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Abstract
The diversity of cultivable endophytic fungi in native subshrubs of the Brazilian Cerrado is largely unknown. Given
the lack of knowledge, this study investigated the cultivable endophytic mycobiome of stems, leaves, and flowers
of Peltaea polymorpha (Malvaceae). In total, 208 endophytic fungi were isolated, 95 from stems, 65 from leaves,
and 48 from flowers. The isolates were classified as ascomycetes belonging to three classes, eight orders, ten
families, 12 genera, and 31 species. Diaporthe, Nigrospora, and Colletrotrichum were the dominant genera in the
three analyzed organs. The richness estimators suggested that the number of species might be slightly higher than
observed. The highest values for the Shannon and Simpson diversity indices were observed in stems. Beta diversity
showed overlapping of fungal communities in different organs, with a high rate of sharing of taxa. Furthermore, the
dominant primary fungal lifestyles were plant pathogens and saprobes. Our findings show that the cultivable
endophytic fungal community of P. polymorpha is species-rich and that communities in different organs share
numerous genera and species. Finally, our findings reinforce the importance of the Brazilian Cerrado as a reservoir
of fungal species to contribute to the national and global estimations of mycodiversity.

INTRODUCTION
Endophytic fungi are microorganisms that reside within plant tissues without causing symptoms of disease (Jia et
al., 2016). These microorganisms are present in all plant species with varying richness and diversity, which are
affected by plant species, seasonality, plant tissue and age, and geographic location, among other factors (Aly et
al., 2011; Fang 2019; Chi et al., 2019). The association between endophytic fungi and their hosts is a mutually
beneficial relationship: the host plant provides the fungi with habitat and nutrition, while the fungi play critical roles
in the growth, development, and fitness of their hosts, particularly under stress conditions (Pietro-Souza et al., 2017;
El-Shafey et al., 2021). Some endophytic fungi have co-evolved with their plant hosts, so that they can produce
valuable secondary metabolites (Gong et al., 2019; Pang et al., 2022), which may have numerous biotechnological
applications (Yao et al., 2017; Liu et al., 2021; Wen et al., 2022). Due to its evolutionary, ecological, and
biotechnological importance, endophytic fungi have been considered a current and promising source of research.

The community of endophytic fungi associated with plant species from various ecosystems has been examined by
culture-independent (Chi et al., 2019; Durán et al., 2021; Wang et al., 2022) and culture-dependent methods (Li et al.,
2016; Yao et al., 2017; Du et al., 2020; Wang et al., 2022). Both types of methodology offer advantages and
disadvantages. Culture-independent approaches, such as metabarcoding, allow closer knowledge of the real
diversity of these microbial communities (Chi et al., 2019; Durán et al., 2021; Wang et al., 2022). Culture-dependent
approaches, in turn, are less efficient to infer ecological analysis (Chi et al., 2019; Durán et al., 2021; Wang et al.,
2022). However, they are cheaper, more accessible and provide data on easily cultivated fungi, which represent a
potential genetic and biotechnological resource (Li et al., 2016; Yao et al., 2017; Du et al., 2020; Wang et al., 2022).
In addition, the combination of different culture media for the isolation of endophytic fungi has enabled an
increase in the number of isolated fungal species (Fang et al., 2019).

The considerable advances in the methods used to study endophytic fungi have enabled the characterization of the
endophytic mycobiome of numerous plant species (Yadav et al., 2016; Noriler et al., 2018; Martins et al., 2021; dos
Reis et al., 2022b; dos Reis et al., 2023). However, knowledge about the endophytic mycobiome of small plants,
decumbent subshrub in natural areas, remains underexplored. For example, in the Brazilian Neotropical savannah
(Cerrado), endophytic fungal communities are mainly studied in medium to large plant species (Noriler et al., 2018;
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Iantas et al., 2021; Morais et al., 2022; dos Reis et al., 2023), while small plants such as Peltaea polymorpha (A.St.-
Hil.) Krapov. & Cristobal remains unexplored.

Peltaea polymorpha (Malvaceae), a decumbent subshrub species, has subsessile flowers grouped at the apex of
the branches and occurs in the Cerrado and Atlantic Forest in Brazil (Fernandes-Júnior & Konno, 2017). Although
this species occurs widely in the Cerrado (Fernandes-Júnior & Konno, 2017), there are no known reports on the
diversity of endophytic fungi associated with this species. Given the gap in knowledge and reinforcing the
importance of studying the endophytic mycobiome of neglected species, we investigated the occurrence,
composition, species, and functional diversity of cultivable endophytic fungi associated with flowers, leaves, and
stems of the decumbent subshrub P. polymorpha.

MATERIALS AND METHODS

1.1. Study area and plant collection
Collections of Peltaea polymorpha were carried out in an area of Cerrado sensu stricto located in the Parque
Nacional de Brasília, Distrito Federal, Brazil (15°’8'”8"S 48’1'”5"W) during the rainy season of December 2022
(Fig. 1). The climate in this region is tropical (Aw), with two distinct seasons, a dry (April-September) and a rainy
(October-March) (Cardoso et al., 2014). The vegetation in the studied area is characterized by the presence of
grasses along with tree and shrub strata (Cavararo, 2004; Eiten, 1972; Eiten 1994). Five healthy individuals of
Peltaea polymorpha were collected. During plant collection, each individual was sectioned close to the ground and
the whole plant (stems, leaves, and flower) was placed in a sterile plastic bag, packed in a thermal box, and sent to
the laboratory. All sampled individuals were in the phenological stage of flowering and had a size of 25 ± 2 cm
length, 5 to 7 leaves per individual, and a single flower. Samples were processed within 2 hours after the collection.

