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Abstract

Walnut (Juglans regia L.) fruit rot significantly impacts yield and quality, yet the pathogens
responsible for it remain insufficiently characterized. In this study, we identified several
fungi associated with the disease and characterized their morphology and physiology.
Pathogenicity tests at two developmental stages of the walnut fruit were performed for the
newly described pathogen. Among the Botrytis, Alternaria, and Penicillium species, Botrytis
cinerea sensu lato stands out as a newly identified pathogen of the cultivated walnut. Growth
assessments revealed variability in B. cinerea strains, with consistent patterns found across
different temperatures. Pathogenicity of the isolated B. cinerea strains differed: one strain
caused husk necrosis, three strains caused kernel necrosis in younger fruits, while two
strains induced kernel necrosis in the later developmental stages. Additionally, we evalu-
ated the biocontrol potential of Trichoderma strains against B. cinerea and demonstrated their
efficiency in suppressing each isolated B. cinerea strain (76-100% inhibition), highlighting
their potential in sustainable disease management in walnut production.

Keywords: Juglans regia L.; biocontrol; green walnut pathogen fungi; ONFIT test

1. Introduction

Walnut cultivation plays a significant role in global agricultural production, par-
ticularly in major walnut-producing countries such as China and the United States [1].
However, the increasing prevalence of pathogens and pests threatens the global cultivation
of 3.989 million tons of shelled walnuts [2]. These biotic stresses lead to yield losses and re-
duced fruit quality, manifested through leaf spots, root rot, and fruit malformations—posing
significant economic risks to growers [3-7].

In Hungary, walnut (Juglans regia L.) is the third most widely cultivated fruit, account-
ing for 5.1% of the country’s total fruit production. Hungary produces approximately
5500 tons of walnuts annually, cultivated across 7900 hectares [2]. Walnuts are rich in es-
sential fatty acids, proteins, vitamins, and minerals. This nutrient-dense profile highlights
their significance in the human diet [8].
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Young walnuts, especially before shell hardening, are highly susceptible to pathogen at-
tacks, with the green husk remaining vulnerable even afterward [6]. Xanthomonas arboricola
pv. juglandis, the causal agent of walnut blight, significantly reduces yields in high-rainfall
regions [9]. A fungal survey of immature walnuts identified numerous pathogenic Ascomy-
cota species [10]. Colletotrichum species, responsible for anthracnose, have been reported in
both Chinese and Hungarian walnut orchards [11,12]. Additionally, Botryosphaeria dothidea,
Diaporthe eres, and Diplodia seriata cause necrotic lesions on green husks, often leading to
extensive tissue decay [6,10,13].

Botrytis cinerea, a polyphagous fungal pathogen, infects various tree nuts, including
pecans, chestnuts, and hazelnuts, causing necrotic lesions on nuts and leaves [14-16]. Initial
symptoms include small, water-soaked leaf spots that expand into brown or gray lesions
with a yellow halo. Severe infections result in leaf wilting, cankers, dieback, and fruit rot,
with affected nuts covered in gray mold [17]. Although it was reported to be present on
stored walnuts [18,19] its pathogenicity has never been proved.

Environmental factors strongly influence B. cinerea infection. Optimal growth occurs at
18-24 °C, while temperatures above 32 °C inhibit its development. High relative humidity
(>93%) and prolonged leaf wetness facilitate spore germination, with dense canopies
creating microclimates conducive to infection [20].

Fungicide resistance presents a major challenge in B. cinerea management, as the exten-
sive use of synthetic fungicides has led to resistant strains, reducing treatment efficacy [21].
Sustainable alternatives, such as biological control agents, are gaining importance. Tricho-
derma spp. offer effective biocontrol through mycoparasitism, competition, and systemic
resistance induction toward several plant pathogen fungi [22-24].

The objective of this study was to identify the pathogen composition in symptomatic
green walnut fruits, and identify the primary pathogen responsible for early fruit damage.
We confirmed the pathogenicity of the newly described B. cinerea, and propose a sustainable
control strategy. Additionally, this research offers insights into the environmental and
phenological requirements of the main pathogen, providing practical guidance for the
development of effective plant protection technologies.

