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Abstract The diversity of mycoflora associated 
with grass and sedges belonging to 24 species of 
eight plant families inhabiting three regions of the 
Hyrcanian Forest in Iran was surveyed. Fungal iso-
lates were recovered from the roots, stems and leaves 
of plants, and ITS sequences of ribosomal DNA were 
determined. The 113 fungal isolates were categorized 
into the lowest taxonomic rank possible. Surprisingly, 
pathogen-like fungi encompassed 34% of the endo-
phytic isolates. Colletorichum, Fusarium, and Alter-
naria, all genera containing important pathogenic 
species, were abundant. Occurrence of Fusarium was 
highest in root tissues, while Colletotrichum appeared 
more dominant in leaves and stems. Wheat seedlings 
were exposed to inocula of 25 of these endophytic 

isolates. Eleven isolates inhibited growth of the seed-
lings, whereas 14 isolates promoted growth compared 
to uninoculated controls. Further, wheat seedlings 
treated with isolates reported as etiological agents 
such as Parastagonospora nodorum and Fusarium 
sp., promoted growth. We report first-time isolation 
of Darksidea sp., a genus of root-colonizing dark sep-
tate endophytes (DSE), from herbaceous vegetation 
of Hyrcanian forests of Iran.
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Introduction

With burgeoning population growth, sustainable 
agricultural production requires fresh strategies to Supplementary Information The online version 
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maintain and increase the rate of food production, 
while concurrently protecting the remaining natu-
ral environment (Tian et  al., 2021). All plants live 
in intimate association with diverse microorganisms 
that affect growth in both positive and negative ways 
(Schirawski & Perlin, 2018). Relationships between 
microorganisms and plants comprise interactions 
ranging from obligate symbiosis to pathogenesis 
(Collinge et  al., 2022). Endophytes – microorgan-
isms that live asymptomatically within plants – have 
attracted the interest of researchers because of their 
roles in enhancing growth characteristics in wild sys-
tems under both ideal and stress conditions (Huang 
et  al. 2008; Das & Varma 2009; Dastogeer et  al., 
2018). Isolation, identification, growth-promoting 
and disease-inhibiting activities of pathogen-like 
endophytic microbes infecting wild plant commu-
nities have been surveyed worldwide (Chand et  al., 
2020; Jia et  al., 2020; Rosa et  al., 2009; Terhonen 
et al., 2019; Tournay & Doty, 2022; Xiao et al., 2021; 
Yuan et al., 2010).

Deliberate promotion of positive interactions 
between domesticated plants and beneficial 
microorganisms isolated from wild plants inhabiting 
forests is a relatively new paradigm in agriculture, a 
strategy with considerable potential (Dudeja et  al. 
2012; Kleczewski et  al., 2012; Ismail et  al., 2021; 
Morales-Cedeño et al., 2021). The practical application 
of such endophytes as plant growth enhancers in 
agriculture is not yet widely realized because of 
questions of species-to-species compatibility, and the 
true nature of such interactions remain unclear for 
most microorganism-plant combinations (Prasad & 
Dagar 2014). The potential for an endophyte in one 
host species to become a pathogen in another is one 
such question that requires on-going investigation 
(Card et al., 2016), as is its host range (Kumar et al., 
2021). Cultivated plant species belonging to families 
comprising wild species, such as the Poaceae, may 
offer sources of compatible, potentially growth-
enhancing endophytes (Kumar et  al., 2021), but 
such new interactions require considerable research 
before commercial release. Application of systemic 
fungicides to control fungal pathogens in crops 
may negatively affect beneficial fungal endophytes 
(Vasanthakumari et al., 2019), and as such, agronomic 
practices may require modification before specialized 
endophyte-based technology is commercially adopted 
(Watts et al., 2023). Some beneficial plant-associated 

microorganisms are recalcitrant in  vitro, making 
commercial application problematic (De Silva et  al., 
2019; Kia et  al., 2018). Commercial monocultures 
of crops differ widely from mixed-species natural 
systems, as do moisture and nutrient regimes, and 
responses to such factors by endophytes are largely 
unknown (De Silva et al., 2019). Assays are required 
to assess pathogenicity and distinguish latent 
pathogens from endophytes (Lugtenberg et al., 2016). 
Assigning uncharacterized endophytic microbes that 
belong to known pathogenic taxa to an ecological 
role is not possible using simple genetic identity 
approaches such as ITS/18S sequences (Doilom et al., 
2017); instead, biological tests are required. Before 
commercial application of wild-plant endophytes to 
cropping systems, the complex plant health triangle 
of host–microbiota–environmental interactions must 
be fully investigated (Leveau, 2024). In a worst-case 
scenario, an apparently mutualistic microbial partner 
becomes pathogenic in a commercial cultivar when 
triggered by certain biotic and/or abiotic conditions 
(Jones, 2020).

Caspian Hyrcanian mixed forests occur mainly in 
three northern provinces of Iran, namely, Golestan, 
Mazandaran and Guilan, which border the Caspian 
Sea (Akhani & Ziegler 2002). Parts of these forested 
areas served as floristic refuges during the period of 
last ice age, and, as such, served to reseed Eurasian 
forests when the ice sheet receded (Tohidifar et  al., 
2016). The forests retain critically-important floristic 
biodiversity; members of the Poaceae dominate, with 
246 species described (Akhani et al. 2010). The allied 
family Cyperaceae, commonly known as sedges, 
is another dominant plant family in the Hyrcanian 
forests, of which genus Carex is particularly diverse 
(Homami Totmaj et  al., 2021; Naqinezhad et  al., 
2015). In Iran, there have been studies on endophytes 
colonizing wild plants as potential biocontrol agents 
(Alidadi et  al., 2019; Hagh-Doust et  al., 2017; 
Rostami et  al., 2021; Rostami et  al., 2022), but 
very little is known about the identity of microbial 
communities in the flora of the Iranian Hyrcanian 
forest (Kasaei et al., 2017). Similarly, little is known 
about their roles in the forest ecosystem in terms of 
its health as well as adverse effects.

Because of the prevalence of grasses and the 
allied sedges in the Hyrcanian forests, and the over-
whelming importance of grasses such as wheat, rice 
and corn to human civilization (FAOSTAT, 2023), 
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we undertook a study of the endophytic fungi living 
within wild grasses and sedges in the forests. The 
aim of this work was to deepen our understanding of 
how endophytes isolated from wild grasses and grass-
like species may respond to colonization with a new 
related host species, in this case, wheat.

