Asian Journal of Mycology 7(1): 3146 (2024) ISSN 2651-1339
www.asianjournalofmycology.org
Article
Doi 10.5943/ajom/7/1/3

Endophytic and rhizospheric Trichoderma spp. associated with
cucumber plants as potential biocontrol agents of Fusarium oxysporum f.
Sp. cucumerinum

Akbari Oghaz N!, Rahnama K 1#*, Habibi R !, Hatamzadeh S !, Razavi SI ! and
de Farias ARG?

! Department of Plant Protection, Faculty of Plant Production, Gorgan University of Agricultural Science and Natural
Resources, Gorgan, Golestan, 4918943464, Iran.
2 Centre of Excellence in Fungal Research, Mae Fah Luang University, Chiang Rai, 57100, Thailand.

Akbari Oghaz N, Rahnama K, Habibi R, Hatamzadeh S, Razavi Sl, de Farias ARG. 2024 — Endophytic
and rhizospheric Trichoderma spp. associated with cucumber plants as potential biocontrol agents of
Fusarium oxysporum f. sp. cucumerinum. Asian Journal of Mycology 7(1), 31-46,
Doi 10.5943/ajom/7/1/3

Abstract

The diverse roles of Trichoderma spp. in the ecosystem make them valuable resources for
sustainable development. This study aimed to identify root endophytic and rhizospheric Trichoderma
spp. from cucumber plants based on morphology and molecular data. Molecular identification was
based on sequencing the internal transcribed spacer and large subunit rRNA genomic regions. The
species identities were determined through a phylogenetic analysis conducted using the Maximum
Likelihood method. Additionally, the antifungal ability of the identified Trichoderma spp. against the
wilt pathogen Fusarium oxysporum f. sp. cucumerinum was investigated by evaluating their
antagonistic activity (using the dual culture method) and antifungal ability (through the application of
secondary metabolites). Three fungi isolated from the rhizosphere and inner root tissue were identified
as T. atroviride, T. virens, and T. harzianum. Phylogenetic analysis grouped rhizospheric and
endophytic isolates of each Trichoderma species in a unique subcluster. Furthermore, endophytic and
rhizospheric isolates of each Trichoderma species showed the same antagonistic and antifungal
potential against the pathogenic fungus. Trichoderma atroviride and T. virens exhibited the highest
antagonistic activity, whereas the secondary metabolites of T. harzianum showed the highest antifungal
activity. This study demonstrated that rhizospheric Trichoderma spp. of cucumber agroecological
fields can shift from soil saprophytes to root endophytes, which is likely and directly related to the
presence of cucumber plants in the soil and the root metabolites released in the rhizosphere. Therefore,
our findings and further research on the mechanisms underlying these interactions can provide
additional tools for enhancing the productivity and sustainability of agroecosystems.
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Introduction

Cucumber (Cucumis sativus L.) is an excellent source of hydration with low calories, making it a
great addition to a healthy diet (Uthpala et al. 2020). Cucumber also contains antioxidants and nutrients
such as vitamin C, K, and potassium (Mallick 2022). These antioxidants and nutrients have been linked
to several health benefits, including improved digestion, lower blood sugar levels, and reduced risk of
chronic diseases such as heart disease and certain cancers (Mallick 2022, Uthpala et al. 2020). Besides
its benefits, cucumber plants are affected by several pathogens. Fusarium oxysporum f. sp.
cucumerinum is a pathogenic fungus that causes Fusarium wilt, specifically to cucurbits (cucumber,
melon, and watermelon) at any stage of plant growth (Teimouri et al. 2013). The damage caused by
this fungus to these crops can be significant, particularly in areas where the disease is prevalent (semi-
dry conditions, 25 to 30°C, low soil moisture, and soil pH range of 5.5 to 7.0) (Sharma & Shukla
2021). Studies have shown that F. oxysporum f. sp. cucumerinum can cause yield losses ranging from
20 to 80%, depending on the severity of the disease and the susceptibility of the crop variety (Jacobson
& Gordon 1991). Fusarium oxysporum f. sp. cucumerinum produces chlamydospores that can survive
in the soil for several years, making it difficult to control (Sharma & Shukla 2021). Fungicides such as
Azoxystrobin, Propamocarb hydrochloride, Thiophanate-methyl, Metalaxyl, and Fluazinam can be
used for disease management of F. oxysporum f. sp. cucumerinum (Pu et al. 2011). However, these
fungicides can pollute water systems, harm beneficial insects, make targeted fungi resistant, impact
human health, destroy non-target and beneficial microorganisms, and eventually lead to significant
ecosystem disruptions (Tsalidis 2022). Applying biological control agents is one of the safest organic
strategies to control Fusarium wilt on cucumber plants (Pu et al. 2011). Trichoderma spp. are well-
known as biological control agents of plant pathogens (Afzal et al. 2021). Many studies have shown
that Trichoderma spp. exhibit strong antifungal activity against a wide range of plant pathogenic fungi
due to the production of different antifungal compounds such as chitinases, glucanases, proteases,
lipases, and antibiotics (Mukherjee et al. 2012). These antifungal compounds have been reported to
have broad activity against Pythium spp., Macrophomina spp., Phytophthora spp., Fusarium spp.,
Rhizoctonia spp., and Sclerotinia spp. (Abdollahi et al. 2012, Nurozei et al. 2018). Also, Trichoderma
spp. can compete with plant pathogenic fungi for nutrients and space (Naseripour et al. 2019).
Furthermore, Trichoderma spp. parasitize plant pathogenic fungi by physically attaching to and
secreting enzymes that break down the cell walls of the pathogens, giving them access to the nutrients
inside their cells (Afzal et al. 2021, Mukherjee et al. 2012).

