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Abstract

The root endophytic fungi coexist in a mutualistic relationship within their host plants. This
study aimed to analyse the complex relationships between these plants and their fungi, revealing
insight into the abundance of microbial communities living in the root systems of distinct Pterido-
phyte species inside this protected environment in the Gunung Tukung Gede Nature Reserve,
Indonesia, and explore the potential functional roles of these fungal communities in the ecosys-
tem. The research was carried out between July 2022 and January 2023. The roots of Pterido-
phyta were sampled randomly from three stations. The environmental variables examined were
temperature, soil pH, moisture, and light intensity. The fungi were isolated and cultured in the
PDA medium, which could then be identified. There were eight genera of root endophytic fungi:
Aspergillus sp., Trichoderma sp., Phoma sp., Phialophora sp., Penicillium sp., Paecilomyces sp.,
Humicola sp., and Fusarium sp. In the designated conservation zones, this mutualistic connection
contributes to the preservation of ecosystem health and biodiversity by being essential to Pterido-
phyta’s resilience and intake of nutrients.

Keywords: conservation zone, diversity, ecosystem, mutualistic.

Introduction

Pteridophytes are essential to the ecology
and growth of terrestrial ecosystems. The
plants are seedless taxa having a vascu-
lar system, megaphylls, and spore dis-
semination as their reproductive mecha-
nism (Aros-Mualin et al. 2021). Particular-

ly in areas with high humidity, like tropical
rainforests, Pteridophytes are frequently
seen in Indonesian woods. These ancient
plants significantly impact biodiversity and
ecological stability due to their unique re-
productive strategies and widespread.
Gunung Tukung Gede Nature Reserve
(GTGNR) is a forest area with an altitude
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of 125-750 m with climate type A (tropical)
and an average rainfall of £2151 mm-yr
(Sunarti 2011). Many Pteridophyte plants
are found in the area. Information on bio-
diversity in the ecosystem at GTGNR that
has been inventoried, such as flora diver-
sity, as in the research of Djarwaningsih
(2011), who managed to find 167 species
of plants and fauna diversity, including
mammals, birds, and reptilians. Khastini
et al. (2021) reported on the diversity of
entomopathogenic fungi from this area,
but information on the diversity of root en-
dophytic fungi is still lacking.

Various symbiotic microorganisms,
known as root endophytic fungi, have
attracted increasing attention in recent
years as one of the many variables affect-
ing the health and adaptation of Pterido-
phytes. These fungi serve essential eco-
logical functions within forest ecosystems
and act as a source of germplasm with po-
tential applications in food and medicine
(Suraida et al. 2013). Root endophytic
fungi can colonise plant root tissues but
do not inhibit the growth and develop-
ment of their host plants (Sun et al. 2022).
They can increase the growth of their host
plants by optimising the absorption of nu-
trients through the structures they form or
by producing growth-regulating hormones
(Khastini 2018). They can produce sec-
ondary metabolite compounds that can
be isolated into antimicrobial compounds
and kill or inhibit pathogens (Harahap
et al. 2017). Root endophytic fungi live
in the roots and have the potential to in-
fluence plant communities (Rillig et al.
2014). Sporophytes and gametophytes
of Pteridophytes form symbiotic associa-
tions with them (Muthukumar and Prabha
2012). This mutualistic symbiosis is es-
sential for plant establishment, survival,
and health. The host plant obtains nutri-
ents from the fungi and provides a carbon

supply to them (Muthukumar et al. 2014).
One of the advantages that fungal coloni-
sation confers upon the host plant is the
enzymatic degradation of organic nutrient
sources in the soils and the subsequent
transfer of the resulting products to plants.
This is because root endophytic fungi
are widely distributed in the rhizosphere
or rhizoplane of plants growing in soils.
They can increase drought tolerance re-
sistance to soil pathogens, increase soil
aggregate stability, and increase plant
growth and vyield so that it can be devel-
oped as a biological fertilizer (Watts et al
2023). Their role is quite important, so in-
formation on the diversity of microorgan-
isms is needed.