1.2. Isolation and Preservation of Endophytic Fungi
For the isolation of endophytic fungi, three individuals of P. polymorpha were selected, and the other two were used
to prepare the culture medium. Plant organs (leaves, stems, and flowers) were separated, washed with running
water to remove dust on the surface, and subjected to surface disinfection methods. The stems and leaves were
submerged in 70% ethanol for 2 min, followed by submersion in 4% NaClO for 5 min, and washed five times with
distilled and sterilised water (Yu et al., 2018). The flowers were immersed in 70% ethanol for 2 min, washed three
times with 10% NaClO, and then rinsed 5 times with distilled and sterilised water (Niu et al., 2022). The water from
the last rinse of the surface disinfection of plant organs was collected in falcon tubes, centrifuged at 3,000 rpm,
and seeded in triplicate on Potato Dextrose Agar (PDA) as a negative control. Plant samples intended for isolation
were cut with a sterile blade into segments of approximately 5 mm2, totalling 81 segments per organ.
Subsequently, the segments were placed on potato-dextrose-agar (PDA), malt extract agar (MEA), and PDA
containing 10 g/L of macerated fragments of P. polymorpha (flowers, leaves, and stems) (PDAP). All culture media
were supplemented with 150mg/L of chloramphenicol to prevent bacterial growth. The Petri plates were incubated
at 25°C with a 12-hours photoperiod and examined daily for seven days. During the incubation period, any newly
emerged mycelial growth from the plant fragments was collected immediately and transferred to a fresh PDA plate.
The resulting fungal isolates were purified and stored in 2 mL microtubes containing 10% glycerol.

1.3. Identification of Endophytic Fungi
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The purified fungal isolates were grouped based on their morphological characteristics, which included the colour
of the colony (verse and obverse), growth rate, the appearance of the mycelium, shape, and structure of hyphae,
colour of spores and exudates (Li et al., 2016). Fungal isolates were defined as being of the same morphotype if
they had the same characteristics of the colony, mycelium, reproductive structures (when present), and exudates.
Based on this, one representative isolate of each morphotype was selected to sequencing of the internal
transcribed spacer region (ITS) of the nrDNA operon and intervening 5.8S nRNA gene.

TXXXdenophorentative isolates were grown on PDA and when colonies reached sufficient mycelial mass for DNA
extraction, approximately 400 mg of mycelium was scraped from the colony. The scraped mycelium was added to
a 2 mL microtube and DNA extraction was performed using the Wizard® Genomic DNA Purification Kit (Promega,
Madison, WI), following the manufactur’r's specifications. The DNA from the extraction was dissolved in 100 µl of
nuclease-free water and stored at -20°C.

The ITS region was amplified with the primer pair V9G (Hoog & Gerrits van den Ende, 1998) and LR5 (Vilgalys &
Hester, 1990). The PCR was performed in a 25 µL volume containing 20 ng of DNA, 0.4 µM of primer pair, 0.8 mM
of dN’P's mix, 2.5 mM of MgCl, and 1.5 U of Taq Polymerase (Invitrogen, São Paulo Brazil). The PCR was cycled as
follows: 5 min of initial denaturation at 95°C, followed by 35 cycles of the 30s of denaturation at 95°C, 45s of
primer annealing at 53°C, 1min extension at 72°C, and a final extension of 5 min at 72ºC. PCR products were
analysed by electrophoresis on a 1% agarose gel stained with GelRed ® (Biotium, Fremont, CA, USA) and visualized
under UV light. Subsequently, the PCR products were purified with Exo-SAP (USB Corp, Germany) according to the
manufactur’r's specifications and sent to sequencing using the same primers. The generated sequences were
analysed for quality using the DNA Sequence Assembler v4 (2013) software (Heracle BioSoft,
www.DnaBaser.com).

The ITS sequence data from endophytic fungi were submitted to GenBank and compared with those of the closest
fungal species in the NCBI database using the BLASTn tool. Sequences with similarity above 94% were considered
from the same genus, and those with similarity above 97% belonged to the same species (Li et al., 2016).
Sequences were deposited in GenBank database (Table 2).

1.4. Data analysis
We used first-order Chao 1, Bootstrap, and Jackknife richness estimators to extrapolate the number of fungal
genera and species observed in P. polymorpha using the "estimateR" and "specpool" functions of the Vegan
package (Dixon, 2003). The relative abundance of isolated species among different plant tissue was calculated at
different taxonomic levels using the R language packages "dplyr" and "tidyverse".

Alpha diversity among P. polymorpha organs was assessed using species richness ’S'), Shannon diversity ’H'),
Simpson diversity (D), and Pielou evenness (J) indices using the Vegan package (Dixon, 2003). ANOVA was used to
compare alpha diversity and fungal abundance in P. polymorpha organs. Beta diversity (similarities and
dissimilarities) of communities across plant organs was calculated using the Bray-Curtis distance using the
BiodiversityR (Kindt & Coe, 2005) and Vegan (Dixon, 2003) packages. Principal coordinate analysis (PCoA) was
used to visualize special dissimilarities in the composition of endophytic fungal communities between organs.
Bipartite networks were built to show patterns of species occurrence and sharing between organs using the
Bipartite package (Dormann et al., 2008). Venn diagrams were constructed using the Bioinformatics & Evolutionary
Genomics web tool (https://bioinformatics.psb.ugent.be/cgi-bin/liste/Venn/calculate_venn.htpl). We used
FungalTraits (Põlme et al., 2020) to group isolates into primary and secondary functional guilds.
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Statistical and diversity analyses were performed using R scripts version 4.3.0. The plots were generated using the
ggplot2 package (Wickham, 2016).