2. Materials and Methods
2.1. Origin and Description of Plant Samples

A total of 52 green walnuts (‘Milotai b&term&” cultivar) exhibiting symptoms of brown
lesions and spots on the husk were collected from Nagyszekeres, northeastern Hungary,
in early summer at 2023. In the orchard, fruits with dark lesions were collected from
trees both directly and after shaking. Only freshly fallen fruits were collected. Fungicide
treatments containing copper, sulfur, and tebuconazole were applied in the orchard during
the pre-sampling period (Table 1).

Table 1. Fungicide treatments in the sampled plantation.

Date Active Ingredient Dose (g/ha)

20 March 2023 CuOCl +5S 1595 + 4000
28 April 2023 tebuconazole 180
12 May 2023 tebuconazole 250

1 June 2023 CuOCl +S 1595 + 4000

2.2. ONFIT Assay

To detect causal pathogens, the Overnight Freezing-Incubation Technique (ONFIT)
method [7,25,26] was used. Samples were surface-disinfected using the method de-
scribed by Kovdécs et al. (2014) [27] to eliminate surface contaminants. A 10% chlorogen-
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sesquihydrate (Neomagnol; Parma Produkt Ltd., Budapest, Hungary) and 0.1% Tween20
(Merck KGaA, Darmstadt, Germany) solution was employed for one-minute disinfection
of fruit surfaces, followed by two washes in sterile distilled water. Following surface
disinfection, walnuts were incubated at —16 °C for 15 h to disrupt fungistatic compounds
within the fruit tissues [28]. Subsequently, walnuts were transferred to sterile containers
and incubated at 25 °C and 95% relative humidity for 14 days in the dark. The emergence
of myecelia on the husk surface indicated fungal infections. To isolate individual fungal
strains, hyphal tips were carefully extracted from fungal colonies growing on agar plates.
Each tip was then transferred to a fresh potato dextrose agar (PDA, Scharlau, Barcelona,
Spain) medium. This process, was repeated multiple times to ensure the purity of the
fungal cultures [29].

2.3. Morphological and Molecular Characterization of Fungal Isolates

For preliminary genus-level identification, macroscopic characteristics such as colony
color and texture were examined on PDA. Microscopic features were determined using a
Nikon Eclipse Ni light microscope (Tokyo, Japan).

Genomic DNA was extracted from the cultures using a NucleoSpin Plant II Kit
(Macherey-Nagel, Diiren, Germany) following the manufacturer’s protocol. Isolates were
cultured on PDA medium for seven days. Subsequently, mycelia were transferred to 2-mL
BashingBead tubes (Zymo Research Corp., Irvine, CA, USA) containing 0.7 mL of 2-mm
ceramic beads and 500 uL lysis buffer.

PCR reactions were performed to amplify the ITS region using ITS1 (5-TCCGTAG-
GTGAACCTGCGG-3') and ITS4 (5'-TCCTCCGCTTATTGATATGC-3') (IDT, Leuven, Bel-
gium) primers [30] and a Bio-Rad T100 thermocycler (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). The final reaction volume was 25 pL, containing 12.5 uL. DreamTaq Green Master
Mix (Thermo Scientific, Vilnius, Lithuania), 0.5 pL of each primer (10 pmol/uL), 10.5 uL of
nuclease-free water, and 1 uL of DNA template (10 ng/pL).

Amplification began with an initial denaturation step at 95 °C for 3 min, followed
by 35 cycles of 30 s at 95 °C, 45 s at 56 °C, and 60 s at 72 °C. A final extension step was
performed at 72 °C for 5 min. PCR product amplification was verified by electrophoresis
on a 1% agarose gel (Bioline Memphis, TN, USA) stained with 4 uL of EcoSafe (Pacific
Image Electronics, New Taipei, Taiwan) and run at 100 V for 60 min using a Bio-Rad
electrophoresis system. A 5-pL FastRuler Low Range DNA ladder (Thermo Scientific,
Vilnius, Lithuania) was loaded for size determination.