Most prior investigations have demonstrated that the isolation and identification of Trichoderma
spp. are related to soil and plant-related environments (Harman et al. 2012). Some of the key roles of
Trichoderma spp. in the soil include antagonization and parasitizing of other soil microbes, cycling the
nutrients, and improving soil fertility, soil structure and stability, which in turn enhances water
infiltration and retention (Afzal et al. 2021). In the rhizosphere, Trichoderma spp. can form beneficial
“mycorrhizae” associations with plant roots (Li et al. 2020). Several studies have also reported
Trichoderma spp. as root endophytes in various plant species, including maize, tomato, and rice (Li et
al. 2020). This plant-fungus interaction enhances plant growth and nutrient uptake, and induces
resistance against biotic and abiotic environmental stresses (Afzal et al. 2021). In this symbiotic
relationship, the plant host also provides a range of benefits to the fungi, including nutrient acquisition
(carbohydrates, amino acids, and other organic compounds), protection from environmental stress (UV
radiation, temperature fluctuations, and desiccation), and facilitation of fungal growth or colonization
(Li et al. 2020). Recently, some studies have suggested that some Trichoderma spp. present in the
rhizosphere of plants can also colonize the roots and become root endophytes. For instance, Brotman et
al. (2013) demonstrated that when Trichoderma spp. were added to the soil, and Arabidopsis plants
were cultured, Trichoderma spp. colonized the roots and became endophytes. Furthermore, Siddiqui et
al. (2015) observed that T. harzianum could colonize the roots of the cucumber plant and exhibit
endophytic behavior under laboratory conditions. Although studies have revealed the ecological
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behaviors of Trichoderma spp., many of these behaviors remain unknown. The relationships between
Trichoderma spp. and plants are still novel and require deeper and more comprehensive investigations.
Therefore, the present study aimed to isolate and identify Trichoderma spp. from the rhizosphere of
agricultural fields of Beit Alpha cultivar of cucumber in Golestan province of Iran, using
morphological characterization and sequencing the internal transcribed spacer (ITS) and large subunit
ribosomal ribonucleic acid (LSU rRNA) genomic regions. This research also investigated the
possibility of the presence of rhizospheric Trichoderma spp. in the root tissue of cucumber plants as
endophytic fungi. Furthermore, the antifungal ability of the identified endophytic and rhizospheric
Trichoderma spp. was measured against F. oxysporum f. sp. cucumerinum under in vitro conditions.

Materials & Methods

Isolation of Rhizospheric Fungi

Healthy cucumber plants (Beit Alpha cultivar) were slowly harvested using a sterile spade along
with the soil around the roots from agricultural fields of Golestan province of Iran (36°50'14.2"N
54°29'56.6" E). Collected plants were transferred to the laboratory in sterile plastic bags. Soil samples
were harvested from the rhizosphere of collected plants during summer cultivation. Trichoderma
species were isolated, according to Liu et al. (2020), with minor modifications. Approximately 10 g of
the sampled soil was suspended in 90 mL sterile saline (0.85% NaCl) and mixed on a Vortex Mixer
(FOUR ES MI10101002) for 30 min at 200 rpm. The suspension was then serially diluted, and 100 pL
of each dilution was spread on plates containing Trichoderma selective agar (TSA) medium (Hi-Media
Laboratories M384). The plates were incubated at 27 + 2°C for fungal development. Then, pure
cultures were obtained by sub-culturing individual colonies on plates containing fresh potato dextrose
agar (PDA) medium (Merck 1.05463).

Isolation of Root Endophytic Fungi

Roots of collected plants were washed with tap water and immersed in 70% ethanol for 1 minute.
Then, they were washed three times with sterile distilled water and immersed in 2.5% sodium
hypochlorite solution for 5 minutes, followed by rinsing three times with sterile distilled water. The
isolation of endophytic fungi was carried out according to the Hatamzadeh et al. (2023) method with
some modifications. The surface-sterilized roots were aseptically cut into small pieces (10-20 mm)
with a sterilized scalpel and placed on a TSA medium. Cultured plates were incubated at 27 + 2 °C
until the fungal colonies emerged. The colonies of Trichoderma spp. were then sub-cultured on fresh
PDA medium to obtain pure cultures.