RESULT

1.1. Culturable Endophytic Fungi
A total of 208 endophytic fungi were isolated from P. polymorpha, of which 95 were isolated from stems, 65 from
leaves, and 48 from flowers (Table 1). Most isolates were recovered from MEA (89 isolates), followed by PDA (80)
and PDAP (39). However, we did not observe significant differences in the number of isolates recovered from the
different culture media (p > 0.05). According to morphological characteristics, isolates from stems, leaves, and
flowers were previously characterized and grouped into 77 morphotypes (MT1-MT77), being 46 from stems, 24
from flowers, and 42 from leaves (Fig. 2).

Table 1
Number of endophytic fungal isolates per plant

organs of P. polymorpha and culture media used
to access the fungal community, Brazilian

savannah (Cerrado), Brasília National Park,
Federal District, Brazil

Plant organs PDA MEA PDAP Total

Stems 41 43 11 95

Leaves 26 29 10 65

Flowers 13 17 18 48

Total 80 89 39 208

MEA: Malt Extract Agar; PDA: Potato Dextrose Agar; PDAP: PDA culture media containing 10 g/L of plant organs
(flowers, leaves, and stem) of P. polymorpha.

Based on sequences of ITS region and using the BLASTn tool, the 77 morphotypes were classified as ascomycetes,
belonging to three classes, eight orders, ten families, 12 genera, and 31 species (Table 2). Among the 77
morphotypes, 48 (62.33%) were classified at the species level (percent similarity > 97%) and 29 (37.66%) were
classified only at the genus level (percent similarity < 97%).
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Table 2
Endophytic fungi from flowers, leaves, and stems of Peltaea polymorpha.

Morphotypes Nº
Isolates

Closest GenBank
match

Match Identity
(%)

GenBank
access
number of
our
sequences

Organ Medium

MT1 1 Nigrospora
cooperae

NR_185745.1 97.61 OR164510 Flowers MEA

MT10 1 Nigrospora
cooperae

NR_185745.1 98.26 OR164511 Flowers PDA

MT11 1 Colletotrichum
aeschynomenes

NR_120133.1 99.21 OR164512 Stem PDA

MT12 2 Colletotrichum sp. CP117792.1 91.91 OR164513 Stem MEA

MT13 2 Diaporthe sp. NR_172401.1 93.33 OR164514 Leaves
and
Stem

MEA
and
PDAP

MT14 1 Nigrospora
macarangae

NR_174838.1 97.17 OR164515 Leaves PDA

MT15 1 Nigrospora sp. NR_185745.1 95.97 OR164516 Flowers MEA

MT16 1 Nigrospora sp. NR_174838.1 96.41 OR164517 Leaves MEA

MT17 1 Diaporthe miriciae KJ197282.1 97.44 OR164518 Leaves PDAP

MT18 1 Neopestalotiopsis
terricola

OP082294.1 98.21 OR164519 Stem PDAP

MT19 1 Epicoccum sp. LT592927.1 98.72 OR164520 Stem PDAP

MT2 1 Epicoccum
andropogonearum

OK442369.1 98.31 OR164521 Leaves PDAP

MT20 1 Nigrospora sp. NR_185745.1 96.20 OR164522 Leaves PDAP

MT21 1 Aspergillus
eucalypticola

OL711732.1 99.11 OR164523 Leaves MEA

MT22 1 Epicoccum
phragmospora

NR_165920.1 98.31 OR164524 Stem PDA

MT23 1 Didymella
chlamydospora

MK836111.1 97.02 OR164525 Flowers MEA

MT24 2 Pestalotiopsis
telopeae

ON180762.1 97.11 OR164526 Flowers
and
Leaves

MEA
and
PDAP

MT25 1 Epicoccum
andropogonearum

OK442369.1 98.31 OR164527 Leaves MEA

MT26 2 Aspergillus
foetidus

NR_163668.1 98.72 OR230588 Stem MEA
and
PDA



Page 7/29

Morphotypes Nº
Isolates

Closest GenBank
match

Match Identity
(%)

GenBank
access
number of
our
sequences

Organ Medium

MT27 1 Epicoccum
endophyticum

NR_172436.1 98.29 OR164528 Stem PDA

MT28 5 Diaporthe novem MH864504.1 98.02 OR164529 Leaves
and
Stem

PDA
and
PDAP

MT29 1 Neurospora sp. MH862539.1 95.77 OR164530 Stem MEA

MT3 3 Cladosporium
ipereniae

NR_152290.1 99.12 OR164531 Flowers MEA,
PDA,
and
PDAP

MT30 4 Auxarthron sp. MH872264.1 90.44 OR164532 Stem MEA
and
PDA

MT31 1 Neopestalotiopsis
sp.

