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Biological control of Verticillium wilt and growth promotion in peach
by endophytic and rhizospheric soil fungi from stone fruit trees
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Abstract: Verticillium wilt of stone fruit trees
caused by Verticillium dahliae occurs worldwide and
causes serious economic losses. Control of
Verticillium is difficult and costly due to its wide host
range and resistant soil-borne microsclerotia. Also,
increased concerns about agrochemicals have
encouraged the development of biocontrol strategies.
In this study, we evaluated antagonistic fungi for
biocontrol of V. dahliae in vitro and greenhouse. A
total of 85 endophytic and rhizospheric fungal
isolates of peach and other stone fruit trees were
isolated in the west Azarbaijan province, Iran. The
identified fungi included Alternaria, Aspergillus,
Aureobasidium, Clonostachys, Cryptococcus,
Fusarium, Penicillium, and Trichoderma. The
potential control of the isolates was initially evaluated
by a dual culture assay. Furthermore, the antagonistic
activity of fungi metabolites on the germination of
microsclerotia both in vitro and in the soil was
evaluated. In total, Trichoderma asperellum AE66
showed the highest inhibitory activity (73.85%) and
was selected for greenhouse experiments. In the
greenhouse assay on peach, T. asperellum AE66 not
only reduced the progress of Verticillium wilt but also
its severity. Moreover, the plant growth was
promoted. These findings suggest that biocontrol
provides a potentially effective strategy for the
management of Verticillium wilt.

Keywords: Disease assessment, Endophytic Fungi,
Rhizospheric Fungi, Stone Fruits, Trichoderma
asperellum.

Submitted 29 Sept 2023, accepted for publication 15 Feb 2024
P4 Corresponding Author: E-mail: mahru.ketabchi@gmail.com
© 2023, Published by the Iranian Mycological Society
http://mij.areeo.ac.ir

INTRODUTION

The genus Verticillium, with 10 major pathogenic
species, is a vascular and soil-borne phytopathogen.
Among these, Verticillium dahliae causes wilt in 74
plant families, including woody plants e.g., olive,
almond, and peach trees (Inderbitzin et al. 2011).
Control of the disease is difficult because of the wide
host range of V. dahliae and the lack of effective
fungicides. Moreover, melanized microsclerotia are
able to survive in the soil for 13-14 years
(Maldonado-Gonzalez et al. 2015).

Biological control has been proposed for the
management of V. dahliae. For example, biocontrol
of Verticillium wilt in olive trees has been successful
using Trichoderma spp. (Aleandri et al. 2015,
Carrero-Carrén et al. 2016, Ruano-Rosa et al. 2016).
The bacteria Serratia plymuthica (Mdiller et al. 2008),
Pseudomonas fluorescens, Pseudomonas putida
(Mercado-Blanco et al. 2004, Prieto et al. 2009, Sanei
and Razavi, 2011, Aranda et al. 2011, Maldonado-
Gonzalez et al. 2015), and Paenibacillus alvei
(Markakis et al. 2016) have also served as bhiological
control agents against Verticillium. However, since
previous studies indicated that using a biocontrol
agent for Verticillium wilt in woody plants would be
time-consuming and labor-intensive, reports to date
have been limited to olive and maple trees
(Chandelier et al. 2003, Deketelaere et al. 2017).
Accordingly, the use of biocontrol agents for
Verticillium wilt in peach trees has not been reported
yet.Peach (Prunus persica (L.) Batsch, Rosaceae)
originated in China and transported to Persia (Iran)
(Luriea & Crisosto 2005). Annual world production
of peaches has reached 25 million tons. Iran, with
approximately 687.000 tons of annual production,
was a major producing country after China, the
European Union, and Turkey in 2022/23 (FAO 2023).
Despite the prevalence of Verticillium wilt in peach
trees in lIran, to our knowledge, no study has
investigated the biocontrol of the disease.