Morphological Study

Preliminary screening of isolated rhizospheric and root endophytic fungi was carried out by
observing macroscopic and microscopic features. For macroscopic screening, the growth rate, shape
and colour of colonies were investigated after three days of fungal growth in PDA medium. For
microscopic screening, mycelia from each isolate were harvested from the surface of the PDA medium
and spread on a clean slide with a drop of cotton blue Lactophenol staining solution. Microscopic
features were investigated under a light microscope (Olympus BX50) using 400X magnification.
Images were captured using a microscopy CCD color camera with a five-megapixel resolution (BX50,
Olympus, Tokyo, Japan), and the image recording software analysis5 (Olympus, Tokyo, Japan) was
employed. Each slide yielded a total of 50 images with two slides scanned per sample. The branching
patterns of conidiophores, shapes and sizes of conidia (average of 100 spores) were measured using a
calibrated eyepiece graticule. The macroscopic and microscopic features of isolated fungi were
compared to the characteristics described by Dugan (2006).
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Molecular Study

DNA Extraction

Trichoderma strains were inoculated to Potato Dextrose Broth (PDB) medium (Merck 1.04831)
and incubated at 27 £ 2°C for 72 hours on an orbital shaker-incubator (BioSan ES-20/60). The grown
biomass (mycelia) in the PDB medium was collected via filtration (200 mesh). Fungal DNA was
extracted from each sample using the CTAB method (Hatamzadeh et al. 2020). Briefly, 0.25 mL of the
extraction buffer containing 3% sodium dodecyl sulfate (w/v), 0.5 mM ethylene diamine tetra-acetic
acid, 1.0 mM NaCl, and 0.1 mM hydroxymethyl-hydrochloride (Tris-HCI, pH 8.0) was added to 300
mg of each fungus mycelium and mixed on a laboratory vortex mixer (ALLPAX MX-S) for 20
seconds. Then, 0.25 mL of chloroform-phenol (1:1, v/v) was slowly added to the mixture and
incubated in a water bath (Memmert WNB29) at 65 + 2 °C for 5 minutes. The mixture was centrifuged
at 11,000 g under 4°C for 5 min using a laboratory refrigerated centrifuge (MPW 150R). The
supernatant was transferred to 2 mL microtubes, and the same volume of isopropanol was added. The
mixture was then centrifuged at 11,000 g for 6 min under 4°C. Finally, the pellet was washed with
70% ethanol, air-dried (30 + 2 °C; 1 hour), resuspended in 100 pL of TE buffer (10 mM Tris-HCI pH
8.0, 1 mM EDTA) and used as a DNA source.

Polymerase Chain Reaction

Internal Transcribed Spacer (ITS) and Large Subunit rRNA (LSU) genomic regions were
amplified during polymerase chain reaction (PCR) processes. The primers ITS5 (5'-
GGAAGTAAAAGTCGTAACAAGG-3) and ITS4 (5-TCCTCCGCTTATTGATATGC-3") were
used as forward and reverse primers, respectively to amplify ITS genomic region (Bellemain et al.
2010). The LSU genomic region was also amplified using forward LROR (5'-
CCCGCTGAACTTAAGC-3") and reverse LR5 (5-TCCTGAGGGAA ACTTCG-3") primers
(Vilgalys & Hester 1990). A total volume of 12.5 uL was prepared by mixing 1 x PCR buffer, ~10-20
ng of genomic DNA, 0.7 Ml DMSO (99.9%), 0.5 uM of forward primer, 0.5 uM of reverse primer, 25
uM of each dNTP, 1.0 U Taqg polymerase (NEB), and 2 mM MgCl> in PCR tubes. A Gene Amp PCR
System 9600 (Perkin Elmer, USA) was used under the cycling conditions of initial denaturation at 95
°C for 1 minute, denaturation (40 cycles) for 30 seconds at 95 -C, annealing (58 °C for ITS; 59 for
LSU) for 1 minute, and extension for 10 seconds at 72 °C for amplification of ITS and LSU genomic
regions. The database of the National Center for Biotechnology Information (NCBI) was used for the
analysis of sequences (BLASTN).

Phylogenetic Analysis

Evolutionary history inference and phylogenetic analysis were conducted to advance
academically, leveraging advanced methodologies and software tools. Using the Maximum Likelihood
method and the Tamura-Nei model, the evolutionary history was inferred. Initial trees were generated
via Neighbor-Join and BioNJ algorithms, and the topology with the highest log likelihood value was
selected. The resulting tree, drawn to scale with branch lengths measured in substitutions per site,
depicted the clustering of associated taxa. These analyses were carried out in MEGA11 (Tamura et al.
2021). Sequences were aligned using MegaX software 11.0.13, followed by Maximum Likelihood
(ML) method-based phylogenetic analysis, as proposed by Saitou & Nei in 1987. The robustness of
inferred phylogenies was assessed through 1000 replicates of the bootstrap method. The Tamura-Nei
model of nucleotide substitution was deemed the best-fit model, assuming uniform rates among sites
and inclusion of all sites in the analysis (Zhao & Joe, 2005). Utilizing the Nearest-Neighbor-
Interchange (NNI) algorithm for heuristic ML tree searches, branch swap filtering was omitted. Branch
lengths in the phylogenetic trees were accurately represented in the same units as the evolutionary
distances used for inference (Hatamzadeh et al. 2020, 2023).
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Evaluation of Antagonistic Activity of Trichoderma spp.