NR_170739.1 95 OR164533 Flowers MEA

MT32 1 Diaporthe sp. EU552122.1 93.22 OR164534 Stem MEA

MT33 2 Colletotrichum sp. MK541034.1 96.30 OR164535 Flowers
and
Leaves

MEA
and
PDA

MT34 1 Nigrospora
vesicularifera

NR_165927.1 99.31 OR164536 Flowers PDA

MT35 1 Neopestalotiopsis
mesopotamica

NR_145244.1 98 OR164537 Leaves MEA

MT36 1 Nigrospora
pyriformis

NR_153469.1 98.89 OR164538 Leaves MEA

MT37 1 Nigrospora
cooperae

NR_185745.1 98.87 OR164539 Leaves PDA

MT38 14 Nigrospora
cooperae

NR_185745.1 98.70 OR164540 Flowers,
Leaves,
and
Stem

MEA,
PDA,
and
PDAP

MT39 1 Nigrospora
sacchari-
officinarum

NR_165926.1 97.39 OR164541 Stem PDAP

MT4 1 Neopestalotiopsis
terricola

OP082294.1 99.09 OR164542 Stem MEA

MT40 1 Nigrospora
macarangae

NR_174838.1 97.17 OR164543 Flowers PDA

MT41 3 Epicoccum sp. LT592927.1 95.02 OR164544 Stem
and
Flowers

MEA
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Morphotypes Nº
Isolates

Closest GenBank
match

Match Identity
(%)

GenBank
access
number of
our
sequences

Organ Medium

MT42 2 Diaporthe sp. NR_152458.1 94.28 OR164545 Leaves
and
Stem

PDA

MT43 2 Neurospora sp. MH862539.1 95.77 OR164546 Flowers
and
Stem

MEA

MT44 1 Colletotrichum
spicati

OL842171.1 99.11 OR164547 Leaves MEA

MT45 1 Nigrospora
pyriformis

NR_153469.1 98.89 OR164548 Stem MEA

MT46 2 Epicoccum
phragmospora

NR_165920.1 98.31 OR164549 Stem MEA
and
PDA

MT47 1 Diaporthe
terebinthifolii

NR_111862.1 98.02 OR164550 Stem PDA

MT48 15 Diaporthe
stewartii

MH855768.1 97.31 OR164551 Flowers,
Leaves,
and
Stem

MEA
and
PDA

MT49 11 Colletotrichum
lupini

AJ301948.1 98.73 OR164552 Flowers,
Leaves,
and
Stem

MEA,
PDA,
and
PDAP

MT5 1 Neurospora
tetraspora

NR_077163.1 98.55 OR164553 Leaves PDA

MT50 3 Colletotrichum sp. CP117792.1 93.66 OR164554 Leaves
and
Stem

PDA
and
PDAP

MT51 2 Nigrospora sp. NR_185745.1 96.82 OR164555 Leaves
and
Stem

MEA

MT52 2 Alternaria
alstroemeriae

NR_163686.1 100 OR164556 Flowers PDAP

MT53 1 Neurospora
dictyophora

MH862539.1 98.68 OR164557 Stem MEA

MT54 1 Neopestalotiopsis
formicarum

NR_145242.1 99.00 OR164558 Leaves MEA

MT55 1 Epicoccum
endophyticum

NR_172436.1 98.29 OR164559 Stem PDAP

MT56 3 Nigrospora sp. NR_153485.1 96.82 OR164560 Leaves MEA
and
PDAP



Page 9/29

Morphotypes Nº
Isolates

Closest GenBank
match

Match Identity
(%)

GenBank
access
number of
our
sequences

Organ Medium

MT57 4 Diaporthe
terebinthifolii

NR_111862.1 98.21 OR164561 Flowers,
Leaves,
and
Stem

MEA
and
PDA

MT58 4 Neurospora
tetraspora

NR_077163.1 97.12 OR164562 Flowers,
Leaves,
and
Stem

MEA
and
PDAP

MT59 5 Neurospora
dictyophora

MH862539.1 98.68 OR164564 Leaves MEA
and
PDA

MT6 1 Diaporthe sp. EU552122.1 93.01 OR164563 Stem PDAP

MT60 2 Colletotrichum sp. CP117792.1 93.66 OR164565 Leaves
and
Stem

MEA
and
PDA

MT61 1 Neopestalotiopsis
cocois

NR_156312.1 99.01 OR164566 Flowers PDAP

MT62 1 Nigrospora
magnoliae

NR_172443.1 98.72 OR164567 Stem MEA

MT63 5 Neopestalotiopsis
terricola

OP082294.1 99.66 OR164568 Leaves
and
Stem

MEA,
PDA,
and
PDAP

MT64 2 Nigrospora
vesicularifera

NR_165927.1 99.02 OR164569 Flowers
and
Leaves

MEA
and
PDA

MT65 12 Diaporthe sp. NR_147539.1 95 OR164570 Flowers,
Leaves,
and
Stem

MEA,
PDA,
and
PDAP

MT66 1 Diaporthe sp. NR_165874.1 83.51 OR230587 Stem MEA

MT67 3 Diaporthe sp. NR_147534.1 94.55 OR164571 Stem MEA,
PDA,
and
PDAP

MT68 10 Diaporthe
stewartii

MH855768.1 97.62 OR164572 Flowers,
Leaves,
and
Stem

MEA,
PDA,
and
PDAP

MT69 6 Diaporthe sp. NR_111847.1 96.01 OR164574 Leaves
and
Stem

MEA,
PDA,
and
PDAP
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Morphotypes Nº
Isolates

Closest GenBank
match

Match Identity
(%)