Materials and methods

Plant materials

During the springs and summers of 2017 and 2018, 
and summer-autumn period of 2019, sampling sites 
were: (i) an arid region (Gorgan and Bandare Gaz: 
Golestan province), (ii) a salty soil site influenced 
by desert (Shahroud: Semnan province), and (iii) a 
high-rainfall region (Astara: Gilan province) (Fig. 1). 
Forty-one randomly-chosen plant samples mainly, 
from the family Poaceae and its allied family Cyper-
aceae (the two dominant plant families in the Hyrcan-
ian forests) as well as Asteraceae (another important 
floristic component of these forests), were selected 
for the following steps in the present study (Table 1).

Fungal endophyte isolation

Leaves, stems and roots of plant samples were 
cleaned under running tap water, and cut into 
1–2  cm segments. Segments were surface-sterilised 
by immersion in 1% sodium hypochlorite for 4 min, 
followed by 70% ethanol for 1 min, and then rinsed 
in sterile distilled water three times. After remov-
ing excess water by blotting with sterile filter paper, 
samples were cut into 3–5 mm-long sections. These 
were placed in Petri dishes containing 1/10th potato 
dextrose agar (PDA) (Sigma-Aldrich, USA) amended 
with 100 mg  L-l streptomycin sulfate (Azmiran, Teh-
ran, Iran) to isolate endophytic fungi. The imprint 
method was employed to verify the efficacy of the 
surface sterilization procedure (Taufiq & Darah, 
2018). Moreover, to evaluate the efficacy of surface 
sterilization procedure, the remnant of the final water 
used in the procedure was incubated in PDA and 
nutrient agar (NA) medium cultures to observe any 
fungal and bacterial growth. Hyphal tip culture was 
done at least three times to obtain pure cultures from 
each fungus that grew. Plates containing pure cul-
tures were kept in the dark for 10 days at 25 °C and 
checked periodically for fungal growth.

Fig. 1  Geographical locations of the three sampling sites of the Hyrcanian forests: Golestan province (marked in orange); Semnan 
province (marked in blue) and Guilan province (marked in yellow)
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Table 1  Geographical locations, coordinates, and date of samplings in Caspian Hyrcanian Forests

Sampling site Location
(city, province)

Location (lon-
gitude, latitude, 
altitude)

Date of collection 
(year, month, day)

Sample 
code
(symp-
tomatic 
 sample*)

Host plant
(family)

1 Naharkhouran, Golestan Long:  54o28’37″.E
Lat:  36o45’39”.N

Jul. 09, 2017 *S1 Carex remota (Cyperaceae)

Long:  54o26’59″.E
Lat:  36o47’2”.N

Jul. 10, 2017 *S2 Carex remota (Cyperaceae)

Long:  54o27’0″.E
Lat:  36o47’3”.N

Jul. 09. 2017 *S3 Carex remota (Cyperaceae)

Long:  54o29’1″.E
Lat:  36o45’15”.N

Jul. 09, 2017 S4 Carex remota (Cyperaceae)

Long:  53o56’56″.E
Lat:  36o42’3”.N

Jul.09, 2017 S6 Oplismenus hirtellus subsp. undu-
latifolius (Poaceae)

Bandar-e-Gaz, Golestan Long:  53o57’0″.E
Lat:  36o41’43”.N

Jul. 10, 2017 S9 Oplismenus hirtellus subsp. undu-
latifolius (Poaceae)

Long:  53o57’1″.E
Lat:  36o41’56”.N

Jul. 09, 2017 S10 Eleusine indica (Poaceae)

Long:  53o57’1″.E
Lat:  36o41’56”.N

Jul. 09, 2017 S11 Eleusine indica (Poaceae)

Long:  53o57’1″.E
Lat:  36o41’56”.N

Jul. 09, 2017 S12 Setaria viridis (Poaceae)

2 Shahroud, Semnan Long:  55o3’11″.E
Lat:  36o44’18”.N

Sep. 16, 2018 S21 Carex remota (Cyperaceae)

Long:  55o3’11″.E
Lat:  36o44’18”.N

Sep. 16, 2018 S22 Carex remota (Cyperaceae)

Long:  54o34’47″.E
Lat:  36o43’36”.N

Sep. 17, 2018 S23 Bromous sp. (Poaceae)

Long:  54o34’49″.E
Lat:  36o43’35”.N

Sep. 17, 2018 S24 Setaria viridis (Poaceae)

3 Shahroud, Semnan Long:55o2’56″.E
Lat:  36o44’45”.N

May 27, 2019 S31 Dactylis glomerata (Poaceae)

Long:  55o2’35″.E
Lat:  36o45’3”.N

May 27, 2019 S32 Dactylis glomerate (Poaceae)

Long:55o2’35″.E
Lat:  36o45’3”.N

May 27, 2019 S33 Bromus scoparius (Poaceae)

Long:55o2’12″.E
Lat:  36o45’18”.N

May 27, 2019 S34 Poa nemoralis (Poaceae)

Long:55o2’33″.E
Lat:  36o45’25”.N

May 27, 2019 *S35 Poa nemoralis (Poaceae)

Long:  55o2’33″.E
Lat:  36o45’24”.N

May 27, 2019 S36 Poa nemoralis (Poaceae)

4 Astara, Kuteh kumeh Long:  48o47’37″.E
Lat:  38o18’28”.N

Oct 10, 2019 S429 Microstegium vimineum (Poaceae)

Long:  48o47’37″.E
Lat:  38o18’28”.N

Oct 10, 2019 S431 Bromus ramosus (Poaceae)

Long:  48o47’37″.E
Lat:  38o18’28”.N

Oct 10, 2019 S432 Dactylis glomerate (Poaceae)

Long:  48o47’37″.E
Lat:  38o18’28”.N

Oct 10, 2019 S433 Bromus scoparius (Poaceae)
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DNA extraction and identification

Total DNA was extracted from pure cultures of fun-
gal isolates following a modified cetyltrimethylam-
monium bromide (CTAB)-based protocol (Dellaporta 
et  al. 1983). Briefly, 40  mg of fresh mycelium was 
harvested by scraping it from the surface of each 
culture with a sterile scalpel before being ground 

under liquid nitrogen. The ground tissue was trans-
ferred to microtubes and suspended in 700 μl CTAB 
extraction buffer [2% CTAB, 100  mM Tris-HCl, 
1.4 M NaCl, 20 mM ethylenediaminetetraacetic acid 
(EDTA), 0.5 g polyvinylpyrrolidone (PVP), pH 8.0]; 
the microtubes were then kept at 65  °C for 30  min. 
Then, 2  μl of Proteinase K (Thermo Scientific, Vil-
nius, Lithuania) was added to the solution and the 

Table 1  (continued)

Sampling site Location
(city, province)

Location (lon-
gitude, latitude, 
altitude)

Date of collection 
(year, month, day)

Sample 
code
(symp-
tomatic 
 sample*)

Host plant
(family)

Long:  48o44’21″.E
Lat:  38o18’25”.N

Oct 10, 2019 S440 Bromus ramosus (Poaceae)