Fusarium oxysporum f. sp. cucumerinum FONO1 (NCBI accession number: OQ847817;
0Q847818) was obtained from the mycology lab at Gorgan University of Agricultural Science and
Natural Resources. The antagonistic activity of each Trichoderma species against F. oxysporum f. sp.
cucumerinum was evaluated according to the dual culture protocol (Shahiri Tabarestani et al. 2017). In
this method, agar disks (6 mm) containing young mycelia from the edge of the fungal colonies were
placed on opposite sides of Petri dishes containing PDA medium, with Trichoderma spp. on one side
and F. oxysporum f. sp. cucumerinum on the other. Then, plates were incubated for 72 hat 25+ 2 °C in
dark conditions until the mycelia of the pathogenic fungus and Trichoderma spp. grew close together.
The percentage inhibition of radial growth of the pathogenic fungus was measured using ImageJ
software version 1.53h (Jahantigh et al. 2023). The experiment was conducted in triplicates.

Evaluation of Antifungal Activity of Crude Extracts of Trichoderma spp.

The crude extracts of Trichoderma spp. were extracted according to Vinale et al. (2012) method
with minor modifications. Briefly, Trichoderma spp. were inoculated to PDB medium and incubated
for seven days at 27 £ 2 °C on an orbital shaker-incubator. Then, the PDB medium was filtered (200
mesh) and mixed with an equal volume of Ethyl-acetate (Merck CAS-Nr.: 141-78-6 EC-Nummer: 205-
500-4). The ethyl acetate fraction was evaporated using a rotary evaporator (Chemist EU LRE-52C) at
50 °C to obtain the crude extract of secondary metabolites (Panahian et al. 2012). The extracted crude
was diluted in PDA medium at 45 °C before solidification to obtain a concentration of 200 pg/mL and
placed in plates. Agar disks (6 mm) of F. oxysporum f. sp. cucumerinum were placed at the corner of
plates containing PDA medium with crude extracts. The growth of pathogenic fungi in the PDA
medium without the crude extract was considered as the control treatment. The plates were incubated
at 25 + 2 °C for 7 days until the day that mycelia of the pathogenic fungus in control treatment reached
the other side of the plates. The percentage inhibition of radial growth of the pathogenic fungus was
calculated using ImageJ software version 1.53h (Jahantigh et al. 2023). The experiment was conducted
in triplicates.

Statistical Analysis

The antifungal experiment was carried out using a completely randomized design. The obtained
data were analyzed using one-way ANOVA to determine the significance of the differences among the
treatments. The means were grouped using the Duncan range test at a significance level of a = 0.05.
The statistical analysis was performed using IBM SPSS software version 25.0 (IBM Corp., Armonk,
NY, USA). Graphical representation of the data was performed using Microsoft Excel software version
2303.

Results

Morphological and Molecular Characteristics of Isolated Fungi

In general, three Trichoderma species isolated from the rhizosphere of cucumber plants were
similar to rhizospheric isolates from root tissue (Fig. 1). These isolates were divided into three main
groups according to their colony colors. Additionally, all the isolates studied in this project were
deposited in the fungal culture collection of the Gorgan University of Agricultural Sciences and
Natural Resources.

Fungal Isolates with Greenish-Gray Colony Color

The colony of a rhizospheric (6022; L6022) and an endophytic (E602; LE6022) isolate were
initially white, becoming greenish-grey on PDA medium, while the color of the back of the plate
became light brownish yellow (Figs. 1C and 1F). The isolate 6022 and E6022 grew rapidly on the
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PDA medium and covered the entire plate within three days. The colony texture of the two isolates was
cottony to fluffy (Figs. 1C and 1F). Micromorphological studies revealed unbranched conidiophores
were usually erect to slightly flexuous with 150-350 um long and 2—4 um wide, which terminated in a
whorl of 3-5 phialides (Fig. 1B). The phialides were flask-shaped and measured about 5-8 pum in
length and 2-3 um in width (Fig. 1B). The conidia were typically ellipsoidal, smooth-walled and
greenish, with 2-3 pum in diameter (Fig. 1B). The chlamydospores were not observed. These two
rhizospheric and endophytic isolates were identified as T. atroviride according to the described
morphological characteristics by Harman et al. (2004). The results of ITS and LSU sequencing
confirmed the taxonomic positioning. The ITS and LSU regions of rhizospheric T. atroviride
successfully amplified and obtained 598 and 785 bp fragments, respectively. Also, the ITS and LSU
regions of endophytic T. atroviride successfully amplified and obtained 596 and 782 bp fragments
respectively. The phylogenetic analysis based on sequences of the ITS and LSU genomic regions
grouped rhizospheric and endophytic T. atroviride in a subclade close to other T. atroviride isolates
obtained from the NCBI database (Fig. 2).