GenBank
access
number of
our
sequences

Organ Medium

MT7 2 Epicoccum
phragmospora

NR_165920.1 98.31 OR164573 Stem MEA
and
PDA

MT70 1 Nigrospora sp. NR_185745.1 96.41 OR164575 Leaves PDA

MT71 1 Diaporthe sp. NR_147539.1 93.58 OR164576 Stem MEA

MT72 4 Neopestalotiopsis
nebuloides

OM417249.1 97.76 OR164577 Flowers
and
Stem

MEA,
PDA,
and
PDAP

MT73 12 Diaporthe sp. EU552122.1 91 OR164578 Flowers,
Leaves,
and
Stem

MEA,
PDA,
and
PDAP

MT74 9 Diaporthe sp. EU552122.1 93.22 OR164579 Leaves
and
Stem

MEA,
PDA,
and
PDAP

MT75 1 Alternaria
destruens

NR_137143.1 99.76 OR164580 Stem PDA

MT76 1 Neopestalotiopsis
terricola

OP082294.1 98.21 OR164581 Leaves PDAP

MT77 1 Diaporthe sp. EU552122.1 93.22 OR164582 Leaves PDA

MT8 4 Diaporthe
terebinthifolii

NR_111862.1 98.23 OR164583 Leaves
and
Stem

PDA
and
PDAP

MT9 1 Pestalotiopsis sp. NR_147560.1 96.16 OR164584 Leaves PDAP

MEA: Malt Extract Agar; PDA: Potato Dextrose Agar; PDAP: PDA culture media containing 10 g/L of plant organs
(flowers, leaves, and stems) of P. polymorpha.

1.2. Richness estimators
Genus-level richness estimators ranged from 12 to 13 genera in the three statistical methods employed (Fig. 3a-c).
Extrapolated values for genera richness estimates were observed in Bootstrap and Jackknife 1, both estimating a
richness of 13 genera. The Chao 1 richness estimator reached an asymptote, estimating a richness of 12 genera.
Estimates of species richness ranged from 42 to 50 species using three statistical methods (Fig. 3d-f). The lowest
levels of species richness were estimated by Bootstrap (42 species) and by Chao 1 (44 species), while the highest
level of richness was estimated by Jackknife 1 (50 species). The three richness estimation methods suggested that
the species level in P. polymorpha might be slightly higher than what we observed in our study.



Page 11/29

1.3. Alpha and Beta diversity
We used the indices of species richness (S), Shannon diversity ’H'), Simpson diversity, and Pielou equity (J) to
determine the alpha diversity among the different organs of P. polymorpha. Based on the total number of species,
the highest number of species was observed in leaves (24 species), while stems and flowers had 22 species each.
The highest value for the Shannon diversity index was observed in stems (1.70 ± 0.17), followed by leaves (1.51 ± 
0.14) and flowers (1.18 ± 0.12). Likewise, the highest value for Simps’n's diversity was also observed in stems (0.76 
± 0.05), followed by leaves (0.72 ± 0.05), and flowers (0.66 ± 0.03). The highest values for species abundance
uniformity, demonstrated by Pielou evenness (J), were observed in flowers (0.97 ± 0.01), followed by stems (0.92 ± 
0.01), and leaves (0.89 ± 0.02).

Visualization of beta diversity using principal coordinate analysis (PCoA) based on the Bray-Curtis distance
showed the homogeneity of cultivable endophytic fungal communities associated with different organs of P.
polymorpha (Fig. 5). Axis 1 explained 16% of the variation, while axis 2 explained 12.5% of the variation, totalling
28.5% of explanation. Notably, there is an overlap of cultivable endophytic fungal community occurring in flowers,
leaves, and stems of P. polymorpha. However, PCoA also demonstrates that the fungal community is more
dispersed in flowers compared to communities in leaf and stems.

1.4. Relative abundance and co-occurrence
The class Sordariomycetes was dominant in all three organs (> 80%), followed by Dothideomycetes, with an
abundance of 17.5% in flowers, 9.3% in stems, and 5.6% in leaves (Fig. 6a). The class Eurotiomycetes was
exclusive to flowers and leaves, with respective abundances of 6.2% in stems and 1.4% in leaves (Fig. 6b). The
order Diaporthales was dominant in stems (49.5%) and in leaves (32.5%), followed by Amphisphaeriales, with an
abundance of 16.5% in stems and 34.8% in leaves (Fig. 6c). In flowers, the dominant orders were Amphisphaeriales
(35.5%), Diaporthales (32.5%), and Glomerellales (12.5%). Diaporthaceae/Diaporthe were the dominant family and
genus in all three organs (Fig. 6c-d).

The community of endophytic fungi in different organs of P. polymorpha was dominated by species of Diaporthe
(Diaporthales, Diaporthaceae), Nigrospora (Xylariales, Apiosporaceae), and Colletotrichum (Glomerellales,
Glomerellaceae) (Fig. 7). However, it should be considered that different profiles of occurrence and abundance of
endophytic fungal species were observed among different plant organs. Unidentified species of Diaporthe
constituted the dominant group in the three organs. Considering the isolates identified at species level, Diaporthe
stewartii (17.52%) followed by Colletotrichum lupini (6.18%), and Nigrospora cooperae (6.18%) were the dominant
groups in stems. In leaves and flowers, the most abundant species was Nigrospora cooperae, with an abundance
of 13% and 14.5%, respectively.