This research was carried out both in vitro and in
the greenhouse to determine whether endophytic and
rhizospheric fungi isolated from stone fruit trees were
able to protect peach trees against V. dahliae.
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MATERIALS AND METHODS

Isolation of V. dahliae

A number of 250 samples were collected from stone
fruit trees in west Azarbaijan province, located in
northwestern Iran. Several locations were selected for
the collection of peaches with disease symptoms.
Fungi isolated from infected tissues were identified
according to Inderbitzin et al. (2011). The modified
method of Tjamos & Fravel (1997) was used to
isolate V. dahliae microsclerotia larger than 70 pum for
their higher fitness (Hawke & Lazarovits 1994).
Isolation of endophytic and rhizospheric soil fungi
Endophytic and rhizospheric fungi were isolated from
internal plant tissues and rhizospheres. For isolation
of endophytic fungi, roots, leaves, petioles, veins, and
branches were cut into 0.5-1 cm, washed with sterile
distilled water, and surface-sterilized according to
Hamim et al. (2017). Healthy parts of each sample
were surface-sterilized in 95% ethanol for 60 s, 4%
sodium hypochlorite for 5 min, 30 s in 95% ethanol,
rinsed three times in sterile distilled water, and plated
on potato dextrose agar (PDA) for 2-8 weeks at 23 °C
in the dark.

For isolation of rhizospheric fungi, serial dilutions of
the rhizospheric soils were cultured on PDA, water
agar (WA), Davet (Davet 1979), ethanol-agar (Ausher
et al. 1975), and TM media (Marois et al. 1982).
Eight grams of rhizospheric soil was suspended in

100 mL sterile distilled water and shaken for 20-30
min. The suspension was then serially diluted. One
mL dilutions of 10 - 107 were plated in triplicate on
culture media and incubated at 25 °C. The emerged
colonies with different morphological appearances
were purified. Fungi were maintained on plum extract
agar (Talboys 1960) at 4 °C in the dark.
Morphological and molecular identifications of the
fungi

Morphological identification of the isolates was
performed according to the standard identification
keys (Samson 1994, de Hoog & Hermanides-Nijhof
1997, Schroers 2001, Leslie & Summerell 20086,
Simmons 2007, Samuels et al. 2012, Visagie et al.
2014). All isolated fungi were deposited in the Iranian
Fungal Culture Collection.

The genomic DNAs were extracted according to
Moller et al. (1992) with minor modifications. Four
primer pairs were used for PCR amplifications
according to the references (Table 1). Amplicons
were sequenced using the same primers as applied in
PCR (Takapouzist, Iran). The sequences were
analyzed and edited using the Chromas software, then
identified by BLASTn (https://blast.ncbi.nlm.nih.gov/
Blast.cgi), with those from a group of species
obtained from various substrates. The sequences were
deposited in NCBI GenBank.

Table 1. PCR primers used in this study for the amplification of specific genes in the fungal isolates

Locus Primers Annealing Sequence (5'-3') References
Tm (°C)
Internal Transcribed Spacer ITS1 56 CTTGGTCATTTAGAGGAAGTAA White et al., 1990
(ITS) region of the rRNA ITS4 TCCTCCGCTTATTGATATGC
Translation elongation factor 1-  EF1-728F 58 CATCGAGAAGTTCGAGAAGG Carbone and Kohn, 1999
alpha (tefl) EF1-986 R TACTTGAAGGAACCCTTACC
beta-tubulin (tub2/BenA) Bt2a 55 GGT AAC CAAATC GGTGCTGCTTTC  Glass and Donaldson, 1995
Bt2b ACC CTC AGT GTA GTG ACC CTT GGC
Calmodulin (CaM) Cmd5 55 CCGAGTACAAGGARGCCTTC Hong et al., 2006
Cmdé CCGATRGAGGTCATRACGTGG

Antagonistic effects of fungal isolates against V.
dahliae in vitro

Dual culture assay

The inhibitory effects of the isolated fungi on the
growth of V. dahliae were evaluated on PDA by the
modified method of Jabnoun—Khiareddine et al.
(2009). Briefly, three plugs of V. dahliae were placed
at the periphery of a sterile Petri plate. A plug for
each antagonistic fungus was placed in the center of
the plate. Plates without antagonistic fungi were used
as controls. Treatments and control, in triplicate, were
incubated for nine days at 25 °C in the dark. The
protocol was modified for Trichoderma species so
that V. dahliae was grown on PDA for three days, the
Trichoderma was inoculated, and the plates were
incubated for six days. In the end, colony growth
inhibition of V. dahliae was measured and reported
using the formula: Gl= [C-T/C] x 100, where Gl is V.
dahliae growth inhibition (%), C is the V. dahliae

colony diameter of the control, and T is the V. dahliae
colony diameter in the treatments (Royse & Ries
1978).