PCR products were purified using a NucleoSpin Gel and PCR Clean Up Kit (Macherey-
Nagel). Purified PCR products were sent to Microsynth GmbH (Vienna, Austria) for Sanger
sequencing using ITS1 as primer. The obtained sequences were analyzed using the BLASTN
algorithm and compared to type strains in the GenBank database of NCBI. Phylogenetic
analysis was performed using the MEGA 7.0 software [31]. Maximum likelihood was
employed to infer phylogenetic trees, with the Kimura 2-parameter model of nucleotide
substitution [32]. The robustness of the resulting tree topology was evaluated using a
heuristic search algorithm based on nearest-neighbor interchange. Branch support values
were determined by performing 1000 bootstrap replicates to assess the statistical confidence
of the internal nodes.

2.4. Determination of Optimal Growth Temperatures for Botrytis cinerea Isolates

To determine the optimal growth temperature, four isolates of Botrytis cinerea (J5011/1,
J5013/1, J5017, J5021) were cultured on potato dextrose agar (PDA) at 20 °C. For each isolate,
five replicated agar plates were used. After seven days of incubation, 4-mm-diameter
mycelial plugs were removed from the actively growing colony margins and transferred to
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fresh PDA plates in five replicates. These plates were then incubated at 15, 20, 25, and 30 °C
under dark conditions. Isolates whose growth was inhibited at elevated temperatures were
subsequently incubated at 20 °C to investigate the impact of temperature on their viability.
Colony diameters were measured daily from the third day until the seventh day.

2.5. Pathogenicity Test

To investigate the pathogenicity of pathogen isolates, artificial inoculations were
conducted on green walnuts. To assess the impact of developmental stage of the walnut
fruits on disease severity, the test was repeated at two growth stages, BBCH 75 and 79 [33].
The previously studied four Botrytis cinerea (J5011/1, J5013/1, J5017, J5021) isolates were
used as pathogens based their different morphological characters. The experiment was
conducted with five replicates, and five control walnuts were inoculated with sterile
PDA disks.

Prior to inoculation, the walnut surface was sterilized with 70% ethanol. A sterile
toothpick was used to create a wound, onto which a 4-mm agar disk containing actively
growing mycelium of the pathogen was inserted. The wound was sealed with sealing
film (Parafilm M, Bemis, Sheboygan Falls, WI, USA), to prevent desiccation. Inoculated
walnuts were incubated in a growth chamber at 25 °C for three weeks under high humidity
conditions in the dark.

The severity of husk necrosis was assessed using a scale described previously that
ranges from 0, indicating the complete absence of symptoms, to 5, which signifies complete
rot [6]. Kernel necrosis was quantified as a percentage of the total kernel area. The virulence
of the pathogen was also characterized based on disease severity index [34].

2.6. Dual Culture Test of Botrytis cinerea and Trichoderma spp.

Dual culture assays were conducted to assess the antagonistic potential of TR04
Trichoderma afroharzianum and TRO5 Trichoderma simmonsii against the four Botrytis cinerea
isolates (J5011/1, J5013/1, J5017, J5021). Mycelial discs were excised from the actively
growing margin of 7-day-old cultures and placed three cm from the center of a PDA plate,
in five replicates. Plates containing only the pathogenic fungus served as a control. Colony
diameters were measured on days 3, 8, and 10, and growth inhibition was calculated,
as follows:

1% = [(dc — dt)/dc] x 100,

I%: inhibition percentage; where dc: diameter of mycelial growth on PDA without
biocontrol agent; dt: diameter of mycelial growth in confrontation with Trichoderma sp.

2.7. Statistical Analysis

To compare the means of the assessed data non-parametric tests were used since
the assumptions of parametric tests (normal distribution and homoscedasticity) were not
fulfilled. If the Kruskall-Wallis test was significant (p < 0.05), pairwise group comparisons
using the Mann-Whitney U test (p < 0.05) were performed, and the resulting significant
differences were visualized using a compact letter display (CLD). Data processing was
performed in MS Excel 365, statistical analysis was conducted in SPSS 29.