In addition to differences in relative abundance among organs, we observed differences in the occurrence of genera
and species (Fig. 8). In total, six genera were common to the three plant organs, namely Colletotrichum, Diaporthe,
Epicoccum, Neopestalotiopsis, Nigrospora, and Neurospora. Regarding the exclusive genera of each organ,
Auxarthron was found only in stems; while Cladosporium and Didymella were exclusive to flowers (Fig. 8a-b). In
total, nine species were shared to flowers, leaves, and stems, namely Colletotrichum sp., Colletotrichum lupini,
Diaporthe sp., Diaporthe stewarti, Diaporthe terebinthifolii, Epicoccum sp., Nigrospora sp., Nigrospora cooperae, and
Neurospora dictyophora (Fig. 8c-d). Regarding the exclusive species of each plant organ, Alternaria alstroemeriae,
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Cladosporium ipereniae, Didymella chlamydospora, Neopestalotiopsis cocois, and Neopestalotiopsis sp. were
exclusive to flowers; Aspergillus eucalypticola, Colletotrichum spiccati, Diaporthe miriciae, Neopestalotiopsis
formicarum, and Pestalotiopsis sp. were exclusive to leaves; and Alternaria destruens, Aspergillus foetidus,
Auxarthron sp., Colletotrichum aeschynomenes, Epicoccum endophyticum,Nigrospora sacchari-officinarum, and
Nigrospora magnoliae were exclusive to stems.

1.5. Functional guilds
The community of cultivable endophytic fungi in P. polymorpha was grouped into four primary and four secondary
functional guilds according to FungalTraits (Põlme et al., 2020) (Fig. 9). The primary ecological functional groups
were litter saprotroph, plant pathogen, soil saprotroph, and unspecified saprotroph; the secondary functional groups
were animal decomposer, hypervariable, litter saprotroph and unclassified. The functional guilds observed in
flowers and leaves were saprotroph, plant pathogen, and unspecified saprotroph, while those observed in stems
were litter saprotroph, plant pathogen, soil saprotroph, and unspecified saprotroph. In the three organs, there was a
predominance of plant pathogens (> 58.5%), followed by saprotroph litter (> 11.3%). Regarding the secondary
functional guilds, saprotroph was the dominant guild in the three organs (> 52.5%).

DISCUSSION
The Brazilian Cerrado is an important reservoir of microbial diversity, which include endophytic fungi (Noriler et al.,
2018; Iantas et al., 2021; Morais et al., 2022; dos Reis et al., 2023). The occurrence, composition, and diversity of
endophytic fungal communities associated with native plants in this biome have been studied mainly in woody or
medicinal plant species (Noriler et al., 2018; Iantas et al., 2021; Dos Santos et al., 2021; Morais et al., 2022; dos Reis
et al., 2023). In contrast, the community of endophytic fungi associated with subshrub plant species has received
minimal attention in ecological and other research areas. In this sense, we investigated the occurrence,
composition, species, and functional diversity of endophytic fungi associated with flowers, leaves, and stems of the
decumbent subshrub P. polymorpha. Our study, therefore, provides unprecedented data on the community of
endophytic fungi associated with this plant species and reinforces the importance of plants native to the Cerrado
as a reservoir of endophytic fungal species, since this biome is a hotspot of biodiversity (Myers et al., 2000).

There are numerous limitations to studying microbial communities using culture-dependent approaches. However,
we chose culture-dependent methods to study and better understand the ecological functions and chemical
biodiversity produced by these fungi in further surveys. In our study, 248 isolates were recovered from flowers,
leaves, and stems of P. polymorpha, with the highest number of isolates obtained from stems (95 isolates),
followed by leaves (65 isolates) and flowers (48 isolates). Our findings are similar to other studies that investigated
the occurrence and diversity of endophytic fungi associated with different tissues or organs of plant species, which
also observed variations in the number of isolates depending on the organ or tissue (Wang et al., 2015; Fang et al.,
2019; Du et al., 2020). However, although we observed variations in the number of recovered isolates among
different organs, these differences were not significant (p > 0.05).

All endophytic isolates in our study are Ascomycota. The prevalence of Ascomycota as members of the cultivable
endophytic mycobiota from the Cerrado and other biomes is commonly reported (Wang et al., 2015; Fang et al.,
2019; Du et al., 2020; Noriler et al., 2018; Morais et al., 2022; dos Reis et al., 2023), and this can be explained by
methodological limitations intrinsic to culture-dependent approaches (dos Reis et al., 2022b; Bhunjun et al., 2023)
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and the biology, evolution and functional plasticity of ascomycetes (Egidi et al., 2019; James et al., 2020).
Ascomycota is the most diverse phylum in the kingdom Fungi, with at least 83,000 described fungal species
(James et al., 2020). In addition, ascomycetes have important ecological characteristics, including a greater
number of genes associated with nutrition, carbohydrate metabolism, competitive capabilities, and tolerance to
abiotic and biotic stresses when compared to other fungal phyla (Egidi et al., 2019). Thus, ascomycetes’ high
species diversity and functional plasticity allow these organisms to become the dominant group in the niche in
which they occur and be more easily isolated in culture-dependent approaches.