f‘ 10 pm

Fig. 1 — Seven days old morphological characteristics of identified Trichoderma spp. and pathogenic
F. oxysporum f. sp. cucumerinum. (A) Representative conidia and conidiophores of endophytic and
rhizospheric T. virens. (B) Representative conidia and conidiophores endophytic and rhizospheric T.
atroviride. (C) Colony of endophytic T. atroviride. (D) Representative conidia and conidiophores
endophytic and rhizospheric T. harzianum. (E) Colony of endophytic T. harzianum. (F) Colony of
rhizospheric T. atroviride. (G) Colony of endophytic T. virens. (H) Colony of rhizospheric T.
harzianum. (1) Colony of F. oxysporum f. sp. cucumerinum. (J) Colony of rhizospheric T. virens. Parts
() and (Il), which are separated by dotted lines, represent the back and the top of the plate,
respectively.

Fungal Isolates with Dark Green Colony Color

The colony of rhizospheric (6011; L6011) and endophytic (E6011; LE6011) isolates were
initially white and then became dark green, while the back of the plate became brownish yellow (Figs.
1C and 1J). The colony of these isolates grew at the same rate as T. atroviride isolates on PDA
medium. The colonies of 6011 and E6011 isolates on the PDA medium were cottony in texture (Figs.
1C and 1J). Conidiophores were relatively long and slender, with a diameter ranging from 2-5 um and
a length ranging from 50-200 um, which was raised from stromata (Fig. 1A). The conidia were
typically small and oval-shaped, measuring around 2—4 um in diameter (Fig. 1A). They occurred on
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the tips of the conidiophores in clusters (pustules), hyaline, smooth, and sub-globose (Fig. 1A).
Chlamydospores were not observed in the growth period of the isolates.

(A)

0Q780730.1 Trichoderma harzianum 11 @
KY689240.1 Trichoderma harzianum @
KY764892.1 Trichoderma harzianum CTCCS] @
KX343092.1Trichoderma harzianum TTm @
ON479491.1 Trichoderma harzianum ¢
ORO018292.1Trichoderma harzianum A8a @
MK673510.1 Trichoderma harzianum Cul2-2018 @
MWO958061.1 Trrichoderma harzianum 33Crab @
OR140811.1Trichoderma harzianum DT7 @
MN871635.1Trichoderma harzianum 6 @
0Q780731.1 Trrichoderma harzianum Ah90 ® @
MT666144.1 Trichoderma harzianum UASWS2185 @
——— ORS578379.1 Trichoderma virens T1-02 @
MT529862.1 Trichoderma virens SF 586 @
MT530036.1 Trichoderma virens SF 760 @
0Q780732.1 Trichoderma virens 6011 @
0Q780733.1 Trichoderma virens E6011 ® @
KY218801.1 Trrichoderma virens @
ON927119.1 Trichoderma virens X200 @
MN452837.1 Trichoderma virens W MISO2 6 21 @
49 1900 ' MN452838.1 Trrichoderma virens K MISO2 2 14 @
6711 MT229169.1 Trichoderma virens BLH-G1 @
67 L MN452840.1 Trichoderma virens KSSO1 2 6 ®
99 ' MT529406.1 Trichoderma virens SF 130 @
0Q780734.1Trichoderma atroviride 6022 ®
65 OQ780735.1Trichoderma atroviride E6022 ® @
100 || MH357337.17; richoderma atroviride Ta3 @
MG309710.1 Trichoderma atroviride LMZ-JAS @
64 MH624148.1Trichoderma atroviride HZA13 @
431 NIN429074.1Trichoderma atroviride SG34003 ®
MT341775.1 Trichoderma atroviride T-4-5 @
MG972797.1 Trichoderma atroviride P17 @
5! MG972796.1Trichoderma atroviride P9 @
29 MG972794.1 Trichoderma atroviride PS5 @
7l MG972798.1 Trichoderma atroviride P26 @
56' MG972795.1Trichoderma atroviride P8 @
MHS864448. lﬁwomyces Samuelsii CBS 127157 @ ®

100 28

39

Y - T Y
[ S NCBI accession Scientific name  Isolate code
0.02 number

® Output group @ Identified in present study @ Obtained from NCBI data base
Rhizospheric isolate @ Endophytic isolate

Fig. 2 — Phylogeny trees of isolated endophytic and rhizospheric fungi from cucumber agricultural
fields of Golestan province of Iran. (A) Phylogeny tree based on internal transcribed spacer (ITS)
genomic region involving 37 nucleotide sequences and 987 positions in the final dataset alignment. (B)
Phylogeny tree based on large subunit rRNA (LSU) genomic region involving 34 nucleotide sequences
and 1760 positions in the final dataset alignment. (C) Multi-gene phylogeny tree based on ITS and

LSU genomic regions involving 6 nucleotide sequences and a total of 1542 positions in the final
dataset.
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Fig. 2 — Continued.