3. Results
3.1. Assessment of Symptoms of Immature Walnuts

Symptoms with different severity were detected on the immature walnut fruits, which
were indicative of a fungal infection (Figure 1). In the orchard, fruits with dark lesions
were collected from trees both directly and after shaking, ensuring only freshly fallen ones
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were gathered. Symptomatic fruits had broad severity scales, ranging from mild to severe
decaying symptoms.

(a) | b ©

Figure 1. The broad spectrum of symptoms on walnuts; (a) small brown lesion, as an initial symptom;

(b) extended necrotic lesion; (c) advanced stage of the disease.

Small, circular dark brown lesions appeared on the husk, indicating initial symptoms
(Figure 1a). These lesions expanded, coalesced, and developed into larger, irregular, sunken
areas with progressed disease. The necrotic tissue was often surrounded by a distinct halo,
indicating a more advanced stage of decay (Figure 1b). In severe cases, the entire surface of
the husk was covered by these lesions, leading to premature abscission (Figure 1c). Husk
cracking was another common symptom, often associated with the underlying lesions.

3.2. ONFIT Assay Results

Using ONFIT method, a wide range of fungal genera were detected on green walnuts
(Table 2).

Table 2. Isolated genera from symptomatic green walnuts following ONFIT.

Genus Number of Infected Fruits
Aspergillus 19
Botryosphaeria 2
Botrytis 37
Fusarium 2
Penicillium 19
Diaporthe 1

3.3. Morphological and Molecular Characterization of Casual Pathogens

The results indicated that Botrytis, Aspergillus, and Penicillium species were the most
prevalent fungal genera, isolated from 37 (71.2%), 19 (36.5%), and 19 (36.5%) fruits, re-
spectively (Figure 2). Alternaria, Botryosphaeria, Diaporthe, and Fusarium species were also
identified, but their presence was considerably lower. Botrytis frequently co-occurred with
both Aspergillus and Penicillium, in seven-seven cases (13.5%) coinfection was detected for
each fungus. In three samples (5.8%), all the three fungal genera were simultaneously
detected on the same walnut.

Botrytis sp. usually formed creamy orange colonies on the walnut husk surface, accom-
panied by the production of abundant, dense, white aerial mycelium (Figure 2a). Limited
colony formation and sparse aerial mycelium was also detected in some cases, suggesting
that Botrytis infection was developed only in an early stage (Figure 2b). Penicillium formed
flat, green colonies on the sample surface, which were generally of limited extent (Figure 2c).
Aspergillus species were identified by their characteristic small, black conidiophores, which
were sometimes accompanied by abundant aerial mycelium (Figure 2¢,d).
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(b) () (d)

Figure 2. Fungal mycelia developed after using the ONFIT process (a) Botrytis spp. with dense, white
aerial mycelia; (b) Botrytis spp. with sparse aerial mycelia; (c) Green Penicillium colonies and black
conidiophores of Aspergillus sp.; (d) abundant aerial mycelia of Aspergillus genus.

Botrytis isolates, when cultivated on PDA at 20 °C in the dark, exhibited a range of
colony morphology characteristics (Figure 3). The majority of the isolates had limited aerial
mycelium production; their growth was restricted to the agar surface. Only some of them
produced fluffy or cottony structure. The color of the colonies varied between shades of
white to gray and brown. The colonies were compact and homogeneous, without radial
expansion. Mycelial nodulation was observed in some isolates as a precursor to sclerotia
formation. Rapid sclerotia formation was observed in some isolates within 10 days.

Figure 3. Colony morphology of various Botrytis isolates grown on PDA after 10 days.

Microscopic examination revealed presence of septate, hyaline hyphae and smooth,
globose to subglobose conidia with a diameter ranging from 3 to 6 um. Conidia were
produced in small clusters on branched conidiophores (Figure 4a,b).