Based on sequences of ITS rDNA, representative morphotypes were classified into three classes, eight orders, ten
families, and 12 genera. The ITS region is considered a primary genetic marker for classifying fungal species
(Badotti et al., 2017; Lücking et al., 2020; dos Reis et al., 2022a), and is widely used in environmental studies aimed
at understanding and characterizing the diversity of endophytic fungi (Noriler et al., 2018; Iantas et al., 2021; Dos
Santos et al., 2021; Morais et al., 2022; dos Reis et al., 2023a). Notably, there are limitations to delimiting species
using only ITS, since this region does not provide sufficient resolution to delimit closely related species and cryptic
species in some genera (Badotti et al., 2017; Lücking et al., 2020). In our study, the ITS region provided a resolution
to classify 62.33% of the morphotypes at the species level (similarity > 97%) and 37.66% of the morphotypes at the
genus level (similarity < 97%). This classification allowed us to analyse ecological inferences on the occurrence and
diversity of genera and species of the endophytic fungal community of P. polymorpha. Thus, although the ITS
region has not provided a resolution to classify some morphotypes or may not resolve cryptic species, this marker
will allow us to choose the next molecular markers in future phylogenetic studies to accurately delimit the taxa
found here.

Among the fungal classes, Sordariomycetes was the dominant class in the three organs (> 80%), followed by
Dothideomycetes, while Eurotiomycetes were exclusive to flowers and leaves. Diaporthales and Amphisphaeriales
were the dominant and most species-rich orders in the three organs. The dominant genera were Diaporthe,
Nigrospora, and Colletotrichum, with Diaporthe being the genus with the highest number of isolates/species. In
addition, we observed the occurrence of species belonging to Neurospora, Neopestalotiopsis, and Pestalotiopsis.
Species of Diaporthe and Colletotrichum are commonly reported as members of the cultivable endophytic
mycobiota of plant species from tropical dry forests (Bezerra et al., 2012a, 2012b, 2013, 2015; Noriler et al., 2018;
dos Reis et al., 2023). The prevalence of species belonging to these genera may be linked to the evolutionary,
adaptive success, and phenotypic plasticity of these species (Gomes et al., 2013; Ma et al., 2018; Hilário et al.,
2023). We should also consider that the dominant presence of these genera might be a result of the limitations of
cultivation-dependent methods, which result in a low diversity of endophytic fungal species, with a tendency to
isolate ubiquitous and fast-growing species, such as representatives of Colletotrichum, Diaporthe,
Neopestalotiopsis, and Pestalotiopsis (Bhunjun et al., 2023). Richness estimator indices suggested that the genera
and species richness of the cultivated endophytic fungal community of P. polymorpha is greater than that observed
in this study. Furthermore, most of the isolates recovered in our study are fast-growing and ubiquitous fungal
species. These results may be due to limitations in our methodology, from the choice of surface disinfection
method, size of plant tissue fragments, isolation method, and incubation time (dos Reis et al., 2022a, b, dos Reis et
al., 2023; Bhunjun et al., 2023). Furthermore, we can also suggest that, although we used different culture media to
recover a greater number of fungal species, a greater number of samples could perhaps result in a greater number
of recovered fungal species.

The community of endophytic fungi in P. polymorpha was composed of 38 species, with the highest number of
species observed in leaves (24 species); greater Shannon and Simpson diversity in stems (H' = 1.70 ± 0.17;
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Simpson diversity = 0.76 ± 0.05); and greater uniformity in flowers (J = 0.97 ± 0.01). The heterogeneity in species
distribution among organs and the high equity values (close to 1.0) that we observed in our study seem to be a
characteristic of the community of cultivable endophytic fungi associated with species from tropical regions
(Arnold and Herre, 2003; Arnold et al., 2003). Organs of plant species from tropical regions are known to harbour a
great richness and diversity of endophytic fungi (Arnold and Herre, 2003; Arnold et al., 2003; Arnold, 2007; Arnold
and Engelbrecht, 2007; Arnold and Lutzoni, 2007; Arnold et al., 2007; Hilarino et al., 2011; Noriler et al., 2018; Yao et
al., 2019; dos Reis 2023). For example, it is estimated that each leaf of plant species in tropical forests is colonized
by numerous species of endophytic fungi, rather than systemic colonization by a single fungal species (Arnold and
Herre, 2003; Arnold et al., 2003). Thus, each leaf can harbour up to one species per millimetre square of tissue and
each host leaf can have distinct communities (Arnold et al., 2000).

The alpha diversity metrics reflected a certain degree of heterogeneity in the structure of the endophytic fungal
community across organs. In general, the different organs of the same host species can accommodate endophytic
fungal communities and the communities in each organ may have certain organizational preferences depending
on the organ (Küngas et al., 2020; Wang et al., 2022). These variations can be explained by numerous factors,
which include the characteristics of the organ (such as organization and cell types, chemical components, oxygen
levels, enzymes, nutrients, half-life, etc.), which acts to form a unique microenvironment (Sun et al., 2008; Li et al.,
2016; Ren et al., 2019; Küngas et al., 2020; Wang et al., 2022). This microenvironment, in turn, acts as an
‘environmental filter’, selecting species that will colonize it and determining the taxonomic structure in the
mycobiome in terms of species richness, diversity and evenness (Ren et al., 2019; Küngas et al. al., 2020; Wang et
al., 2022).