Effects of fungal non-volatile metabolites on the
germination of V. dahliae microsclerotia

Four mycelia discs (3 mm) of each fungal isolate
were transferred to an Erlenmeyer flask (250 mL)
containing 100 mL Czapek dox broth (CDB, Sigma).
Four PDA discs were added to control flasks. The
flasks were incubated in the dark for 14 days at 25 °C,
150 rpm. On the 7" day, one plug of V. dahliae was
added to each flask for enhancement of metabolite
production. Following 14-day incubation, the
supernatants were filtered through a 0.22 pm
membrane. An aliquot of 2.5 mL of the supernatant
was transferred into a pot containing 3 g perlite,
which was previously infected with V. dahliae
microsclerotia (100 per g perlite).
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After three days of incubation at 25 °C in the dark, to
isolate the microsclerotia, 100 mL sterile distilled
water was added to each pot, filtered, and one mL of
filtered supernatant was poured into a water agar
(WA) plate. After 14 days of incubation at 20 °C, the
total number of germinated microsclerotia was
recorded. The percentage of germination inhibition of
microsclerotia was calculated using the following
formula: 1 = [1-n/100] x 100, where | is the
percentage  of  germination  inhibition  of
microsclerotia, and n is the number of the germinated
V. dahliae in the treated plate according to Jabnoun—
Khiareddine et al. (2009) with minor modifications.
The effect of antagonistic fungi on the stability of
V. dahliae microsclerotia

Inhibition of V. dahliae microsclerotia germination
was evaluated in the pot using the modified method
of Varo et al. (2016). Each pot was inoculated with
100 microsclerotia per g of soil. Spore suspensions
(10° conidia per mL) of each antagonistic isolate were
added to each pot, but distilled water was used for the
control. All pots were covered with plastic bags and
incubated for five days at 25 °C in the dark, after
which the pot contents were air dried. Sterile water
(100 mL) was added to each pot, and the contents
were shaken for one hour, followed by filtration (30
nm mesh). The material that remained on the filter
was thoroughly suspended in 100 mL sterile water,
and 1 mL aliquots of the suspension were transferred
into each of 10 plates containing ethanol agar. After
14 days of incubation at 18 °C in the dark, colonies
with characteristics of V. dahliae were counted, and
the total number of colonies was compared to that of
the original sample. The percentage of inhibition
(MV) was calculated by the same formula.

The most potent antagonistic isolate

To determine the most potent antagonistic isolate in
all three previous experiments, the following formula
was used: | 1 (%) = [(GI%) + (1%) + (MV%)x2] /4,
where It is the total inhibition (%) of V. dahliae, Gl is
the growth inhibition (%) of V. dahliae in dual
culture, (1) is the inhibition (%) of V. dahliae as the
result of antagonistic metabolites and (MV) is the
inhibition (%) of microsclerotia stability by
antagonistic metabolites.

Suppressive effect of Trichoderma asperellum
AEG66 on V. dahliae in greenhouse

Since Trichoderma asperellum AE66 was the most
potent isolate, according to Iy, it was used for
greenhouse experiments. T. asperellum was mass-
produced, according to Naraghi et al. (2006). T.
asperellum AE66 effect on the development of
Verticillium wilt and the growth of peach plants under
greenhouse conditions was assessed using the highly
virulent isolate V. dahliae AE,. A mixture of soil, dry
manure, and sand (3:1:1 v/v/v) was inoculated by V.
dahliae (20 microsclerotia per g soil) and T.
asperellum (20 g per kg soil) (Ausher et al. 1975),
then added to the bottom of a 12 L pot. Peach
seedlings were transplanted into the pots and
irrigated. Controls included the pots inoculated only

with V. dahliae and the pots without inoculation. All
treatments were done in three replicates.

Disease assessment

Any symptoms of disease in the plants were recorded
weekly for 10 weeks. Disease severity was evaluated
using a 0-4 score according to Tjamos et al. (1991),
where scores ranging from 0-4 represent: 0 = no
symptom, 1= moderate symptom with <33% wilt, 2 =
moderate symptom with 34-66% wilt, 3 = severe
foliar symptom with 67-99% wilt, and 4 = dead plant.
The disease severity index (DSI) was calculated as
follows: DSI (%) = [Z (PxX) / (MxN)] % 100, where
P is the score, X is the number of plants with the
same score, M is the total number of plants, and N is
the highest score.

Areas under the disease progress curve (AUDPC)
were calculated as follows (Campbell & Madden
1990) AUDPC =% [(Y, + Yi+1) / 2] (ti+1— ti), where Y
is the average of disease severity, and t is the average
of time (day).

The percentage of plant protection was calculated
according to Li et al. (1996): PPP =[1 — (X/Y)] x 100
, Where X is the amount of AUDPC in treated plants
and Y is the amount of AUDPC in control plants.