Long:  48o47’3″.E
Lat:  38o18’22”.N

Oct 10, 2019 S446 Microstegium vimineum (Poaceae)

Astara, Darband Long:  48o50’52″.E
Lat:  38o22’39”.N

Oct 11, 2019 S451 Setaria viridis (Poaceae)

Long:  48o50’46″.E
Lat:  38o22’34”.N

Oct 11, 2019 S459 Glyceria plicata (Poaceae)

Long:  48o50’43″.E
Lat:  38o22’31”.N

Oct 11, 2019 S467 Conyza canadensis (Asteraceae)

Long:  48o50’45″.E
Lat:  38o22’31”.N

Oct 11, 2019 S472 Setaria viridis (Poaceae)

Long:  48o50’42″.E
Lat:  38o22’30”.N

Oct 11, 2019 S474 Conyza canadensis (Asteraceae)

Long:  48o50’41″.E
Lat:  38o22’30”.N

Oct 11, 2019 *S476 Conyza canadensis (Asteraceae)

Long:  48o50’41″.E
Lat:  38o22’30”.N

Oct 11, 2019 S477 Conyza canadensis (Asteraceae)

Long:  48o50’40″.E
Lat:  38o22’30”.N

Oct 11, 2019 S478 Conyza canadensis (Asteraceae)

Long:  48o50’40″.E
Lat:  38o22’30”.N

Oct 11, 2019 S479 Conyza canadensis (Asteraceae)

Long:  48o50’40″.E
Lat:  38o22’30”.N

Oct 11, 2019 S480 Glyceria plicata (Poaceae)

Long:  48o50’39″.E
Lat:  38o22’30”.N

Oct 11, 2019 S481 Conyza canadensis (Asteraceae)

Long:  48o50’38″.E
Lat:  38o22’29”.N

Oct 11, 2019 S483 Conyza canadensis (Asteraceae)

Long:  48o50’37″.E
Lat:  38o22’29”.N

Oct 11, 2019 S484 Bromus ramosus (Poaceae)

Long:  48o50’36″.E
Lat:  38o22’29”.N

Oct 11, 2019 S487 Bromus ramosus (Poaceae)

Long:  48o50’36″.E
Lat:  38o22’29”.N

Oct 11, 2019 S489 Microstegium vimineum (Poaceae)

Long:  48o50’38″.E
Lat:  38o22’29”.N

Oct 11, 2019 S490 Microstegium vimineum (Poaceae)

* Symptomatic sample
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mixture was kept at 37 °C for 30 min. Next, 700 μL 
of chloroform:isoamyl alcohol (24:1) was added and 
mixed, and the microtubes were centrifuged at 20,000 
xg for 10 min at 4 °C. The aqueous phase was trans-
ferred to a new sterile microtube and kept at 37 °C for 
30 min, followed by adding 2 μl of RNase A (Thermo 
Scientific, Vilnius, Lithuania). An equal volume of 
chilled chloroform:isoamyl alcohol (24:1) was then 
added to the tube and the solution was mixed for 
5  min, and subsequently centrifuged for 10  min at 
20,000 xg at 4 °C. Again, the aqueous layer was trans-
ferred into a new microtube, chilled isopropanol (0.6 
volume) was added and kept for 30  min at −20  °C. 
DNA was recovered by centrifugation at 20,000 xg 
for 10 min at 4 °C. The pellet was then washed with 
1 mL of 75% chilled ethanol, centrifuged at 20,000 xg 
at 4  °C, and dried at room temperature. Total DNA 
was resuspended in 25 μL water and stored at −20 °C. 
The quality of the genomic DNA was assessed visu-
ally by electrophoresis in 0.8% agarose gel, and quan-
tity was estimated by NanoDrop spectrophotometry 
(Thermo Scientific, Wilmington, DE, USA).

Molecular identification was performed using 
universal primer  pair ITS1  (5’-TCC GTA GGT GAA 
CCT GCG G-3′) and ITS4  (5’-TCC TCC GCT TAT TGA 
TAT GC-3′) to amplify internal transcribed spacer 
(ITS) regions of the ribosomal RNA gene (rDNA) 
of the fungi (Tan et  al., 2018). Independent PCR 
products were sequenced in both directions with the 
amplification primers using the Sanger method. Bio-
Edit software (Ver. 7.0.4.1; Hall 1999) was used to 
trim off the primer sequences and assemble sequences. 
Then, to identify the sequences that most closely 
matched the nucleotide sequences obtained in the 
current study, the basic local alignment search tool 
BLAST (Altschul et al. 1997), available at the National 
Center for Biotechnology Information (NCBI) and 
MycoBank engine (Robert et al., 2005) were employed 
to search GenBank databases for closest matches. 
Fungal taxonomic identification was done according 
to previous recommendations (Hofstetter et  al. 2012; 
Hofstetter et  al. 2019). Phylogenetic analysis of the 
isolates was done using reference sequences selected 
from NCBI GenBank and MycoBank databases, and 
three representative sequences of zygomycetous fungi, 
genus Mortierella (GenBank accessions AB542112, 
AB542092 and EU877758), as outgroup sequences 
(Douanla-Meli & Langer, 2012). Multiple sequence 
alignment of the sequences was done using CLUSTAL 

OMEGA (Madeira et  al., 2019). Phylogenetic 
relationships were then estimated by the maximum-
likelihood (ML) method (Nei & Kumar, 2000) with 
the “complete deletion” option of alignment gaps using 
MEGA software (version 10.1.1; Kumar et al., 2018). 
Having the lowest values for Bayesian information 
criterion (BIC) and Akaike information criterion, 
corrected (AICc) scores (Nei & Kumar, 2000), the 
Tamura-Nei model with a proportion of invariant 
sites and a gamma distribution of site-rate variants 
(TN93 + G + I) was selected as the best nucleotide 
substitution model and used to determine genetic 
relationships between the sequences under study. The 
robustness of nodes was tested with 1000 bootstrap 
replicates (Efron et al., 1996).

Wheat seed preparation and germination

Pure seed of autumn wheat (Triticum aestivum L.) 
cultivar Moghan-3, a high-yielding cultivar compat-
ible with warm  and humid climates (Anonymous, 
1974–2002), was obtained from the Seed and Plant 
Research Improvement Institute, Karaj, Iran, and 
used for this study. Before breaking seed dormancy, 
wheat seeds were subjected to surface sterilization in 
1% NaOCl for 1  min, immersed in 70% ethanol for 
1 min, and serially rinsed six times in sterile distilled 
water (Dastogeer et  al. 2017). To overcome wheat 
seed dormancy, a prechilling method was used as 
reported by the Association of Official Seed Analysts 
(AOSA) and the International Seed Testing Associa-
tion (ISTA) (Aghilian et al., 2014). Surface-sterilized 
seeds were imbibed in water and stored in a refrig-
erator at 4 °C for 24 h to give them the required cold 
treatment (Aghilian et  al., 2014; Nyachiro et  al., 
2002). Seed germination was done using a between-
paper method (Aghilian et  al., 2014). Seeds were 
placed between two layers of moist sterile paper tow-
els and exposed to indirect sunlight. Germination of 
seeds was checked daily, and after the radicle was 
2  cm long  (Fig.  2a), seedlings were inoculated with 
one fungal endophyte (Fig. 2b, c).