A total 8 out of 37 B. cinerea isolates with different colony morphological characters
were chosen for sequence-based identification. Following PCR amplification of the rDNA
region, containing ITS1 and ITS2 sequences, eight B. cinerea isolates were sequenced, and
the resulting sequences were deposited into GenBank with accession numbers PV290581-
PV290588 (Table 3).
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10 pm

@)

Figure 4. (a) Typical spore-bearing structure and conidia of Botrytis sp.; (b) septate hyphae of a
Botrytis sp. isolate.

Table 3. Accession numbers of the deposited ITS sequences of Botrytis cinerea isolates.

Isolate Accession Number
75008 PV290581
J509/2 PV290582
J5011/1 PV290583
J5013/3 PV290584
J5018 PV290585
75021 PV290586
J5017 PV290587
J5012 PV290588

To confirm their identity, these sequences were subjected to BLASTN analysis against
nucleotide databases and Molecular Phylogenetic analysis. The observed significant (100%)
homology to known B. cinerea sequences conclusively identified all eight isolates as mem-
bers of the B. cinerea species complex. The sequenced 384 bp identical with both B. cinerea
type strains, B05.10 and T4, and another strain (GBC-32a, with sequence JN692382) as well
as B. pseudocinerea isolate YC-7 (MF461632), B. fabae CBS109.57 (AJ716303) and B. pelargonii
CCBS_497.50 (NR_159600). Phylogenetic analysis placed our strains within the B. cinerea
sensu lato clade (Figure 5).

J5008

J5019/2

J5011/1

J5013/3

J5018

J5021

J5017

J5012

B cinerea 05.10 B.cinerea
B cinerea T7

B pseudocineren MF461632
B fabae AJ716303

B pelargonii NR 159600
B cinerea [N692382

55

B porri NR 147419

56 | Bbyssoidea NR 159599
B caroliniana NR 111839
B deweyae NR 171711

B californica NR 151843

99| Sclerotinia sclerotiorum JQ480621
L Sclerotinia sclerotiorum PQ630846

—
0.0020

Figure 5. Maximum Likelihood tree of ITS sequences was constructed with MEGA?7 [31]. Hungarian
isolates are indicated with strain numbers only, while Botrytis species with strain numbers were
collected from NCBI gene bank. The tree was rooted on Sclerotinia sclerotiorum. Branch support values
(>50%) resulting from 1000 iterative bootstrap replicates are given above the nodes. The tree is drawn
to scale, with branch lengths corresponding to the number of substitution per site, and the scale is
shown under the dendrogram.
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3.4. Temperature Growth Profiles of Botrytis cinerea Isolates

Given that all isolates possessed identical ITS sequences, we propose to test for vari-
ations in temperature growth among strains displaying diverse colony morphologies.
This investigation seeks to elucidate the adaptive diversity of the pathogenic B. cinerea
population in response to distinct environmental conditions within a given orchard.

Significant variations in growth rates were observed among strains and across tem-
perature treatments (Figure 6). At 15 °C, clear differences in growth rates were observed
among the four Botrytis cinerea isolates. Isolate J5013/3 exhibited the slowest growth, with
colony diameters reaching only 57.4 mm after 7 days of incubation. J5017 and J5021 exhib-
ited intermediate growth rates, and J5011/1 was the most vigorous at 15 °C, overgrown
the entire medium (90 mm).
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Figure 6. Effect of temperature on the growth of Botrytis cinerea isolates. CLD (lowercase letters)
indicates statistical differences based on pairwise Mann-Whitney U tests (p < 0.05).

At 20 °C, a marked change in the growth patterns of the B. cinerea isolates became
apparent. While J5013/3 exhibited a significant increase in growth rate after day 3, the
other three strains showed a slower colony expansion. However, since isolates J5021 and
J5011/1 exhibited a higher growth rate up until day 4, they had significantly larger colony
diameters compared to isolate J5013/3. Isolate ]J5017 was particularly affected by the
temperature increase, displaying the most pronounced reduction in growth. At 25 °C,
growth patterns were similar to those observed at 20 °C, with the exception of isolate
J5013/3, which exhibited enhanced growth at the higher temperature.
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None of the four studied isolates could grow at 30 °C. However, upon transferring
plates to 20 °C, the isolates started to grow, with different intensity. Interestingly, J5011/1
and J5017 isolates, which formed the largest and smallest colonies between 20 and 25 °C
produced the fastest recovery, while J5013/3 was the least resilient to heat stress (Table 4).