Microhabitats play a critical role in cre-
ating the ecology of Pteridophyte commu-
nities in GTGNR. A complex interaction
of variables, such as differences in the
species mix of plants, the texture of the
soil, and the presence of nearby flora,
distinguishes these microenvironments.
Pteridophytes flourish in these varied
and dynamic environments, exhibiting
extraordinary resilience and ecological
value. Notably, they play a crucial role in
preserving the stability of the ecosystem
inside the reserve due to their capacity to
reduce water loss, primarily through the
activity of their sporophytes. Numerous
adaptive traits have developed in these
plants, including waxy cuticles on fronds
that ward off water vapor, sensitive sto-
mata that respond to variations in soil and
air temperatures, and leaf water potentials
that are influenced (Krieg and Chambers
2022). In contrast, gametophytes rely on
their capacity to endure and recover from
water fluctuation since they lack xylem, ef-
fective waxy cuticles, or stomata.

This study explores the variety of root
endophytic fungi in Pteridophytes to un-
cover what is beneath the forest floor of
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Gunung Tukung Gede Nature Reserve.
It aims to analyse the complex relation-
ships between these plants and their fun-
gi, revealing insight into the abundance
of microbial communities living in the root
systems of distinct Pteridophyte species
inside this protected environment. This
study adds to the growing knowledge
on plant-fungus interactions by concen-
trating on a particular and comparatively
unexplored ecological niche of the Pteri-
dophytes root endosphere in a biodiverse
hotspot.

Object and Method

The object of the study

Root endophytic fungi were isolated from
the Pteridophyta plant roots in GTGNR
as illustrated in Figure 1. The sampling
location was divided into three research
stations, | and Il in the eastern area while
Station Il was in the western area. It rep-
resents distinct conditions: open vegeta-
tion, closed vegetation, and near settle-
ments condition. Samples were collected
using random sampling in the plot. Plots
were determined based on a plot size of
5x5 m.

Based on observation, Station |
(Fig. 2A) is a typical open vegetation
area, was dominated by Pleocnemia ir-
regularis (C. Presl) Holttum with medium
density. There are also three other spe-
cies of Pterydophyta found in the station,
e.g., Davallia denticulate (Burm. f.) Kuhn,
Cyclosorus terminans (Wall. ex Hook.)
Shing, Christella sp. The soil texture is
loamy sand. Gnetum gnemon L. trees
planted by residents surround this station
but are not intertwined, so the Pterido-
phytes underneath get high sunlight.

Station I, with closed vegetation

(Fig. 2B), is dominated by Stenochlaena
palustris (Burm. f.) Bedd. plants with a
high density. Pleocnemia irregularis (C.
Presl) Holtt. and Adiantum tenerum Sw.
are two other species found in this sta-
tion. The soil texture is clayey loam. This
station is surrounded by Pterospermum
Jjavanicum Jungh., which is intertwined so
that the Pteridophyte below are blocked
from sunlight.

Station Ill is located near residential ar-
eas (Fig. 2C) dominated by Christella den-
tata (Forssk.) Brownsey & Jermy plants
with moderate density. The soil texture is
sandy loam. This station is surrounded by
Shorea sp. that is not intertwined so that
the Pteridophytes underneath are blocked
from sunlight.

Environmental factors

Environmental parameters such as tem-
perature, relative humidity and light inten-
sity at the sampling sites are measured
and documented using Fluke 971 Tem-
perature Humidity Meter and Digital Lux
Meter Photometer Smart Sensor AS823.
The environmental parameters can be
viewed in Table 1.

The average temperature of the coldest
month in the GTGNR s typically around
15 °C, while the average temperature of
the hottest month is around 25 °C. The
absolute minimum temperature recorded
in the area is 10 °C, and the absolute
maximum temperature is 30 °C. The
average annual temperature is approx-
imately 20 °C. Regarding precipitation,
the average monthly precipitation varies
throughout the year. The highest monthly
average precipitation is typically around
300 mm, while the lowest monthly aver-
age precipitation is around 50 mm. The
total annual precipitation is approximately
1500 mm.
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Fig. 2. Sampling site condition: A — Station I, B — Station Il, C — Station lIl.

Table 1. Condition of environmental factor of the sampling station.