These two Trichoderma spp. identified as T. virens according to the described morphological
characteristics by Harman et al. (2004). Molecular phylogenetic analysis (Figs. 1 and 2) based on ITS
and LSU genomic regions showed that rhizospheric and endophytic T. virens were placed in a subclade
in relation to the other T. virens isolates obtained from the NCBI database (Fig. 2). The ITS and LSU
regions of rhizospheric T. virens successfully amplified and obtained 564 and 848 bp fragments,
respectively. Also, the ITS and LSU regions of endophytic T. virens successfully amplified and
obtained 565 and 846 bp fragments, respectively.
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Fungal Isolates with Yellowish-Green Colony Color

The colony of a rhizospheric (11; L11) isolate and an endophytic (Ah90; LAh90) isolate on PDA
medium was initially white and then became yellowish-green and cottony in texture (Figs. 1E and 1H).
The colour of the back of the plate became dark coral red (Figs. 1E and 1H). The colony growth rate of
11 and Ah90 isolates were lower than T. virens and T. atroviride on the PDA medium, which covered
the entire plate within 4 days.

Fig. 3 — Antagonistic activity of Trichoderma spp. against F. oxysporum f. sp. cucumerinum under in
vitro conditions after 72 h of incubation. (A) Coiling of T. atroviride hypha around pathogen hypha
(F). (B) and (C) Coiling of T. harzianum hypha. (D) Coiling of T. virens hypha. (E) Antagonistic
activity of rhizospheric T. atroviride. (F) Antagonistic activity of rhizospheric T. virens. (G)
Antagonistic activity of rhizospheric T. harzianum. (H) Antagonistic activity of endophytic T.
atroviride. (I) Antagonistic activity of endophytic T. virens. (J) Antagonistic activity of endophytic T.
harzianum. “T” corresponds to a Trichoderma sp., and “F” corresponds to the pathogen F. oxysporum
f. sp. cucumerinum.

The conidiophores of these fungi were unbranched to few-branched, which arise from the
mycelium in a more perpendicular fashion (Fig. 1D). The conidiophores typically ranged from 100—
200 pm in length and 3-5 um in width. The conidia were produced in a cluster at the apex of the
conidiophore and were typically one-celled, smooth-walled, and ellipsoidal to cylindrical, measuring
2-4 pm in diameter and 3-8 pm in length (Fig. 1D). The chlamydospores were not observed. These
two Trichoderma spp. identified as T. harzianum according to the described morphological
characteristics by Harman et al. (2004) and sequencing of ITS and LSU genomic regions (Figs. 1 and
2). The ITS and LSU regions of rhizospheric T. harzianum were successfully amplified through PCR,
which obtained 588 and 892 bp fragments, respectively. Furthermore, the ITS and LSU regions of
endophytic T. harzianum successfully amplified and obtained 572 and 890 bp fragments, respectively.
The phylogenetic tree of the ITS and LSU genomic region sequences placed rhizospheric and
endophytic T. harzianum in a subcluster close to other T. harzianum isolates obtained from the NCBI
database (Fig. 2).

Antagonistic Activity of Trichoderma species

All endophytic and rhizospheric Trichoderma spp. isolated from cucumber agricultural fields
showed high antagonistic activity against F. oxysporum f. sp. cucumerinum (Figs. 3 and 4A).
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(A) Rizospheric and endophytic Trichoderma spp. (B) Secondary metabolites of rhizospheric and endophytic Trichoderma spp.

Fig. 4 — Clustered column graphs related to means’ comparisons (Duncan range test subset for alpha =
0.05) of the percentage of inhibition of the radial growth of F. oxysporum f. sp. cucumerinum as
affected by rhizospheric and endophytic Trichoderma spp. Values are means of three replicates. (A)
antagonist activity of rhizospheric and endophytic Trichoderma spp. against pathogenic fungus in dual
culture method (df: 5; F-value: 18.588; P-value: 0.0001). (B) Antifungal activity of the crude extract
(200 pg/mL) of rhizospheric and endophytic Trichoderma spp. against pathogenic fungus (df: 5; F-
value: 63.253; P-value: 0.0001). Bars (standard error) with different letters indicate significant
differences.

This antagonistic activity included the high competition for food resources (PDA medium) and
creating a coiling-like structure around the mycelia of the pathogenic fungus to destroy and feed on
intracellular materials (Fig. 3). Endophytic and rhizospheric isolates of each Trichoderma spp. had
similar antagonistic potential against F. oxysporum f. sp. cucumerinum, with no significant statistical
difference (Fig. 4A). Statistical analysis also does not show a difference in antagonistic activity
between endophytic and rhizospheric isolates of T. atroviride and T. virens (Fig. 4A). While isolates of
T. harzianum significantly showed the lowest antagonistic activity compared to isolates of T.
atroviride and T. virens (Fig. 4A).