Table 4. Mean colony diameter of isolates incubated at 20 °C, following a heat stress at 30 °C for

one week.
Isolate Colony Diameter (mm, Mean + SE)
J5011/1 71.6 +7.88
J5013/3 16.0 £ 16.00
J5017 81.2 £+ 6.60
5021 42.0 +17.38

There were no significant differences between the isolates on day 3 of reduced tem-
perature incubation (Kruskal-Wallis test: p > 0.05). However, significant differences in
colony diameters were observed among the isolates on day 5 (Kruskal-Wallis test: p < 0.005)
(Figure 7).

100 ~

90 - a
80 -
70- %

b
60
50 -
40 -
30 -

Colony diameter (mm)

20 A

10 +

0

J5011/1  J5013/3  J5017  J5021 | J5011/1  J5013/3  J5017  J5021

Day3 Day5

Figure 7. Colony growth of different Botrytis cinerea isolates at 20 °C, following a heat stress of 30
°C for one week at 30 °C on the third and fifth days. CLD (lowercase letters) indicates statistical
differences based on pairwise Mann-Whitney U tests (p < 0.05).

3.5. Pathogenicity Test

Pathogenicity tests conducted at BBCH stage 75 walnut fruits, incubated at 25 °C
demonstrated that all B. cinerea isolates induced lesions on both the husk and the immature
kernel of the walnut. The husk pathogenicity of the four tested fungal pathogens could be
categorized into two significantly different groups, based on the severity of the necrotic
lesions (Figure 8a). Isolate J5011/1 classified as group b induced significantly more severe
lesions with a McKinney index of 60%. However, even this pathogen did not induce
complete rot of the husk three weeks after inoculation (Figures 8a and 9b). The wounds on
control samples caused only minor damage (Figure 9¢). The pathogenicity of the isolates
varied when assessed on the kernel (Figure 8b). All four isolates tested differed significantly
from the control group. The J5011/1 isolate consistently caused the most severe symptoms,
significantly rotting both the husk (Figures 8a and 9a) and the immature kernel (Figures 8b
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and 9b). The control samples also exhibited mild symptoms on the kernels, suggesting that
physical injury alone can induce some level of damage (Figure 9d).

b
3.5 - b - 100 100 - b
. . b
5 ¢ McKinney index l - 90 90 ab l l
80 80 -
2.5 ab ab S -
° ab < ® 70 A
=i 2 4 ‘ - 60 % %)
g k= 2 60 1
~ - 50 I g
315 L 40 é 2 50 ~ a
2 2 g 3 40
U 03 5 a0
L 20 N
0.5 Y L 10 20 +
0 0 10 A
C J5017  J5013/3  J5021  J5011/1 0
C J5017  J5013/3  ]J5021 J5011/1
(a) (b)

Figure 8. (a) Scale values and McKinney index on husk and (b) percentage of necrosis on walnut ker-
nels at BBCH stage 75 three weeks following inoculation with different Botrytis cinerea isolates (J5017,
J5013/3, J5021, J5011/1) and a sterile agar plug (C). CLD (lowercase letters) indicates statistically
significant differences based on pairwise Mann-Whitney U tests (p < 0.05).

b

Figure 9. Symptoms caused by Botrytis cinerea J5011/1 on walnuts BBCH 75 stage three weeks after
inoculation. (a) Lesions on the surface of the green husks; (b) symptoms spreading inside the kernel;
symptoms on mocks inoculation (c) on the surface of the green husks, (d) and around the wound.