Sta- GPS coordinates Tempera-  Relative Light Soil  Soil

tion ture, °C  humidity, % intensity, lux type pH
| 6°817.16” S, 106°0'18.84" E 28 51 809.6-10? Ultisol 3.94
Il 6°8'8.22" S, 106°0'36.48” E 26 58 10.6-102 Ultisol  3.92
Il 6°838.4” S, 105°58'52.32" E 27 48 29.8-10? Latosol 6

Isolation and colonisation process
of root endophytic fungi
in Pteridophyta plant

Isolation of root endophytic fungi was
carried out using a modification of the
surface sterilisation method of Khastini
et al. (2022). About 30 root samples of
Pteridophyte were collected in each of
the stations. They were washed with tap
water to remove debris and then cut into
approximately 1 cm. The segment root
samples were washed with 70% alcohol
for 1 min, followed by a solution of NaOCI
0.1% for 15 min, and rinsed three times
using sterile water using a vortex mixer.
The sterile root segments were air-dried
overnight and then planted into PDA, pH
6.0. If mycelia growth was observed on
PDA, they were then transferred to a new
PDA. Single spore isolation is commonly
performed to obtain a pure culture of the
fungal isolate.

The pure isolates obtained were ob-
served for their morphological character-
istics macroscopically and microscopical-
ly using a compound microscope (Leica
DMS500). Macroscopic observations were

based on colony colour, colony dorsal col-
our, colony surface, fungal colony growth
diameter, and concentric circles. Micro-
scopic observations can be seen from the
presence or absence of septa on hyphae,
hyphal pigmentation, spore shape and or-
namentation, and spore stalk shape and
ornamentation (Khastini 2016). All iso-
lates were identified based on their mor-
phological characteristics (Barnett and
Hunter 1998, Seifert and Gams 2011) as
well as compared with well-identified liv-
ing cultures from the collection of Biology
Education Laboratory, UNTIRTA.

A methodical approach was used to in-
vestigate fungal growth within the root, fol-
lowed Khastini etal. (2012). Pteridophyte’s
root system was carefully removed from
the shoot. To get rid of any unnecessary
items such as soil particles attached to it,
it was first cleaned. After 20 min of clear-
ing in 10% KOH at 80 °C, the roots were
neutralised in 1% HCI for a further 20 min
at the same temperature. The roots were
dyed with a solution of 0.05% cotton blue
in 50% acetic vinegar to aid in the visibili-
ty of fungal structures. To conduct further
investigation, the roots were sectioned
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by a freezing microtome to a thickness
of 10-25 ym mounted in phenol glycerin
jelly, carefully placed on slides and exam-
ined under a light microscope (Leica DM
2500) for microscopic details.

Result and Discussion

Isolation of root endophytic fungi
associated with Pteridophyta plants

The results of the identification of root
endophytic fungi obtained as many as
21 isolates with 8 different genera of root
endophytic fungi, these are Aspergillus,

Trichoderma, Phoma, Phialophora, Peni-
cillium, Paecilomyces, Humicola, and Fu-
sarium (Table 2).

The composition of root endophytic
fungi identified at each research station
varies. Penicillium sp. and Paecilomy-
ces sp. fungi were only found at Station
I. Phialophora sp. and Phoma sp. fungi
were only found at Station Il. Humicola
sp., Trichoderma sp. and Aspergillus niger
Tiegh. were only found at Station Ill. Some
of these fungi were only found at one sta-
tion, while others were at more than one.
Aspergillus oryzae was found at stations
I and I, and Aspergillus fumigatus Frese-
nius at stations | and Ill. The difference in

Table 2. Identification results of root endophytic fungi species in Pteridophytes.