Inoculation of wheat seedlings by fungal isolates

On the basis of databases searches results and 
sequence identities, twenty-five pathogen- and non-
pathogen-like fungal isolates with high growth rates 
on culture media were selected as candidates for 
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growth efficacy tests on wheat seedlings. Assum-
ing that plants that survived adverse conditions have 
microbial communities with growth-promoting 
properties, the fungal isolates used in this step were 
from regions with relatively unfavorable environ-
mental conditions, i.e., an arid region with low rain-
fall (Golestan province) and a region with salty soil 
(Semnan province) (Fig. 1). Pure cultures of the cho-
sen isolates were first grown in Petri dishes contain-
ing PDA medium for about 10 days at 25  °C in the 
dark. A set of seeds was maintained uninoculated to 
use as the control group (Fig.  2c). Ten germinated 
wheat seedlings were then incubated next to grow-
ing margins of 10-day-old fungal colonies in PDA 
and placed in natural light at room temperature. 
Wheat seedlings grew directly on the media culture. 
The growth changes of the seedlings were evaluated 
four, seven, and ten days after the inoculation process, 
and records taken included the number of surviving 
seedlings, number of leaves and roots, length of seed-
lings and roots, and whole seedling length in both 
the control and endophyte-infected seeds at 10  days 
post-inoculation (dpi) (Fig. 2d). The experiment was 
performed using a completely random design of 10 
replicates.

Statistical analysis

Documenting of data was done using Microsoft Excel 
(Version 2716.16.27). Statistical data analysis was 
done using SPSS (Version 27). To estimate effects of 
the fungal isolates on seedling growth traits, one-way 
ANOVA followed by Duncan’s multi-range average 

comparison test (DMRT) were performed using root 
number, shoot number, stem length, total root length, 
total leaf length, and whole seedling length, among 
and between the 25 fungal treatments and controls.

Results

Host diversity

Forty-one samples from 12 plant species belonging to 
families Poaceae, Cyperaceae and Asteraceae were 
surveyed. The majority of the samples collected were 
from poaceous species, i.e., Bromus sp., Dactylis 
glomerota, Eluesina indica, Microstegium vimineum, 
Oplismenus hirtellus, Poa nemoralis, Glyceria pli-
cata, and Setaria viridis. Carex remota was the sole 
representative of the family Cyperaceae, which was 
collected from three sites (Table 1). Recovering 113 
fungal isolates from different tissue segments, i.e., 
root, stem and leaf, of the selected plants demon-
strated that the diversity of these fungi was different 
in various plant organs, and that, the leaf contained a 
higher diversity of endophytic fungi that were able to 
grow on PDA medium (Table 2).

Fungal diversity

PCR assays were performed on the DNAs of the 
113 fungal isolates under study to amplify their ITS 
regions (Table  2). Sequences shared the highest 
identities (96–100%) with reference sequences avail-
able in GenBank and MycoBank databases. Based on 

Fig. 2  Germination and inoculation processes of wheat seeds: 
(a) germinated seeds (2-cm long) ready for inoculation step; 
(b) non-inoculated seeds (negative control); (c) endophyte-

infected wheat seeds; and (d) size of seedling on culture media 
10  days post-inoculation by endophytic fungi with positive 
growth impact
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Table 2  Host plant identities and fungal isolates recovered from leaf (L), stem (S) and root (R)*

Sample code Host plant
(family)

Identities of fungi in leaves 
(GenBank accession no.)

Identities of fungi in stems 
(GenBank accession no.)

Identities of fungi in roots 
(GenBank accession no.)

Go-WS1 Carex remota (Cyperaceae) L1/Fusarium sp. 
(OL314558)

– R1/Fusarium sp. 
(OL314559)

R2/Fusarium sp. 
(OL314560)

Go-WS2 Carex remota (Cyperaceae) L2/Fusarium sp. 
(OL314561)

St1/Alternaria sp. 
(OL314563)

St2/Pleosporineae sp. 
(OL314564)

R1/Trichoderma sp. 
(OL314562)

Go-WS3 Carex remota (Cyperaceae) L2/Diaporthales sp. 
(OL314565)

L3/Lasiosphaeriaceae sp. 
(OL314566)

– R5/Trichoderma sp. 
(OL314567)

R6/Pezizomycotina sp. 
(OL314568)

R7/Aspergillus sp. 
(OL314569)

Go-WS4 Carex remota (Cyperaceae) L1/Fusarium sp. 
(OL314570)

St1/Pezizomycotina sp. 
(OL314571)

–

Go-WS6 Oplismenus hirtellus subsp. 
undulatifolius (Poaceae)

L2/Fusarium sp. 
(OL314572)

St1/Fusarium sp. 
(OL314574)

St2/Fusarium sp. 
(OL314575)

St3/Aspergillus sp. 
(OL314576)

St4/Aspergillus sp. 
(OL314577)

R1/Aspergillus sp. 
(OL314573)

Go-WS9 Oplismenus hirtellus subsp. 
undulatifolius (Poaceae)

L1/Didymellaceae sp. 
(OL314578)

L2/Xylariales sp. 
(OL314579)

L4/Xylariales sp. 
(OL314580)

– R1/Trichoderma sp. 
(OL314581)

R2/Fusarium sp. 
(OL314582)

Go-WS10 Eleusine indica (Poaceae) L1/Pleosporaceae sp. 
(OL314583)

– –

Go-WS11 Eleusine indica (Poaceae) L2/Pezizomycotina sp. 
(OL314584)

– R1/Fusarium sp. 
(OL314585)

R2/Fusarium sp. 
(OL314586)

Go-WS12 Setaria viridis (Poaceae) L2/Annulohypoxylon cf. 
stygium (OL314587)

– –

Se-WS21 Carex remota (Cyperaceae) – St1/Alternaria sp. 
(OL314590)

R1/Pleosporales sp. 
(OL314588)

R3/Pleosporales sp. 
(OL314589)

Se-WS22 Carex remota (Cyperaceae) L1/Penicillium sp. 
(OL314591)

St1/Phaeosphaeriaceae sp. 
(OL314594)

St2/Phaeosphaeriaceae sp. 
(OL314595)

St3/Phaeosphaeriaceae sp. 
(OL314596)

R1/Diaporthales sp. 
(OL314592)

R4/Diaporthales sp. 
(OL314593)
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Table 2  (continued)

Sample code Host plant
(family)

Identities of fungi in leaves 
(GenBank accession no.)