Antifungal Activity of crude extract from Trichoderma species

Crude extracts of Trichoderma spp. exhibited effective antifungal activity against Fusarium
oxysporum f. sp. cucumerinum (Figs. 4B and 5). The antifungal activity of the crude extracts from
endophytic and rhizospheric isolates of each Trichoderma spp. against Fusarium oxysporum f. sp.
cucumerinum was similar, with no significant difference (Fig. 4B).

However, the Duncan range test revealed a significant difference in antifungal activity between
crude extracts of T. harzianum, T. atroviride, and T. virens (Fig. 4B). Crude extracts of T. harzianum
showed the highest antifungal activity against the pathogenic fungus, followed by T. virens and T.
atroviride (Fig. 4B). Crude extracts of endophytic T. harzianum isolates showed 6.19% and 17.68%
better antifungal activity against Fusarium oxysporum f. sp. cucumerinum compared to endophytic T.
virens and T. atroviride, respectively (Fig. 4B). Similarly, crude extracts of rhizospheric T. harzianum
isolates demonstrated 7.47% and 18.95% better antifungal activity against the pathogenic fungus
compared to endophytic T. virens and T. atroviride, respectively (Fig. 4B).
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Fig. 5 — Antifungal activity of crude extracts of Trichoderma spp. against F. oxysporum f. sp.
cucumerinum under in vitro conditions. (A) Crude extracts of endophytic T. harzianum. (B) Crude
extracts of endophytic T. virens. (C) Crude extracts of endophytic T. atroviride. (D) Control treatment
(Growth F. oxysporum f. sp. cucumerinum in PDA medium without crude extracts). (E) Crude extracts
of rhizospheric T. harzianum. (F) Crude extracts of rhizospheric T. virens. (G) Crude extracts of
rhizospheric T. atroviride.

Discussion

The findings indicated that three different species, including T. atroviride, T. harzianum, and T.
virens, exist in the rhizosphere of cucumber plants as free-living microorganisms and even in the root
tissues as endophytes. Morphological and morphometrical characteristics showed that the endophytic
and rhizospheric isolates of each Trichoderma spp. have similar identities. However, Trichoderma spp.
exhibit a high degree of morphological plasticity, and environmental conditions such as substrate,
temperature, and light can influence their morphology (Afzal et al. 2021, Habibi et al. 2018, Harman et
al. 2012). Therefore, we used molecular identification based on sequencing the ITS and LSU regions to
complete the morphological identities. The ITS region is located between the 18S and 28S rRNA
genes. It has several advantages for the molecular identification of Trichoderma spp., including
conservation within a species (variable among different species), presence in multiple copies in the
genome (allowing for more sensitive detection and quantification of fungal DNA), and relatively easy
to amplify by PCR using universal primers, which leads to suitable amplicons for sequencing (Schoch
et al. 2012). Furthermore, the LSU region is a part of the ribosomal RNA gene cluster, along with the
5.8S and ITS regions. The sequencing of the LSU gene complements the obtained information from
the ITS region, which improves the accuracy of molecular identification of Trichoderma spp. The LSU
gene is highly conserved across Trichoderma spp., making it helpful in inferring phylogenetic
relationships at higher taxonomic levels (e.g., family, order, and class) than the ITS region and
contributing to a better understanding of the evolution or ecology of this important group of fungi
(James et al. 2006). The present study also sequenced sufficient and reliable amounts of ITS and LSU
fragments from morphologically identified T. harzianum, T. virens and T. atroviride. Molecular and
morphological characteristics indicate that the rhizospheric isolates of the identified Trichoderma spp.
are identical to the root endophytic isolates of cucumber plants." Consequently, our findings indicated
that depending on environmental conditions, T. atroviride, T. harzianum, and T. virens and in
cucumber fields can shift their life path from saprophytic to endophytic. Our findings are supported by
just two studies. Wu et al. (2018) uncovered the interactions of T. atroviride in both endophytic and
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rhizospheric contexts within Artemisia annua plants. Additionally, Wamalwa & Rao (2019)
demonstrated that T. asperellum, T. atroviride, T. brevicompactum, T. harzianum, T. koningii, T.
longibrachiatum, and T. virens exhibit dual endophytic and rhizospheric behaviors in maize plants.