. . . Identification of root Isolate
Station  Species Pteridophytes Local name endophytic fungi code
Aspergillus oryzae (Ahl- AP
burg) E. Cohn
. . Paku andam/  Aspergillus fumigatus Fre- .
Pleocnemia irregularis Paku kapal senius. APi2
Paecilomyces sp. APi3
[ e Fusarium sp. APi4
Davalia denticulate (Burm. Aspergillus oryzae ADd1
_______ f.) Kuhn Pakutertutup Fusarium sp. ADd2
_______ Cyclosorus terminans - Penicillium sp. ACt1
. Aspergillus oryzae AC1
Chr/ste.I_Ia e Fusarium sp. AC1
Fusarium sp. BSp1
A il BSp2
Stenochlaena palusatris Paku kalakai ;ﬁg%p;i;r};zse B:E 3
- e _Phoma sp. BSp4
o . Paku andam/ . .
______ {-"Ieocnem/a"/rregular/s _ Paku kapal _I_—'usar/um“sp. BPi1
_Adiantum tenerum ___Paku suplir Fusarium sp. _Batt
Aspergillus niger Tiegh. CCd1
Christella dentata Aspergillus fumigatus
. CCd2
_______ B __Fresenius
m- Christellasp. - Trichoderma sp. cc1
Lygodium scandens L. Sw. Pakg hatg/Paku Humicola sp. CLs1
....... . .......ribu-ribu - .
Pteris multifida Poir. Aspergillus niger CPm1
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composition is due to differences in hab-
itat and vegetation type. The noted vari-
ations in endophytic fungal composition
are caused mainly by environmental vari-
ables. The interactions between soil fertil-
ity and the ecological environment shape
endophytic fungal composition. According
to studies by Min et al. (2016), this impact
indirectly affects the structure and compo-
sition of the endophytic fungus population.
Environmental factors can influence dif-
ferences in the composition of endophytic
fungi. According to Table 2, Stations | and
Il have the highest number of isolates, but
it is higher at Station | because it has a low
pH of 3.94. Station Il is stated to have low
diversity in fungal isolates. The condition
is due to two main factors, namely low hu-
midity and high pH compared to other sta-
tions. Low humidity at Station Ill can affect
the diversity of endophytic fungi that can
grow in the area. Many fungi, including en-
dophytic, have specific pH ranges within
which they can grow optimally. When the
pH level exceeds these optimal ranges, it
can inhibit their growth, leading to a lower
diversity and abundance of these species
in the environment. This phenomenon is
well-documented in Geisen et al. (2021),
where it is observed that fungi with acidic
growth preferences may be less abundant
in environments with high pH levels.
Humid weather plays an important role
in the growth of endophytic fungi. Its abili-
ty to facilitate the spread of fungal spores
through rain splashes and wind affects the
diversity of endophytic fungi that can grow.
In addition, comparisons between Station
Il and other stations show that the low hu-
midity and high pH at Station Il contribute
to the low diversity in the area. Manurung
et al (2022) stated that humid weather in-
fluences the growth of endophytic fungi.
Pteridophyte growth is significantly influ-
enced by temperature. Different species of

these plants thrive temperature ranges of
26-28 °C because they are susceptible to
temperature changes. Most Pteridophytes
grow better in moderate temperatures,
while some can adapt to colder climates,
while others perform better in warmer
climates. Temperature has a crucial role
in the growth and spread of Pteridophytes
because it influences the rate of
photosynthesis, the activity of enzymes,
and the total metabolic activities.

The pH of the soil and its surround-
ings significantly affects the development
of Pteridophytes. Different species have
varying pH requirements, with many pre-
ferring slightly acidic to neutral soils. This
preference is due to the enzymatic ac-
tivities of Pteridophytes, which are often
optimised under these pH conditions. For
example, enzymes involved in nutrient
uptake and metabolic processes are more
active in slightly acidic to neutral soils, fa-
cilitating the growth and development of
Pteridophytes (Mishra et al 2021). It can
be seen that the pH levels at each re-
search station varied, with Station | having
a low pH of 3.94, which is likely to support
a higher diversity of fungi due to its op-
timal pH conditions for the growth of the
isolated endophytes. In contrast, Station
Ill, which is stated to have low diversity
on fungal isolates, may have a higher pH
level of 6, making it less favourable for the
growth of certain endophytic fungi. This
observation aligns with the general un-
derstanding that pH plays a crucial role in
determining the growth and dominance of
these fungi.

One important aspect controlling the
growth of Pteridophytes is light intensi-
ty. Although variety may not be directly
impacted, it has a major impact on plant
development, with Station | showing the
highest plant growth due to its highest
light intensity 809.6-102 lux. According to
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Behera and Biswal (1990), the Pterido-
phyta plant is a shade plant, Pteridophyta
responds to various light intensities in a
somewhat complicated way. These plants
can tolerate various lighting situations;
however, many prefer shaded or partially
shaded settings. Desiccation may result
from exposure to too much light, whereas
photosynthesis and general development
may be hampered by inadequate light.
Pteridophytes frequently flourish in the
woodland understory, where plants get fil-
tered or dappled sunlight.

Soil moisture levels significantly in-
fluence Pteridophyte development and
dispersion. A somewhat regular range of
soil moisture content is revealed by the
soil moisture levels at stations I, I, and
[, which vary from around 48 % to 58 %.
Since they lack the drought-resistant char-
acteristics in certain higher plants, most
Pteridophytes depend on regular soil
moisture to survive. The amount of water
in the soil impacts the plant’s capacity to
absorb nutrients, exert turgor pressure,
and stay well hydrated. For the growth of
fern sporophytes, which depend on wa-
ter to distribute their reproductive spores,
adequate soil moisture is essential. It is
supported by Qian et al. (2022) that the
Pteridophytes cannot effectively manage
transpiratory water loss.