Identities of fungi in stems 
(GenBank accession no.)

Identities of fungi in roots 
(GenBank accession no.)

Se-WS23 Bromous sp. (Poaceae) – – R1/Diaporthales sp. 
(OL314597)

R2/Diaporthales sp. 
(OL314598)

R3/Pezizomycotina sp. 
(OL314599)

R4‑C1/Diaporthales sp. 
(OL314600)

R4/Diaporthales sp. 
(OL314601)

Se-WS24 Setaria viridis (Poaceae) L1/Alternaria sp. 
(OL314602)

L2/Alternaria sp. 
(OL314603)

L3/Pleosporaceae sp. 
(OL314604)

L4/Alternaria sp. 
(OL314605)

St1/Alternaria sp. 
(OL314608)

R1/Alternaria sp. 
(OL314606)

R2/Pleosporales sp. 
(OL314607)

Se-WS31 Dactylis glomerata 
(Poaceae)

L1/Pyrenophora trichos-
toma (OP650949)

– R2/Darksidea sp. 
(OP650950)

R3/Alternaria chlamydo-
sporigena (OP650951)

R4/Alternaria chlamydo-
sporigena (OP650952)

Se-WS32 Dactylis glomerata 
(Poaceae)

– – R1/Dothideomycetes sp. 
(OP650953)

R2/Parastagonospora sp. 
(OL314609)

R3/Pleosporales sp. 
(OP650954)

Se-WS33 Bromus scoparius
(Poaceae)

– – R3/Ceratobasidiaceae sp. 
(OP650955)

Se-WS34 Poa nemoralis L.
(Poaceae)

L1/Parastagonospora 
nodorum (OP650956)

L2/Parastagonospora 
nodorum (OP650957)

L3/Parastagonospora 
nodorum (OP650958)

– –

Se-WS35 Poa nemoralis L.
(Poaceae)

– – R2/Fusarium sp. 
(OP650959)

Se-WS36 Poa nemoralis L. (Poaceae) – – R2/Fusarium sp. 
(OL314610)

GI-WS429 Microstegium vimineum
(Poaceae)

– St1/Fusarium sp. 
(OP650961)

R1/Fusarium sp. 
(OP650960)

GI-WS431 Bromus ramosus
(Poaceae)

L2/Biscogniauxia sp. 
(OP650962)

– R2/Ascomycota sp. 
(OP650963)

GI-WS432 Pteris cretica
(Pteridaceae)

– St2/Ascomycota sp. 
(OP650964)

–

GI-WS433 Bromus ramosus
(Poaceae)

– – R3/Trichoderma sp. 
(OP650966)

GI-WS440 Bromus ramosus
(Poaceae)

– – R2/Trichoderma sp. 
(OP650966)
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Table 2  (continued)

Sample code Host plant
(family)

Identities of fungi in leaves 
(GenBank accession no.)

Identities of fungi in stems 
(GenBank accession no.)

Identities of fungi in roots 
(GenBank accession no.)

GI-WS446 Microstegium vimineum
(Poaceae)

L1/Colletotrichum sp. 
(OP650967)

L4/Colletotrichum sp. 
(OP650968)

St3/Colletotrichum sp. 
(OP650969)

–

GI-WS451 Setaria viridis
(Poaceae)

L4/Coniochaeta sp. 
(OP650970)

– R1/Ascomycota sp. 
(OP650971)

GI-WS459 Glyceria plicata
(Poaceae)

L3/Sordariomycetes sp. 
(OP650972)

– –

GI-WS467 Conyza canadensis
(Asteraceae)

– St2/Coprinellus sp. 
(OP650974)

St3/Coprinellus sp. 
(OP650975)

R2/Diaporthales sp. 
(OP650973)

GI-WS472 Setaria viridis
(Poaceae)

L2/Ascomycota sp. 
(OP650976)

GI-WS474 Conyza canadensis
(Asteraceae)

L1/Sordariomycetidae sp. 
(OP650977)

– –

GI-WS476 Conyza canadensis
(Asteraceae)

L1/Colletotrichum sp. 
(OP650978)

– R1/Diaporthales sp. 
(OP650980)

R1-C1/Fusarium sp. 
(OP650979)

GI-WS477 Conyza canadensis
(Asteraceae)

L1/Colletotrichum sp. 
(OP650981)

L2-C2/Colletotrichum sp. 
(OP650982)

L3/Colletotrichum sp. 
(OP650983)

– R1/Fusarium sp. 
(OP650984)

GI-WS478 Conyza canadensis
(Asteraceae)

L1/Colletotrichum sp. 
(OP650985)

St1/Colletotrichum sp. 
(OP650986)

St3/Colletotrichum sp. 
(OP650988)

St3-C2/Colletotrichum sp. 
(OP650987)

GI-WS479 Conyza canadensis
(Asteraceae)

L1/Colletotrichum sp. 
(OP650989)

L3/Colletotrichum sp. 
(OP650990)

GI-WS480 Glyceria plicata
(Poaceae)

– St1/Pleosporaceae sp. 
(OP650991)

–

GI-WS481 Conyza canadensis
(Asteraceae)

L1/Fusarium sp. 
(OP650992)

L2/Colletotrichum sp. 
(OP650993)

L3/Colletotrichum sp. 
(OP650994)

– R2/Periconia sp. 
(OP650995)

R4/Alternaria sp. 
(OP650996)

GI-WS483 Conyza canadensis
(Asteraceae)

L1/Colletotrichum sp. 
(OP650997)

L2/Colletotrichum sp. 
(OP650938)

L4/Colletotrichum sp. 
(OP650939)

St2/Colletotrichum sp. 
(OP650940)

–

GI-WS484 Bromus ramosus
(Poaceae)

L3/Ascomycota sp. 
(OP650941)

St1/Colletotrichum sp. 
(OP650942)

–
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molecular analysis of ITS sequences, eight isolates 
were identified to the species level, 67 isolates were 
classified to the genus level, 10 to the family level, 
one to the suborder level, 15 to the order level, and 12 
isolates could not be categorized below the level of 
order (Table 2). Thirty-nine isolates (34%) belonged 
to taxa associated with pathogenesis, viz Fusarium, 
Alternaria, Parastagonospora, Pyrenophora and 
Aspergillus (Supplementary Fig.  1). These fungi 
were isolated from seven host species (Supplemen-
tary Fig.  2). Fourteen isolates (12%) were from 
apparently non-pathogenic fungal genera belonging 
to Annulohypoxylon, Periconia, Darksidea, Coni-
ochaeta, Biscogniauxia, Corpinellus, Penicillium, 
and Trichoderma (Supplementary Fig.  3). The non-
pathogen-like fungi were recovered from six plant 
species (Supplementary Fig.  4). The highest com-
munity composition and diversity of endophytes was 
obtained from leaves. Colletorichum, Fusarium, and 
Alternaria were the most abundant genera, with 22, 
19, and 9 isolates, respectively. While, Colletotrichum 
was the most dominant genus in leaves and stems of 
host plants, the distribution of Fusarium was higher 
in root tissues. The sequence of isolate Se-WS31R2 
perfectly matched to a representative sequence from 
Darksidea sp., a genus of root-colonizing dark septate 
endophytes (DSE) (Santos et al., 2021).

