, the obtained results cannot be considered conclusive. Never-
theless, all treated acorn groups showed higher germination compared to the control group
stored at 3 °C, thus justifying the use of thermotherapy as acorn pretreatment, especially
when storage at higher temperatures is planned. Somewhat lower germination in groups
treated at 45 °C compared to those treated at 41 °C suggests that shorter treatment times
should be considered when higher temperatures are applied.

This study has confirmed some of the known benefits of the application of thermother-
apy, but also some of its drawbacks. Although thermotherapy can indirectly affect acorn
storability and germination, storage temperatures and duration also play a significant role.
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Appendix A

Table Al. Fungal taxa and related number of isolated mycelia from Quercus robur acorns exposed to different thermotherapy (C, T1, T2, T3, and T4) and storage conditions (no storage, at
—1°C, and at 3 °C).

Control C 41°C,25hT1 41°C,5h T2 45°C,2.5h T3 45°C,5h T4 No. Isol ! No. Gro 2

Closest BLAST Match GenBank Accession No. No 1oC 3°C No IoC 3oC No 1oC 3°C No 1oC 3oC No 1oC 3°C
Penicillium glandicola MW540446MW 540447 26 20 28 34 27 117 2 92 99 14 19 112 6 50 120 766 14
Penicillium glabrum MW540448MW531879 10 25 29 32 7 3 25 4 25 2 3 11 3 179 13
Truncatella angustata MW540450 1 2 1 6 1 2 7 12 32 8
Tubakia dryina MW540456 3 4 4 1 1 13 5
Diplodia seriata MW540462 1 2 3 2 1 9 5
Fusarium solani ﬁwgiggé 1 13 1 1 16 4
Trichoderma citrinoviride MW540463 1 2 2 1 6 4
Alternaria alternata MW540457 3 7 1 1 3
Talaromyces sp. MW540451 2 21 23 2
Fusarium avenaceum ﬁwgigigé 10 3 13 2
Talaromyces marneffei MW540464 1 4 5 2
Cucurbitariaceae sp. MW540466 2 1 3 2
Epicoccum nigrum MW540468 1 2 3 2
Stereum hirsutum MW540470 2 1 3 2
Gnomoniopsis sp. MW540473 1 1 2 2
Penicillium vulpinum nggggg 1 1 2 2
Unidentified mycelium 1 12 12 1
Alternaria sp. 1 MW540459 4 4 1
Didymellaceae sp. MW540465 4 4 1
Alternaria sp. 2 MW540458 3 3 1
Cladosporium sp. 1 MW540469 3 3 1
Diaporthe sp. MW540471 3 3 1
Fusarium graminearum MW540467 3 3 1
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Table A1. Cont.

Control C 41°C,25hT1 41°C,5h T2 45°C,2.5h T3 No. Isol ! No. Gro 2
Closest BLAST Match GenBank Accession No.
No -1°C 3°C No -1°C 3°C No -1°C 3°C No -1°C 3°C
Unidentified mycelium 2 3 3 1
Apiognomonia sp. MW540476 2 2 1
Penicillium concentricum ﬁ\/wvgé(l)g?ls 2 2 1
Penicillium polonicum ﬁwgégggg 2 2 1
Pleurostoma sp. 1 MW540474 2 2 1
Tubakia iowensis MW540472 2 2 1
Unidentified mycelium 3 2 2 1
Alternaria sp. 3 MW540460 1 1 1
Alternaria sp. 4 MW540461 1 1 1
Cladosporium sp. 2 MW540486 1 1 1
Clonostachys rosea MW540489 1 1 1
Coryneliaceae sp. MW540485 1 1 1
Pestalotiopsis sp. MW540479 1 1 1
Phaeoacremonium hungaricum MW540480 1 1 1
Phaeoacremonium tuscanicum MW540482 1 1 1
Pleosporales sp. 1 MW540488 1 1 1
Pleosporales sp. 2 MW540484 1 1 1
Pleurostoma sp. 2 MW540481 1 1 1
Psathyrellaceae sp. MW540487 1 1 1
Talaromyces minioluteus MW540483 1 1 1
Unidentified mycelium 4 1 1 1
Unidentified mycelium 5 1 1 1
Unidentified mycelium 6 1 1 1
TOTAL 72 72 97 76 45 120 35 97 120 44 38 118 1149

! Total number of obtained isolates. 2 Number of treatment/storage and control groups in which fungal taxon occurred.
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