The study’s findings should be under-
stood in the context of the complex inter-
actions between pH, temperature, and
other environmental factors that influence
the growth and distribution of fungi in GT-
GNR. It is well recognised that environ-
mental elements, including soil moisture,
nutrient availability, and habitat heteroge-
neity, significantly impact fungal diversity
in addition to pH and temperature. For
instance, research conducted in cross
coastal and inland Santa Barbara Coun-
ty, California by Mordecai et al. (2012)

discovered that soil moisture significantly
impacted the fungus population’s make-
up. Similarly, Naranjo-Ortiz and Gabaldén
(2019) discovered that in a temperate
forest environment, the availability of nu-
trients and habitat heterogeneity had a
significant role in determining the makeup
of the fungal population. In order to fully
understand the study’s conclusions, it is
essential to consider the holistic interac-
tions between pH, temperature, and other
environmental variables. Comprehending
these intricate interplays is crucial in clar-
ifying the factors that influence the fungal
composition of the reserve and influenc-
ing conservation and management tactics
meant to maintain its fungal biodiversity.
We may obtain a more comprehensive
picture of the ecological processes influ-
encing fungal communities in GTGNR by
incorporating a variety of environmental
characteristics into our research.

Among the isolated endophytic fungi, a
variety of colony morphologies have been
reported (Fig. 3), ranging from Aspergil-
lus’s fluffy, cotton-like texture to Penicilli-
um’s unique powdery look. Initial insights
into the possible functional variety and
ecological functions of the detected endo-
phytic fungus linked with the Pteridophyte
can be gained from these apparent differ-
ences in colony formation. The physical
variations point to adaptations to different
ecological niches and substrate prefer-
ences, which raises the possibility of a
variety of roles these fungi may play in the
endosphere of the plant.

The isolation of endophytic fungus
from Pteridophyta plant roots has re-
vealed an interesting variety, particularly
the existence of three different species
of Aspergillus, e.g A. oryzae, A. niger, A.
fumigatus Fresenius (Fig. 3A-C). Com-
prehending the different characteristics of
various Aspergillus species is crucial for
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Fig. 3. Macroscopic picture of root endophytic fungi: A — Aspergillus oryzae,
B — A. niger, C — A. fumigatus, D — Trichoderma sp., E — Phoma sp., F — Paecilomyces sp.,
G — Penicillium sp., H — Phialophora sp., | — Humicola sp., J — Fusarium sp.

the objective of biodiversity analysis and
possible agricultural applications. A. ory-
zae is one strain of Aspergillus that has
been shown to have beneficial impacts
on plant growth and protection. This is
consistent with the results of Wen et al.
(2022), who found and effectively isolated
A. oryzae from the Paris polyphylla Sm.
rhizome in Dali. Furthermore, Galeano et
al. (2021) revealed that the endophytic
fungus A. niger 9-P showed activity as-
sociated with the development of plant
growth-promoting (PGP) features when it
was isolated from native fodder grass in
the Pantanal of Nhecolandia area. Study
conducted by Jiang et al. (2022) which
revealed the presence of the endophytic
fungus A. fumigatus, is another important

addition in providing evidence of possible
symbiotic connections.

As for the Trichoderma (Fig. 3D) the
green colonies with a glanular surface,
concentric circles, no exudate drops, and
yellowish green colony back colour. These
colonies grow rapidly, first white, and then
greenish. According to Tseng et al. (2020),
Trichoderma sp. endophytic strain en-
hances host growth and protects against
pathogen attack. Our comprehensive re-
search shows a noteworthy correlation
between Pteridophyta plants and these
fungi, adding to the growing information
about endophytic fungi.

Furthermore, the complex relationship
that exists between Pteridophyta plants
and the fungal communities that are as-
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sociated with them is strengthened by
the presence of a variety of filamentous
ascomycetes in the roots of these plants,
such as Paecilomyces sp., Penicillium
sp., Phialophora sp., Humicola sp., and
different species of Fusarium. Tseng et al.
(2020) highlight the dynamic character of
interactions between fungal species and
Pteridophyta plants, suggesting that the
two may have a mutualistic connection.
Nejad et al.’s (2022) finding of Phoma sp.
in vascular tissue adds to our knowledge
by illuminating other connections between
Phoma and Pteridophyta species.