The analyses of genetic relationship and isolate 
distribution revealed that more than 90% of the iso-
lates belonged to division Ascomycota, while two iso-
lates were members of Basidiomycetes (Fig. 3). Iso-
lates belonging to Colletotrichum and Fusarium were 
the two biggest clades. Isolates of Alternaria were 
distributed in two groups across the tree of which 
the smaller one was closely related to Pyrenophora 

and Bipolaris, whereas Curvularia strains were less 
related to Alternaria groups. The phylogenetic rela-
tionship and placement of remaining isolates was in 
agreement with BLAST search results. ITS sequences 
were deposited in the GenBank database of the NCBI 
under accessions listed in Table  2 (Accession Nos. 
OL314558-OL314610; OP650938-OP650997).

Impact of wild-plant endophytic fungi on wheat

Twenty-five fast-growing isolates (Table  2; Fig.  4) 
recovered from 13 plant samples collected from two 
collection regions (Fig.  5) were selected for wheat 
seedling inoculation. Based on Duncan’s multi-
range average comparison test, it was determined 
that the fungi under study could be divided into six 
to eleven statistical groups, ranging from those with 
severe adverse effects on the growth and develop-
ment of wheat seedlings, to super growth-promot-
ing effects (Table  3; Fig.  6). While some isolates, 
e.g., Se-WS23R2, Se-WS21St1, Se-WS22St1, Go-
WS1R2, Se-WS23R4 C1, Se-WS36R2, Se-WS35R2, 
Se-WS33R3, and Se-WS23R4 had the lowest aver-
age growth promotion effects, i.e. the highest patho-
genic effects, other isolates had the highest average 
growth promotion effects, i.e. the greatest beneficial 
effects, e.g., Se-WS34L1, Go-WS3L3, Se-WS31L1, 
Se-WS22R1, Se-WS32R2, Se-WS22R4, Se-WS32R3, 
Se-WS31R3, Go-WS2L2, Se-WS24St1, Se-WS21R1, 
Se-WS21R3, Se-WS34L3, Se-WS31R2, and 
Se-WS22L1.

The growth and development test indicated that 
pathogen-like endophytes Se-WS21St1 (Alternaria 
sp.) and Se-WS23R2 (Diaporthales sp.) resulted in 
the deaths of most seedlings, with only two and one 

Table 2  (continued)

Sample code Host plant
(family)

Identities of fungi in leaves 
(GenBank accession no.)

Identities of fungi in stems 
(GenBank accession no.)

Identities of fungi in roots 
(GenBank accession no.)

GI-WS487 Bromus ramosus
(Poaceae)

L2/Colletotrichum sp. 
(OP650943)

St4/Coprinellus radians 
(OP650944)

–

GI-WS489 Microstegium vimineum
(Poaceae)

– – R1/Fusarium sp. 
(OP650945)

GI-WS490 Microstegium vimineum
(Poaceae)

L5/Colletotrichum sp. 
(OP650946)

L6-C1/Alternaria sp. 
(OP650947)

– R4/Pleosporaceae sp. 
(OP650948)

*Isolates used in germination studies were shown in bold
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seedlings remaining viable by 10 dpi, respectively 
(Fig. 6). Performance of seedlings colonized by Go-
WS1R2, Se-WS22St1, Se-WS23R4, Se-WS23R4/C1, 
Se-WS33R3, and Se-WS36R2, belonging to Fusar-
ium sp., Phaeosphaeriaceae sp., Diaporthales sp., 

Diaporthales sp., Ceratobasidiaceae sp., and Fusar-
ium sp., respectively, was equal or weaker than con-
trol (un-inoculated) seedlings growing on the same 
medium. In contrast, almost all features examined, 
including number of leaves, leaf-root lengths, and 

Fig. 3  A maximum-likelihood (ML) phylogenetic tree con-
structed using ITS sequences of ribosomal DNA gene of fun-
gal isolates recovered from some herbaceous species in the 
present study (marked in blue) and representative isolates from 
GenBank and Mycobank datasets. Numbers at each node show 

the percentage of supporting bootstrap samples in ML meth-
ods. Three sequences of Mortierella species were chosen as 
outgroups to root the tree. Scale bar defines nucleotide replace-
ments per site. Isolates marked in red represent chosen endo-
phytes for growth efficacy test
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whole seedling biomass were significantly enhanced 
upon the treatment of seedlings with Se-WS34L1 and 
Se-WS31L1 inocula identified to the level of spe-
cies as Parastagonospora nodorum and Pyrenophora 

trichostoma, respectively. Moreover, the inoculation 
of seedlings with Go-WS3L3 isolate (Lasiospha-
eriaceae sp.) caused remarkable increases in num-
ber of roots and stem length (Fig.  6). Colonization 

Fig. 4  Morphological diversity of some fungal colonies used 
in wheat tests on potato dextrose agar (PDA) culture media: 
(a) Pyrenophora trichostoma (Se-WS31L1), (b) Fusarium 
sp. (Se-WS36R2), (c) Parastagonospora nodorum (Se-
WS34L1), (d) Diaporthales sp. (Se-WS22R1), (e) Alternaria 
sp. (Se-WS21St1), (f) Diaporthales sp. (Se-WS22R4), (g) 
Diaporthales sp. (Se-WS32R4), (h) Stagonospora sp. (Se-

WS32R2), (i) Phaeosphaeriaceae sp. (Se-WS22St1), (j) Ple-
osporales sp. (Se-WS21R1), (k) Fusarium sp. (Go-WS2L2), 
(l) Pleosporales sp. (Se-WS32R3), (m) Darksidea sp. (Se-
WS31R2), (n) Penicillium sp. (Se-WS22L1), (o) Lasiospha-
eriaceae sp. (Go-WS3L3), (p) Parastagonospora nodorum 
(Se-WS34L3), (q) Pleosporales sp. (Se-WS21R3)
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of seedlings by the dark septate endophyte, isolate 
Se-WS31R2, conferred positive effects on most plant 
growth features. The treatment of seedlings with 
the other isolates illustrated lesser enhancements in 
growth features and biomass. The results of the analy-
sis are shown in detail in Fig. 7 and Supplementary 
Tables 1,2.