The disease incidence was calculated from the
percentage of infected plants.

Scanning electron microscopy (SEM)

The physical interaction of Verticillum-Trichoderma
was monitored by scanning electron microscopy. The
fungal samples were fixed in 2.5% buffered
glutaraldehyde, post-fixed in 1% osmium tetroxide,
dehydrated in graded ethanol, and dried in a critical
point dryer. The samples were then sputter-coated
with gold and examined in a JEOL JSM-840 scanning
electron microscope operating at an accelerating
voltage of 6 kV.

Statistical analyses

All experiments were performed in triplicates.
Comparisons of means were conducted based on
analysis of variance (ANOVA). Statistical analyses
were done using the Duncan’s test with SAS 9.4.

RESULTS

Morphological and molecular identifications of
fungi

Fungi isolated from infected stems of stone fruit trees
were identified as V. dahlia, according to Inderbitzin
et al. (2011). Moreover, 46 endophytic and 39
rhizospheric fungal isolates were recovered from
stone fruit trees. Eight fungal genera were identified
by morphological and molecular studies (Table 1S).
Antagonistic assays

In vitro antagonism of fungi in dual culture assay
The inhibitory data of fungal isolates against V.
dahliae are shown in Table 1S, as Gl, I, and MV.

The highest percentage of mycelia growth inhibition
(Gl) in V. dahliae was 63.7%, obtained by
Aspergillus  carbonarius  AE82, followed by
T.harzianum AE63 (60.3%), Fusarium proliferatum
AE51 (58.5%) and A. carbonarius AE86 (58.02%).
Overall, 21% of isolates inhibited the mycelia growth
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of V. dahliae >50% (Table 1S, Figure 1). All
Trichoderma isolates in this assay, including
Trichoderma  asperellum  AE66, Trichoderma
harzianum AE65, T. harzianum AE69, and T.
harzianum AE54, inhibited the growth of V. dahliae.
In vitro effect of fungal non-volatile metabolites on
the germination of V. dahliae microsclerotia (I)

As seen for (I) data in Table 1S, after 14 days of
incubation in perlite-containing pots, the fungal
metabolites inhibited the germination of V. dahliae
microsclerotia. Here, Aspergillus carneus AES88
showed the highest inhibition (86%), followed by F.
oxysporum AE44 and Penicillium sp. AE84 (82%). In
total, 17% of the isolates had inhibitory scores >50%
in this assay (Table 1S).

Effect of fungal metabolites on the stability of V.
dahliae microsclerotia in soil (MV)

The antagonistic activity of fungi metabolites on V.
dahliae microsclerotia stability in soil is reported in
Table 1S as (MV). Data indicated that Trichoderma
asperellum AEG66 inhibited V. dahliae microsclerotia
germination (95%), followed by F. oxysporum AE44,
Fusarium sp. AE43 and Fusarium solani AE52 (74%,
72% and 67 %, respectively). In total, 12% of the
isolates showed an inhibitory effect >50% (Table 1S).
The most potent antagonistic isolate

The total percentages of inhibition of V. dahliae in all
experiments are represented as Iy in Table 1S,
according to which T. asperellum AE66 showed the
highest level of inhibition (73.85%), followed by F.
oxysporum AE44, P. spinolosum AES80, and A. flavus
AE89 (67.05%, 59.04%, and 58.38%, respectively).
In general, 8.2% of the isolates showed >50%
inhibitory activity (Table 1S).

Suppressive effect of Trichoderma asperellum
AEG66 on the development of Verticillium wilt in
greenhouse

Symptoms of Verticillium wilt, including defoliation
and necrosis, were developed after 32 days in peach
inoculated with V. dahliae. The plants co-inoculated
with T. asperellum showed less disease severity.
Disease severity was evaluated from days 32 to 70.
On day 32, the disease severity index (DSI) in the
control plants was 18.7%, compared to 6.3% in the
plants co-inoculated by both pathogen and T.
asperellum. On day 70, the control plants showed
complete defoliation and necrosis with a DSI of 100%
(score 4). However, in comparison, the DSI of the co-
inoculated plants was 37.5% (score 2). T. asperellum
significantly reduced disease incidence, disease
severity, and AUDPC, which increased plant
protection by 62.17% (Table 2).