Walnut samples at BBCH stage 79, when shell hardening has started, displayed a dif-
ferent response to the pathogen compared to previous trial. The husks showed more severe
symptoms (Figure 10a), while the kernels remained unaffected (Figure 10b). While isolates
J5021 and J5011/1 caused complete decay of the entire husk in most cases (Figure 10a), iso-
lates J5013/3 and ]J5017 induced less severe but still significant lesions (Figure 11). Control
samples exhibited only minimal browning around the wound (Figure 10c).
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Figure 10. Inoculation of walnut at BBCH 79 stage. (a) Symptoms on the surface of the husks
caused by Botrytis cinerea J5021; (b) symptoms on kernels inoculated with B. cinerea J5021; (c) mock

inoculation.

ab

Husk scale
W

,

C 15013/3 J5017 J5021 J5011/1

Figure 11. Scale values on mature walnut husk caused by different Botrytis cinerea isolates (J5017,
J5013/3, ]J5021, J5011/1), and sterile agar plug (C). CLD (lowercase letters) indicates statistical
differences based on pairwise Mann-Whitney U tests (p < 0.05).

3.6. Dual Culture of Botrytis cinerea and Trichoderma spp.

Both Trichoderma strains inhibited the colony growth of Botrytis cinerea isolates as early
as three days post-inoculation, with the effect intensifying by the eighth day when the
antagonists began overgrowing the pathogen. Strain TR04 showed stronger inhibition than
TROS5 at this stage (Figures 12 and 13). By the tenth day, both strains had fully overgrown
the B. cinerea colonies, with TR04 achieving 100% inhibition in all dual cultures, while TR05
reached a maximum inhibition rate of 81% (Figure 12).
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Figure 12. Inhibition of TR04 and TRO5 Trichoderma strains against Botrytis cinerea isolates (J5011/1,
J5013/3, J5017, J5021), and without antagonist (C). CLD (lowercase letters) indicates statistical
differences based on pairwise Mann-Whitney U tests (p < 0.05).

b

Figure 13. Confrontation test showing the antagonistic activity of Trichoderma (T) strains TR04 (a—d)
and TRO5 (e-h) against Botrytis cinerea (B) J5011/1 (a,e), J5013/3 (b,f), J5017 (c,g), J5021 (d,h) eight
days after inoculation.
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4. Discussion

Walnut cultivation faces increasing challenges, particularly fruit damage and lost.
Historically, it was attributed to Xanthomonas bacteria [35], however, recent cases of prema-
ture walnut drop exhibited distinct symptoms. Green walnuts with brown lesions were
collected from a commercial walnut orchard in Hungary, where severe fruit drops and loss
was not detected in previous years.

Fungal colonies were not detected during the incubation of the surface sterilized green
fruits, therefore the ONFIT method was conducted, which was developed for walnut to
identify latent fruit pathogens [25]. We have identified diverse fungal genera on green
walnuts, with Botrytis, Aspergillus, and Penicillium being the most prevalent. Previously,
Alternaria, Penicillium, and other fungi (but not Botrytis) were detected in symptomatic and
asymptomatic walnut kernels in Hungary using ONFIT method [7]. The Botrytis genus
was dominant with 71% infection rate in green walnuts. Consistent with findings from
previous studies [36,37], B. cinerea showed highly variable colony morphology. Microscopic
characters, like spore size, however are very similar [38]. Thus, molecular identification
was carried out to validate the identity of isolates possessing typical microscopic attributes
of B. cinerea. Based on the sequences of the rDNA region containing ITS1 and 2 regions, the
Botrytis isolates were identified as Botrytis cinerea sensu lato as the causative agent. Previous
phylogenetic analysis of 22 Botrytis species placed B. cinerea in a distinct clade with three
related species [39]. While ITS-based analysis offers preliminary identification, definitive
species delimitation and confirmation necessitate a polyphasic approach, involving the
sequencing and analysis of additional genetic loci, particularly because bootstrap support
is commonly weak in Botrytis phylogenetic trees [36,40].

Botrytis cinerea, as the second most significant fungal plant pathogen, threatens over
200 crops worldwide [41,42]. This pathogen causes grey mold, impacting flowers, fruits,
leaves, shoots, and storage organs such as carrots and sweet potatoes. It significantly affects
field crops (e.g., tomato, sunflower, chickpea), vegetables (e.g., broccoli, carrot, cabbage,
cucumber, lettuce), and fruits (e.g., strawberries, raspberries, blackberries), particularly
in humid greenhouse conditions [42—44]. Additionally, B. cinerea is a major postharvest
pathogen, damaging stored produce even at near-freezing temperatures [44]. Seedlings in
nurseries are also susceptible [45].