Discussion

In the current study, screening three different plant 
organs of some wild graminoids and grass-like herbs, 
belonging to 24 species and eight plant families resid-
ing in three geographically different regions of the 
Iranian Hyrcanian forest was done to reveal fungal 
community composition. Isolation of fungi from the 
root, stem and leaf tissues of studied plants indicated 
that most, if not all, plant tissues of grass and grass-
like species in these mountainous forests maintain 
endophytic partnerships (Douanla-Meli & Langer, 

2012). Previous studies have reported that roots of 
host plants had the highest richness and diversity of 
pathogen (−like) endophytes (Wang et  al., 2022), 
however, in this study the endophytic fungi of the 
leaves were more diverse. Our results were in agree-
ment with former reports and suggest that organ 
specificity of non-pathogen/pathogen-like endophytic 
fungi may differ from one host and/or ecosystem to 
another (Nessa et  al., 2023; Sawmya et  al., 2013). 
Considering that the sampling sites chosen all had 
extreme unique features, we hypothesized that fungal 
isolates recovered from asymptomatic plants inhab-
iting these regions may assist growth under these 
unfavorable conditions. Isolates of Annulohypoxy-
lon cf. stygium, Periconia sp., and Trichoderma sp. 
were derived from these plants (Cheng et  al., 2023; 
Harman et  al., 2021; Liu et  al., 2020). Isolate Se-
WS31R2 was identified as a species of Darksidea, 
a common genus of dark septate endophytes  (DSE). 
This is the first report of the presence of this fungus 
from the Hyrcanian forested massifs of Iran. They are 

Fig. 5  Original plants from 
which fungal colonies used 
in wheat experiments were 
isolated: (a) Bromus sco-
parius, (b) Bromus sp., (c) 
Poa nemuralis, (d) Setaria 
viridis, (e) Carex remota, 
and (f) Dactylis glomerata 
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Table 3  Vegetative features of seedlings inoculated with cultured fungi 10 days post-inoculation

Sample code Identities of 
fungi

Number of 
alive seed-
lings

Marginal 
means of 
number of 
roots

Marginal 
means of 
number of 
leaves

Marginal 
means of 
total root 
lengths (cm)

Marginal 
means of 
total leaf 
lengths (cm)

Marginal 
means of 
total stem 
lengths (cm)

Marginal 
means of 
whole seed-
ling lengths 
(cm)

Go-WS1R2 Fusarium sp. 5 1.00–2.00 ≤1.00 ≤5.00 ≤5.00 ≤1.00 ≤5.00
Go-WS2L2 Fusarium sp. 10 3.00–4.00 2.00–3.00 ≤5.00 5.00–10.00 1.00–2.00 5.00–10.00
Go-WS3L3 Lasiospha-

eriaceae 
sp.

10 ≥4.00 1.00–2.00 10.00–15.00 10.00–15.00 3.00–4.00 ≥15.00

Se-WS21St1 Alternaria 
sp.

2 ≤1.00 ≤1.00 ≤5.00 ≤5.00 ≤1.00 ≤5.00

Se-WS21R1 Pleosporales 
incertae 
sedis

9 ≥4.00 1.00–2.00 5.00–10.00 5.00–10.00 2.00–3.00 10.00–15.00

Se-WS21R3 Pleosporales 
incertae 
sedis

10 ≥4.00 1.00–2.00 5.00–10.00 10.00–15.00 3.00–4.00 10.00–15.00

Se-WS22L1 Penicillium 
sp.

10 ≥4.00 1.00–2.00 5.00–10.00 10.00–15.00 2.00–3.00 10.00–15.00

Se-WS22St1 Phaeospha-
eriaceae 
sp.

5 1.00–2.00 ≤1.00 ≤5.00 ≤5.00 ≤1.00 5.00–10.00

Se-WS22R1 Diaporthales 
incertae 
sedis

9 3.00–4.00 1.00–2.00 10.00–15.00 10.00–15.00 2.00–3.00 10.00–15.00

Se-WS22R4 Diaporthales 
incertae 
sedis

9 3.00–4.00 1.00–2.00 5.00–10.00 10.00–15.00 2.00–3.00 10.00–15.00

Se-WS23R2 Diaporthales 
incertae 
sedis

1 ≤1.00 ≤1.00 ≤5.00 ≤5.00 ≤1.00 ≤5.00

Se-WS23R4/
C1

Diaporthales 
incertae 
sedis

5 1.00–2.00 ≤1.00 ≤5.00 ≤5.00 ≤1.00 ≤5.00

Se-WS23R4 Diaporthales 
incertae 
sedis

5 1.00–2.00 ≤1.00 ≤5.00 ≤5.00 ≤1.00 ≤5.00

Se-WS24St1 Alternaria 
sp.

10 3.00–4.00 1.00–2.00 10.00–15.00 10.00–15.00 2.00–3.00 10.00–15.00

Se-WS31L1 Pyrenophora 
trichos-
toma

10 ≥4.00 2.00–3.00 5.00–10.00 10.00–15.00 2.00–3.00 10.00–15.00

Se-WS31R2 Darksidea 
sp.

10 ≥4.00 1.00–2.00 5.00–10.00 10.00–15.00 3.00–4.00 ≥15.00

Se-WS31R3 Alternaria 
chlamydo-
sporigena

8 3.00–4.00 1.00–2.00 5.00–10.00 5.00–10.00 2.00–3.00 10.00–15.00

Se-WS32R2 Stagonos-
pora sp.

9 3.00–4.00 1.00–2.00 5.00–10.00 5.00–10.00 1.00–2.00 ≤5.00

Se-WS32R3 Pleosporales 
incertae 
sedis

10 3.00–4.00 1.00–2.00 5.00–10.00 5.00–10.00 1.00–2.00 10.00–15.00
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a group with world-wide distribution and are found 
as root-colonising fungi. They are often found associ-
ated with extremophile plants that colonise environ-
ments with strong abiotic stress (Knapp et al., 2015), 
such as those sampled for the current study.

The term ‘endophyte’ refers to micro-organisms 
that colonize internal plant tissues without pathogen-
esis (Wilson, 1995). Fungal endophytes lead a wide 
range of lifestyles from latent pathogens or sapro-
trophs to mutualists (Redman et al., 2001). Sequence 
analysis of isolates under study showed the preva-
lence of fungi within genera where some species/
pathotypes are serious pathogens, such as Fusarium, 
Alternaria, Parastagonospora, and Pyrenophora 
(Russo et  al., 2016; Sajeena et  al., 2020). The seed 
growth efficacy experiment revealed that some strains 
of these pathogen-like fungi positively affected the 
growth and vegetative attributes of treated wheat 
seedlings. The transition from the the endophytic to 
the pathogenic state has been reported previously in 
some strains of Alternaria alternata associated with 
specific plant species/genera (DeMers, 2022).