Peach growth promotion by T. asperellum

The effect of T. asperellum on the growth of peach
plants is shown in Table 4. V. dahliae inoculation
(Control®) reduced all growth parameters in
comparison with uninfected plants (Control’),
especially the stem height and stem wet weight. In
comparison with uninfected plants, treatment with T.
asperellum significantly (P<0.01) increased all
growth parameters except for the root length. In
addition, stem height, stem wet weight, root wet
weight, and root dry weight values in plants treated
with T. asperellum were significantly (P<0.01) higher
than those of the plants co-inoculated with T.
asperellum + V. dahliae. On the other hand, except
for the root length, all growth parameters in the co-
inoculated plants were significantly higher than those
of the V. dahliae-infected plants (Table 3).

SEM study on V. dahliae -T. asperellum
interaction

As shown in Figure 2, T. asperellum AE66 colonized
V. dahliae hyphae and penetrated the mycelium,
which resulted in deformation of the hyphae.

Table 2. Effects of root treatment with T. asperellum on development of Verticillium wilt in peach plants grown in

soil inoculated with V. dahliae

Disease parameters

AUDPC

Treatment i i i
Disease incidence (%) Dlseas(eo/i;zverlty (Area under disease Plant E)Or/g)tecnon
progress curve)
V. dahliae (Control) 95.83% 100° 2296.5° 0
T. asperellum +V. dahliae 54.16° 375° 868.75° 62.17

*Different letters indicate significant difference at P<0.01. Disease parameters were assessed 70 days after inoculation of plants (in soils infected -
with 20 microsclerotia per g- V. dahliae). The data are the means of three replicates.

Table 3. Effect of T. asperellum on growth parameters of peach plants in the presence of V. dahliae

Growth parameters

Treatment

Stem height Root length weigshtf m wet Root wet weight \?Vt;r;hcti ry Vl?lgit;thc:ry
Non-inoculated (Control’) 114~ 24° 34.6° 16.9° 23.46" 8.5°
V. dahliae (Control*) 105 242 28.55° 15.8° 22.1° 8.2°
T. asperellum 1457 23 55.7% 32.56% 32.1% 16.6°
T. asperellum+ V. dahliae 124° 242 40° 235 30.66% 13°

*Different letters indicate significant difference at P<0.01. The data are the means of three replicates
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Fig 2. SEM electron micrographs of T. asperellum AE66 and V. dahliae in dual culture. A. Dual culture in Petri
plate. B. T. asperellum AE66 (arrow) is twisted around V. dahliae hyphae. C. Penetration of T. asperellum AE66
mycelium (arrow) into V. dahliae hyphae. D, E and F. Deformation of V. dahliae hyphae (arrow).
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DISCUSSION

Biological control has been recognized as a promising
and sustainable disease management strategy in
agriculture. It is regarded as being safe for the
environment, conserving biodiversity, and lowering
chemical use. Trichoderma species show high
antagonistic activities against plant pathogens and
have been successfully used as biocontrol agents to
control diverse plant diseases. They also promote
plant health and growth.

Here, 15 V. dahliae isolates were recovered. Also, 85
antagonistic fungal isolates were obtained, among
which Fusarium with a frequency of 24.74% and
Trichoderma with a frequency of 21.18% comprised
the most prevalent fungi. The biological control
assays carried out in the present study revealed that
both endophytic and rhizospheric isolates recovered
from stone fruit orchards inhibited V. dahliae by
different mechanisms, including antagonism and
mycoparasitism. Some fungi produced antagonistic
metabolites, while others same as the Trichoderma
isolates parasitized the V. dahliae colonies. In vitro
assays also indicated the high inhibitory activity of
Trichoderma against V. dahliae. The mycelia of
Trichoderma species interfered physically with the
mycelium of V. dahliae to inhibit its growth, whereas
T. asperellum (isolates Bt3 and T25) inhibited the V.
dahliae in dual cultures by metabolites without
physical contact (Carrero-Carron et al. 2016). T.
harzianum has also been reported to inhibit V. dahliae
in vitro (Ruano-Rosa et al. 2016).

Although metabolites of T. asperellum are effective in
antibiosis against various pathogens such as
Rhizoctonia solani, Botrytis cinerea, and F.
oxysporum (Taghdi et al. 2015), we found no
evidence of such an effect against V. dahliae.
However, metabolites of other fungi, most notably A.
corneus AE88, F. oxysporum AE44, and Penicillium
sp. AE84 highly inhibited the germination of V.
dahliae microsclerotia. It is reported that the
metabolites could activate the genes encoding
hydrolytic enzymes that are destructive for the
pathogenic fungus (Lorito et al. 2010). The high
inhibitory effect of T. asperellum on the germination
of V. dahliae microsclerotia could be due to its
physical interaction with the pathogen, which leads to
disruption and deformation of its mycelium
(Deketelaere et al. 2017). Therefore, the inhibition of
microsclerotia germination could be an effective
control strategy for Verticillium wilt.