In concurrence with our findings, various Trichoderma spp., especially T. virens, T. harzianum,
and T. atroviride, have been isolated and identified from the rhizosphere of many plants as soil
microorganisms (Afzal et al. 2021). Furthermore, there are some studies that report these species as
endophytes. For instance, T. virens has been identified as an endophytic fungus of tomato (Geistlinger
et al. 2015), sugarcane (Roméo-Dumaresq et al. 2016), Artemisia argyi (Shi et al. 2021). Additionally,
endophytic interaction of T. atroviride has been reported in many plants, including Salvia miltiorrhiza
(Ming et al. 2012) and Artemisia annua (Wu et al. 2018). The reports also indicate the endophytic
behavior of T. harzianum in different host plants, including Kadsura angustifolia (Han et al. 2019) and
maize (Madbouly et al. 2023) plants. Nevertheless, previous studies have primarily served to validate
our observations. However, there is no research dedicated to investigating the ecological processes
underlying the shifting ecological dynamics of Trichoderma spp. within the rhizosphere and root tissue
of specific host plants. The processes of endophytic colonization of Trichoderma spp. begin with
sensing the presence of the plant root through chemical signals or physical cues such as root exudates
or root hairs (Li et al. 2020). Once a Trichoderma spp. detects the root of a host plant, it initiates
growth towards and penetration of the root. Trichoderma spp. can attach to the surface of the plant root
through the production of adhesive compounds such as polysaccharides and glycoproteins, which help
to resist the flow of water and nutrients away from the root surface (Li et al. 2020). Penetration
mechanisms of Trichoderma spp. include direct penetration (using specialized structures such as
hyphae, appressoria, or infection cushions), indirect penetration (through wounds, root tips or lateral
roots), and endocytosis (Li et al. 2020). For the first time, our study showed that the origin of root
endophytic T. harzianum, T. virens, and T. atroviride fungi is the rhizosphere of cucumber plants. It
appears highly probable that the presence or absence of cucumber plants in the soil is the main factor
in the orientation of Trichoderma spp. to establish the endophytic relationship. Cucumber roots release
various compounds into the rhizosphere, including organic acids, amino acids, sugars, phenolic
compounds, and volatile organic compounds (Liu et al. 2017). Indeed, these compounds play essential
roles in plant-microbe interactions and may be the main key for Trichoderma spp. to recognize roots.
However, the processes of endophytic colonization of rhizospheric Trichoderma spp. are complex and
involve various physical and chemical mechanisms between the fungus and the host plant, which is
needed to more comprehensive and complete studies to discover the hidden aspects of this plant-fungal
interaction.

Our results also revealed a suitable antagonistic activity of identified endophytic and
rhizospheric Trichoderma spp. against F. oxysporum f. sp. cucumerinum. Also, crude extracts of
endophytic and rhizospheric Trichoderma spp. showed an appropriate antifungal ability against
pathogenic fungi in the present study. In a good agreement with our findings, previous research has
shown the suitable biocontrol activity of T. harzianum, T. virens, and T. atroviride against F.
oxysporum f. sp. cucumerinum (Redda et al. 2018, Zhang et al. 2020). Also, their secondary
compounds have been reported with strong antifungal properties to date. For instance, T. harzianum
has been reported to produce a wide range of antifungal secondary metabolites such as harzianic acid
(Brotman et al. 2008), Trichokonins (Naseri Poor et al. 2017), and volatile organic compounds
(Naseripour et al. 2019). Trichoderma harzianum also produces chitinases, proteases, and glucanases,
which have been shown to have antifungal properties against F. oxysporum (Mukherjee et al. 2012).
Some of the secondary metabolites of T. virens that have been identified as having antifungal
properties include Virendin (Mukherjee et al. 2012), and 6-pentyl-a-pyrone (Lorito et al. 1996). There
are several secondary compounds produced by T. atroviride that have been reported to have antifungal
activity, including peptaibols (Viglas et al. 2021), volatile organic compounds (Rao et al. 2022), and
pyrones (Shahiri Tabarestani et al. 2017). This study showed for the first time the similarity between
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endophytic and rhizospheric isolates of Trichoderma spp. by evaluating their antifungal properties.
Notably, the efficacy and specificity of these secondary metabolites can vary depending on the strain
of Trichoderma and targeted F. oxysporum. Additionally, there may be novel antifungal secondary
metabolites that have not yet been identified.

Conclusion

The present research showed that rhizospheric T. harzianum, T. virens, and T. atroviride of
agroecological fields of cucumber plants can shift their life path from saprophytic in soil to endophytic
in cucumber root tissue. The correspondence between the morphological and molecular characteristics
and the demonstrated antifungal ability of rhizospheric and endophytic isolates of each Trichoderma
spp. against F. oxysporum f. sp. cucumerinum provides evidence for supporting this claim.
Trichoderma spp. have a bright future in the biological control of plant pathogenic fungi due to their
diverse mechanisms of action, ability to produce a wide range of secondary metabolites and potential
for use in sustainable agriculture (Afzal et al. 2021). Although in vitro assays can provide useful
information about the efficacy of secondary metabolites of Trichoderma spp. against the wilt
pathogenic Fusarium of cucumber, there will always be unknown metabolites. There are several
advanced technologies, such as metabolomics, genome sequencing, proteomics, MALDI imaging mass
spectrometry, nuclear magnetic resonance (NMR) spectroscopy, and liquid chromatography-mass
spectrometry (LC-MS), that can be used to identify secondary compounds produced by Trichoderma
spp. Mycological science is a constantly evolving field, and with each passing day, discoveries and
advancements are being made that expand our understanding of the microbial ecosystem around us.
Consequently, we encourage future studies to use such advanced technologies to obtain more
comprehensive details about the life cycles of Trichoderma spp.
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