All of these study results make a sub-
stantial contribution to understanding the
intricate connections that exist between
endophytic fungus and Pteridophyta
plants. There are developing practical
uses for this information, which goes be-
yond taxonomic considerations. As Musa
et al. (2023) have shown, Paecilomyces
lilacinus, for example, may reduce heavy
metal stress, giving host plants a useful
benefit in harsh environmental settings.
According to Toghueo and Boyom (2020),
endophytic Penicillium sp. is highly ad-
aptable, as evidenced by its capacity to
flourish in a various ecological niche and

protect host plants from a range of stress-
ors. Furthermore, as shown by Almeida
et al. (2020), ecological activities of Phia-
lophora sp. are increased by its potential
as a bio-control agent against fungi linked
to plant illnesses. Together, these many
discoveries deepen our comprehension of
the complex.

Colonisation process of root
endophytic fungi associated
with Pteridophyta plants

Based on the root section, it can be seen
than the endophytic fungi will colonise the
root cortex area and develop the fungal
structure inside. Based on observation,
several identified endophytic fungal struc-
tures, including conidiophores, vesicles,
conidia, and microsclerotium, are pre-
sented in Figure 4. Colonising root endo-
phytic fungi in the cortical area of plant
roots involves several stages, including
recognition, attraction, penetration, and
the emergence of a mutualistic relation-
ship. This symbiotic relationship benefits
both the fungus and the plant; the fungus
aids in nutrient uptake and stress toler-
ance, and the plant provides sugars and

Fig. 4. The colonisation structure of endophytic fungi in the Pteridophyta root:
A — asexual reproduction structure, B — microsclerotium as a spesialised structure
within the root cell (photo by F. I. Nurunnisa).
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organic molecules (Alam et al. 2021). This
intricate interaction is necessary for the
environment’s long-term viability and the
health of plants.

Various fungi, such as arbuscular
mycorrhizae, epiphytic lichens and mi-
crofungi, pathogens, saprotrophs, and
pathogens are reported to be associated
with the Pteridophyte (Del Olmo-Ruiz and
Arnold 2014). The colonisation of Pterido-
phyte roots by endophytic fungi is closely
related to the development of these or-
ganisms. The Pteridophytes and the root
endophytic fungus have a favorable con-
nection. The fungus colonised the plant’s
root tissues in this symbiotic relationship,
expanding their hyphae into the surround-
ing soil. This colonisation significantly im-
pacts Pteridophyte development in many
ways.

Pteridophytes play a critical role in
maintaining biodiversity and sustaining
various ecosystems, as demonstrated
by these environmentally relevant inter-
actions between Pteridophyta plants and
root-endophytic fungus, especially in pro-
tected areas. By assisting in nutrient ab-
sorption, particularly for phosphorus and
micronutrients, which are frequently in
short supply, the association helps Pteri-
dophyte adapt to various environmental
circumstances. By making it easier for
Pteridophyta species to get nutrients, fun-
gi aid in their recovery from disturbances
and promote their growth in nutrient-poor
soils. It becomes essential to maintain
this mutualistic connection in conserva-
tion zones to preserve the general health
and ecological balance of these crucial
ecosystems and the survival and vigor of
Pteridophyte populations. Conservation
initiatives aimed at protecting Pteridophy-
ta and their fungal partners are essential
for these plants’ well-being and preserving
biodiversity in these unique environments.

Conclusion

We conclude that the important role of the
relationship between Pteridophyta and
root-endophytic fungi is very closely relat-
ed to environmental factors in the Gunung
Tukung Gede Nature Reserve. Pterido-
phytes serve an important role, highlight-
ing ecological significance and adaptable
features. In conclusion, research on en-
dophytic fungi isolated from Pteridophyta
plant roots has given us a thorough un-
derstanding of the complex interactions
within these ecosystems. Different Asper-
gillus species have been identified, and
the presence of filamentous ascomycetes
such as Paecilomyces sp., Penicillium
sp., Phialophora sp., Humicola sp., and
different Fusarium species highlights how
dynamic and intricate the relationships
between fungus and Pteridophyta plants
are. These discoveries deepen the knowl-
edge of the complex relationships among
endophytic fungal communities. Those
endophytic fungi also provide insights into
ecological dynamics and have potential
implications in plant resilience and envi-
ronmental management, extending be-
yond the field of taxonomy.
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