The high biocontrol potential of T. asperellum AEG66
and F. oxysporum AE44 against V. dahliae was
demonstrated in the total inhibition assay, which is
represented as the It index. Although F. oxysporum
isolates have been reported as effective biocontrol
agents against Verticillium wilt in eggplant
(Angelopoulou et al. 2014), pepper (Veloso & Diaz
2012), olive (Varo et al. 2016), cotton (Zhang et al.
2015) and tomato (Garcia et al. 2011), T. asperellum

AE66 was shown in the present study to be more
effective than F. oxysporum AE44 in the inhibition of
V. dahliae.

Other Trichoderma isolates, including T. viride T46
and T117, have been shown to reduce the disease
severity of Verticillium wilt in eggplant by 30%
(D’Ercole et al. 2000). Also, Trichoderma isolates
reduced disease severity in tomato, eggplant, and
pepper by more than 80% (Narisawa et al. 2002,
Slusarski & Pietr 2009). Factors determining the
effectiveness of a biocontrol isolate include the host
plant variety and age, the accessibility of nutrients,
and the nature of the interactions between the
biocontrol agent and the pathogen (Deketelaere et al.
2017).

Microsclerotia of V. dahlia could penetrate and
colonize the xylem of the host plant in 2-4 days
(Fradin & Thomma 2006). It was reported that only 5
microsclerotia of V. dahliae per g soil was adequate
to infect plants (Stapleton et al. 1993). However, in
this study, we co-inoculated the biocontrol agent with
a four-fold density of the pathogen (20 microsclerotia
of V. dahliae per g soil). We observed 62% protection
in comparison with the infected control plants, which
all died.

In several studies, T. asperellum reduced the severity
of Verticillium wilt but had no significant effect on
disease incidence (Carrero-Carrén et al. 2016, Varo et
al. 2016). However, in strawberries, a decreased
incidence of disease was associated with yield
enhancement (>70%)_(Berg et al. 2001). In this study,
it is observed that T. asperellum AE66 reduced
incidence and severity of Verticillium wilt. Moreover,
it promoted the growth of peach plants. Since T.
asperellum AE66 was isolated from the peach
rhizosphere, it could be able to colonize the
rhizosphere. It is suggested that for control of disease
in the greenhouse, successful root colonization was
the most important index for an effective biocontrol
agent (Rubio et al. 2014). It is reported that T.
asperellum T25 had a higher potential for root
colonization and control of Verticillium wilt than
other isolates tested. In contrast, it showed a lower
inhibitory effect in vitro in comparison with the
others (Carrero-Carron et al. 2016). Therefore, the
ecological niche is a significant factor in determining
the biocontrol potential of a given strain (Deketelaere
et al. 2017).

The present experiment was conducted in non-sterile
soil to simulate the field conditions. In sterile soils,
there is no competition with natural plant microflora.
So, the results are often not reproducible under field
conditions (Zhou et al. 2006). When plants are under
disease pressure, it is expected that their growth could
be stopped as a defense mechanism to conserve
energy (Hermosa et al. 2012). Here, under natural
conditions, T. asperellum AE66 suppressed
Verticillium wilt and promoted plant growth even
under disease pressure. Although there was no
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evidence of V. dahliae inhibition by T. asperellum
AE66 metabolites, it was highly effective in
suppressing disease in the greenhouse. The inhibition
of cortex or xylem colonization and the reduction of
the pathogen mycelia growth in the rhizosphere are
currently considered the main factors in Verticillium
wilt suppression (Deketelaere et al. 2017).

In conclusion, this is the first assessment of the
antagonistic effects of a broad range of endophytic
and rhizospheric fungi from stone fruit orchards
against V. dahliae in peach trees. We found that T.
asperellum AE66 was the most effective isolate in
vitro by several modes of action, including direct
physical contact and suppressing microsclerotia
germination. Besides, it was the superior strain in
suppressing  Verticillium  wilt  under  natural
conditions, which resulted in plant growth promotion.
T. asperellum AE66 increased the length and biomass
of stems and roots even in V. dahliae—infected plants.
These findings indicate that T. asperellum AE66
could be a promising biocontrol agent for Verticillium
wilt in peach trees. This necessitates further
investigations to evaluate its efficacy in peach and
other stone fruit trees grown under diverse
environmental conditions.
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