On the other hand, as the plant health triangle 
points out, coexistence of the three factors microbi-
ota, host plant, and environment is needed for plant 
health. If one of these three factors is not optimal, 
then disease may occur (Francl, 2001; Leveau, 2024). 

The climate continues to change and its negative 
impact on crop production is inevitable. Employing 
wild-plant microbiota on cultivated crops in managed 
ecosystems to provide more optimized food prod-
ucts, specifically high-yielding and compatible crops, 
while it is a promising strategy, it is also potentially 
threatening. Despite the growth-promoting poten-
tial of pathogen-like endophytes in wheat, effects on 
other species must be tested under a range of climatic 
and agronomic circumstances. Kuo et  al. reported 
that changes in environmental conditions and host 
plants stimulated the interactions of the model fungus 
Neurospora crassa which led to a shift from endo-
phytic mode to pathogenic mode (Kuo et  al., 2014). 
Additionally, according to the definition of ‘endo-
phyte’, the term endophyte can be applied to latent 
pathogens that reside in host plants for a long period 
with no apparent metabolic activity. However, stimu-
lating factors such as biotic and abiotic stresses may 
affect their seemingly harmless interaction with the 
host with the possibility of causing diseases (Hai-Tao 
et al., 2021; Tsers et al., 2023).

In the current study, to assess the pathogenic and 
non-pathogenic impacts of the isolates, seedlings 
were directly subjected to colonies of pathogen/
non-pathogen-like fungal endophytes under labora-
tory conditions, while filtrates and extracts obtained 

Table 3  (continued)

Sample code Identities of 
fungi

Number of 
alive seed-
lings

Marginal 
means of 
number of 
roots

Marginal 
means of 
number of 
leaves

Marginal 
means of 
total root 
lengths (cm)

Marginal 
means of 
total leaf 
lengths (cm)

Marginal 
means of 
total stem 
lengths (cm)

Marginal 
means of 
whole seed-
ling lengths 
(cm)

Se-WS33R3 Ceratobasi-
diaceae sp.

5 1.00–2.00 ≤1.00 ≤5.00 5.00–10.00 ≤1.00 5.00–10.00

Se-WS34L1 Parastago-
nospora 
nodorum

10 3.00–4.00 2.00–3.00 10.00–15.00 15.00–20.00 2.00–3.00 ≥15.00

Se-WS34L2 Parastago-
nospora 
nodorum

7 2.00–3.00 1.00–2.00 5.00–10.00 5.00–10.00 1.00–2.00 10.00–15.00

Se-WS34L3 Parastago-
nospora 
nodorum

10 ≥4.00 1.00–2.00 5.00–10.00 10.00–15.00 3.00–4.00 ≥15.00

Se-WS35R2 Fusarium sp. 7 1.00–2.00 1.00–2.00 ≤5.00 5.00–10.00 1.00–2.00 5.00–10.00
Se-WS36R2 Fusarium sp. 4 1.00–2.00 ≤1.00 ≤5.00 ≤5.00 ≤1.00 ≤5.00
Negative 

control
_ 8 2.00–3.00 1.00–2.00 5.00–10.00 5.00–10.00 ≤1.00 5.00–10.00
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Fig. 6  Growth condition 
of the seedlings: (a) four 
days, (b) seven days, and (c) 
ten days after inoculation 
process with low (middle) 
and high (bottom) growth 
efficacies as compared with 
negative control seedlings 
(top)
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from fungal endophytes were common methods to 
inoculate seeds/seedlings of target plants to evaluate 
the efficacy of non-pathogen-like fungi on non-host 
plants (García-Latorre et  al., 2023; Jaber & Enkerli, 
2016). Infecting wheat plantlets through direct expo-
sure to endophytic fungal colonies rather than filtrate 
or extract approaches is a simple method of inocu-
lation. For instance, endophytic or non-endophytic 
impacts of microbiota colonizing wild vegetations in 
various ecosystems on non-host plants can be speci-
fied in a short period of time after direct inoculation, 
unlike culture filtrate and extract methods whereby 
the endophytic/pathogenic nature of applied microbes 
could be discovered only after planting and grow-
ing non-host treated seeds/seedlings in a distinct 
period (García-Latorre et al., 2023; Jaber & Enkerli, 
2016; Yan et  al., 2011). We are aware that inocula-
tion of single pure endophyte cultures to seedlings 
derived from surface-sterile seed does not closely 
mimic the situation in the field where large numbers 

of competing microbes are present in the soil. Field-
grown plants may be co-colonized by many microor-
ganisms belonging to several taxonomic groups up to 
the level of Kingdom. Introducing endophytic isolates 
to wheat seedling under heavily-controlled conditions 
is just the first step in identifying commercially valua-
ble fungi that benefit crop production (Sela Saldinger 
et al., 2023). Additionally, we assumed that introduc-
ing novel isolates to wheat (or other plants) using the 
direct inoculation method we applied as well as soil-
less/hydroponic systems can make least the microbial 
contamination (Sela Saldinger et al., 2023). Thus, the 
present study was small-scale, designed to explore the 
concept that fungal pathogens and growth-promoting 
fungal endophytes living inside wild plants may dif-
ferentially affect growth of a new host (Figs.  6, 7). 
Fungal endophyte-plant interactions are not entirely 
predictable and may alter under various conditions 
in  vivo. It is possible that pathogen-like endophytes 
associated asymptomatically with wild plants can 

Fig. 7  Effects of pathogen/non-pathogen-like endophyte treat-
ments on wheat growth attributes: (a) number of root, (b) 
number of leaf, (c) stem length, (d) total root lengths, (e) total 

leaf lengths, and (f) whole seedling length. Identical lower let-
ters indicate that there were no statistically significant differ-
ences between the groups (Duncan test, 𝑃≤0.01)
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cause pathogenesis in cultivated plants. Therefore, 
matching together beneficial endophytes isolated 
from wild plants with cultivars growing in highly-
managed agricultural systems offer future prom-
ise, but only after thorough assessment. Practically 
speaking, wild-plant fungal isolates will themselves 
undergo domestication for such application, begin-
ning with culture of pure stable isolates and the 
development of efficient inoculation systems. There is 
likely to be a vast untapped resource of fungal (and 
other) endophytes suitable for this task available from 
wild habitats such as the Hyrcanian Forests of Iran, 
but their isolation and identification is the first step in 
their domestication. As forests are destroyed to make 
room for more crops, two clear risks emerge. One is 
that new pathogens present in wild habitats spillover 
to crops, causing disease. The other is that potentially 
priceless beneficial endophytes are lost without us 
ever identifying them.
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