Pathogenicity tests and temperature profiling showed that Botrytis isolates thrive at
15-25 °C, with optimal growth at 20 °C. At BBCH stages 75 and 79, severe symptoms
were observed, though kernel damage was restricted to BBCH 75. The high moisture
content and soft texture of immature walnuts at BBCH 75, when shell has not hardened,
likely enhance susceptibility, while the hardened shell at BBCH 79 offers partial protection,
regardless of severe husk lesions. Despite containing antifungal compounds, B. cinerea
appears to circumvent host defenses, possibly by modifying metabolic pathways or gene
expression [46]. It can also induce ripening, altering chemical composition and defense
mechanisms, thereby increasing susceptibility [47]. Infection-related changes in secondary
metabolites further reduce antifungal efficacy [48].

B. cinerea thrives at 18-22 °C, but high temperatures (>32 °C) inhibit mycelial growth
and spore germination [49,50]. Notably, none of our isolates grew at 30 °C, but many
recovered at 20 °C. Displaying pigmentation and sclerotia formation the isolates indicated
potential heat-stress adaptations [50]. These findings, consistent with thermotolerance,
suggest certain B. cinerea strains might enter a reversible stress state, facilitating their
recovery and morphological shifts once optimal conditions are re-established. It is worth
noting that brief heat shocks (e.g., 50 °C for 20 s) are reported to trigger plant resistance by
activating peroxidase genes and priming defenses without direct fungal inhibition [49,50],
but this specific condition was not part of our study. The optimal growth temperature for
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Botrytis isolates aligns with Hungary’s late spring climate (15-25 °C, particularly from April
to June) [51], suggesting high infection potential during walnut flowering (BBCH 60-69)
and early fruit development (BBCH 71-79). Pathogenicity tests confirmed that at BBCH
75, B. cinerea penetrated and infected kernels, while at BBCH 79, infection was limited
to the husk. These findings reinforce that BBCH 75 walnuts are more vulnerable due to
their softer texture, higher moisture content, and immature defense system, whereas the
hardened shell at BBCH 79 provides partial protection [33]. This was the first detection of
B. cinerea, with positive patotests on walnut fruits highlighting the need for further study.

With increasing fungicide resistance, limited number of registered fungicide and com-
plicated spraying of the broad and high canopy, finding other sustainable management
methods is crucial. Trichoderma strains TR04 and TR05 demonstrated significant antag-
onistic activity, completely overgrowing Botrytis isolates in vitro. Their efficacy against
B. cinerea has been validated in strawberries and tomatoes, supporting their potential as
biocontrol agents [52]. Trichoderma TR04 and TRO5 also exhibited a high in vitro biocontrol
index against other walnut pathogens that cause fruit decay (Botryosphaeria dothidea and Di-
aporthe eres) [53]. This broad-spectrum activity highlights their promise for comprehensive
management of various deteriorating fungal pathogens in walnut orchards.

5. Conclusions

Our study identifies B. cinerea as the primary cause of brown spot lesions in immature
walnuts, with the pathogen being most aggressive before shell hardening. Its adaptability
to optimal growth temperatures and ability to recover post-heat stress may facilitate
persistence in walnut orchards. As a sustainable management approach, Trichoderma strains
TR04 and TR05 show promising potential in controlling B. cinerea infections.
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Abbreviations

The following abbreviations are used in this manuscript:

ONFIT Overnight Freezing-Incubation Technique
PDA Potato Dextrose Agar

ITS Internal Transcribed Spacer

PCR Polymerase Chain Reaction

BLAST Basic Local Alignment Search Tool

NCBI  National Center for Biotechnology Information
MEGA  Molecular Evolutionary Genetics Analysis
BBCH  Biologische Bundesanstalt Bundessortenamt CHemical industry
CLD Compact Letter Display

rDNA  Rribosomal DNA

SE Standard Error
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