Beta diversity analysis showed that there was an overlap in the fungal community among different organs.
Furthermore, the fungal community in flowers was more dispersed than the community present in leaves and
stems. The bipartite network shows that most species and genera of fungi are shared among organs. Flowers
shared the greatest number of species with leaves, and stems shared the greatest number of species with leaves.
Regarding organ specificity, five species were exclusive to flowers and leaves, and seven species were exclusive to
stems. The co-occurrence of species among different organs may be a result of the adaptive capacities of these
species and systemic colonization since some species of endophytic fungi can initially colonize a given tissue and
migrate to another (Fang et al., 2019). Tissue specificity, in turn, can be caused by variations in the tissue
microenvironments of plants, which directly and indirectly affect the composition and dynamics of the fungal
community associated with each tissue (Chai et al., 2016; Li et al., 2016; Du et al., 2020). The greater dispersion of
the community associated with flowers may be the result of visitation by pollinating insects, which can be fungal
spore transport vectors (Aylward et al., 2014; Hedtke et al., 2015; Becchimanzi and Nicoletti, 2022). Thus, the fungal
inoculum in flowers tends to be larger and more phylogenetically diverse than in other organs, which may explain
the presence of a greater number of classes and greater community dispersion.

Endophytic fungi isolated from P. polymorpha were grouped into four primary and secondary functional guilds. The
primary dominant functional guild was the “phytopathogen” and the secondary dominant was the “litter
saprotroph”. The dominance of these functional guilds can be explained by the biological and evolutionary
characteristics of the host plant together with the random environmental dynamics that act in the assembly
process of the endophytic fungal community (Rodriguez et al., 2009; Fang et al., 2019). For example, the
endophytic fungal community present in the different organs of Ageratina adenophora depends on the fungi that
are present in the surrounding environment, such as air, soil, and rhizosphere (Fang et al., 2019). In our case, P.
polymorpha is a decumbent subshrub species, which grows close to the soil and litter, which puts it in contact with
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fungal species present in these two ecological niches. Therefore, its cultivable mycobiome will be rich in fungal
species that present this duality in functional guilds and that present the necessary adaptive capacities to be able
to colonize it in an endophytic way.

Our study is one of the first to study the diversity of cultivable endophytic fungi in a native subshrub of the
Brazilian Cerrado. Therefore, we provide important data on the pattern of richness, diversity, occurrence, and co-
occurrence of cultivable endophytic fungal species in different organs of P. polymorpha in the Brazilian Cerrado. In
addition, we provide a collection of isolates that represent an important genetic and biotechnological resource that
can be better explored in future studies. Our study also reinforces the importance of a greater number of samples
and sampling of different plant tissues/organs to obtain a ample diversity of fungal species, which can guide the
choice of experimental design/experiments. Our findings also contribute to the estimation of the national and
global fungal diversity associated to plants protected in conservation units of the Cerrado in Brazil, highlighting this
biome as also a hotspot of mycodiversity.
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Figure 1

Sampling area and morphology of Peltaea polymorpha. a) Geographic location of the Brasília National Park,
Federal District, Brazil. b) P. polymorpha under natural conditions. c) Morphological details of P. polymorpha: d)
flower, e) stems, and f) leaves.
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Figure 2

Representative morphotypes of endophytic fungi isolated from P. polymorpha. The morphotypes were defined
based on their morphological characteristics, which included the colour of the colony (verse and obverse), growth
rate, the appearance of the mycelium, shape, structure of the hyphae, reproductive structures and colour of
exudates.
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Figure 3

Genus/species richness estimators with 95% confidence intervals of the cultivable endophytic fungal community
of P. polymorpha, Brazilian savannah (Cerrado), Brasília National Park, Federal District, Brazil. Genus-level richness
estimators a) Bootstrap, b) Chao 1, and c) Jacknife 1. Species-level richness estimators: d) Bootstrap, e) Chao 1, f)
Jacknife 1. The richness estimators were calculated with 10,000 permutations.
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Figure 4

Alpha diversity estimations of cultivable endophytic fungi associated with flowers, leaves, and stems of P.
polymorpha, Brazilian savannah (Cerrado), Brasília National Park, Federal District, Brazil . a) species richness (S);
b) Shannon diversity ’H'); c) Simps’n's diversity; e) Pielou evenness (J).
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Figure 5

Principal Coordinate Analysis (PCoA) based on Bray-Curtis dissimilarity, showing the distance in communities of
cultivable endophytic fungi associated with flowers, leaves, and stems of P. polymorpha, Brazilian savannah
(Cerrado), Brasília National Park, Federal District, Brazil.
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Figure 6

Relative abundance of cultivable endophytic fungi community from flowers, leaves, and stems of P. polymorpha,
Brazilian savannah (Cerrado), Brasília National Park, Federal District, Brazil. Relative abundance level of a) class, b)
order, c) family, and d) genus.
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Figure 7

Relative abundance of cultivable endophytic fungus community from flowers, leaves, and stems of P. polymorpha,
Brazilian savannah (Cerrado), Brasília National Park, Federal District, Brazil. Relative abundance at taxonomic level
of species.
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Figure 8

Bipartite networks of co-occurrence of endophytic fungi in flowers, leaves, and stems of P. polymorpha, Brazilian
savannah (Cerrado), Brasília National Park, Federal District, Brazil. In a) the co-occurrence network at the genus
level and c) at the species level is shown. The left bars in both figures show the different organs of P. polymorpha;
while the bars on the right refer to the genera/species of isolated endophytic fungi. The length of the bars on the
left corresponds to the total number of isolates in each organ, and the length of the bars on the right corresponds to
the number of isolates within each genus/species. The lines represent the abundance of each genus/species in
each organ. Venn diagrams (b and d) show the number of genera/species shared among different organs,
respectively.
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Figure 9

Functional guilds of the cultivable endophytic fungal community associated with P. polymorpha, Brazilian
savannah (Cerrado), Brasília National Park, Federal District, Brazil. Inferences of fungal lifestyles were made using
FungalTraits.


