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Abstract
Host phenology is an important determinant of the microbial community, yet how it shapes the evolution and function of 
endophytic fungi in native plants of the Cerrado remains poorly understood. We investigated cultivable foliar fungal com-
munities in Connarus suberosus (evergreen) and Diospyros lasiocalyx (deciduous) using an integrative approach. A total 
of 365 isolates were obtained, and most belonged to the genus Diaporthe. Both host plants harbored communities with 
similar alpha and beta diversity patterns, characterized by high taxonomic dominance and consistent composition. Beta 
diversity analyses revealed no significant differences in community composition between host species (PERMANOVA, 
p > 0.05). The high abundance of Diaporthe in both hosts likely contributed to the observed compositional similarity. 
Phylogenetic community structure was consistent between hosts, characterized by stochastic assembly for most taxa. 
The only distinct signal was a significant phylogenetic clustering for the genus Diaporthe in the deciduous D. lasiocalyx 
(NTI = 0.75; p = 0.042), whereas Diaporthe in C. suberosus followed a stochastic pattern (NTI = -0.60; p = 0.677). For 
non-dominant genera, assembly rules remained stochastic in both host species (p > 0.05). The bipartite network analysis 
indicated compartmentalization, with 72.4% of genera classified as specialists. Diaporthe showed significant negative 
correlations with Penicillium and Colletotrichum (p < 0.001), indicating non-random association patterns among dominant 
taxa. Functionally, Mantel analyses indicated that variation in plant-pathogen and litter-saprotroph guilds was associated 
with taxonomic community structure. Overall, our results indicate that contrasting host phenologies had limited effects on 
the diversity and composition of cultivable foliar endophytic fungal communities. Instead, both hosts were characterized 
by similar community structures dominated by Diaporthe, with only a subtle phylogenetic signal detected for this genus 
in the deciduous host.
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mycobiome
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Introduction

The Brazilian Cerrado is a recognized biodiversity hotspot 
for conservation (Myers et al. 2000), characterized by 
high levels of endemism (Malecha et al. 2025; Silveira et 
al. 2025), habitat loss (Vieira-Alencar et al. 2025), and a 
flora that requires diverse ecological adaptations (Simon 
et al. 2009). Among the plant species found in this biome, 
Connarus suberosus Planch. (Connaraceae) and Diospyros 
lasiocalyx (Mart.) B. Walln. (Ebenaceae) stand out not only 
for their ethnobotanical (Mallavadhani et al. 1998; Ribeiro 
et al. 2014; Paim et al. 2020) and medicinal importance 
(Albernaz et al. 2010; da Costa et al. 2014; Charneau et al. 
2015; de Paula et al. 2019; Morais et al. 2020), but also 
for their contrasting phenological strategies, which include 
differences in leaf longevity and canopy dynamics: C. 
suberosus is an evergreen species that maintains continuous 
foliage throughout the year through gradual leaf replace-
ment (Lenza and Klink 2006; Alberton et al. 2019). In con-
trast, D. lasiocalyx is deciduous, characterized by complete 
leaf senescence and shedding during the peak of the dry sea-
son, followed by the synchronized emergence of new leaves 
at the onset of the growth cycle (de Araújo and Haridasan 
2007; Aguiar et al. 2020). Such variations in the timing of 
leaf emergence, aging, and abscission create distinct tem-
poral windows for microbial colonization and the assembly 
of endophytic fungal communities (Fan et al. 2020; Zuo et 
al. 2022).

In seasonal ecosystems such as the Cerrado, plant–
microbe associations are considered important components 
of host adaptation. The asymptomatic presence of endo-
phytic fungi within leaf tissues may contribute to plant 
resilience and complement host metabolic functions (Huang 
2020; Waqar et al. 2024). Once established, endophytic 
fungi can influence pathogen resistance (Mejía et al. 2014; 
Akram et al. 2023; Wippel 2023; Mai et al. 2024) and inter-
act with host secondary metabolism (Alam et al. 2021; Li et 
al. 2023; Prajapati et al. 2025; Feng and Cui 2025). How-
ever, our understanding of how these fungal communities 
assemble and persist in endemic Cerrado hosts remains lim-
ited. Accordingly, we selected two plant species native to 
the Brazilian tropical savanna (C. suberosus e D. lasiocalyx) 
based on three main criteria: their endemic occurrence in the 
biome, their co-occurrence within the same environmental 
setting, and their contrasting phenological strategies. By 
comparing hosts belonging to distinct botanical lineages but 
exposed to similar environmental conditions, we aimed to 
evaluate whether patterns of endophytic community assem-
bly were associated primarily with host phenology rather 
than solely with host taxonomic relatedness.

Endophytic fungal communities colonizing leaf tissues 
may arise through a combination of stochastic dispersal and 

deterministic ecological filtering (Whitaker et al. 2020; Zhu 
et al. 2023; Xi et al. 2024; Xu et al. 2024). In evergreen 
hosts, prolonged leaf lifespan provides a relatively stable 
habitat that may facilitate the continuous accumulation 
of fungal taxa over time (Flessa et al. 2012). In contrast, 
deciduous hosts experience periodic habitat loss through 
leaf abscission, potentially favoring fungi capable of rapid 
recolonization following leaf renewal (U’Ren and Arnold 
2016). Such differences suggest that host phenology may 
act as a temporal environmental filter by influencing habi-
tat continuity, leaf age structure, and the duration of expo-
sure to environmental inoculum. Because some endophytic 
fungi exhibit broad host ranges and considerable ecologi-
cal plasticity, phenological filtering may operate simultane-
ously with generalist colonization strategies (Ginnan et al. 
2022; Geyer et al. 2024). Consequently, fungal communities 
may consist of persistent dominant taxa coexisting with a 
variable pool of rare lineages. The marked seasonality of 
the Cerrado provides an ideal natural system for evaluating 
how these processes interact and whether host phenologi-
cal strategies influence the diversity, stability, and assembly 
dynamics of foliar endophytic fungi.

Within this context, the genus Diaporthe frequently 
emerges as a dominant component of foliar endophytic 
communities associated with diverse plant groups in the 
Cerrado. Its prevalence has been documented across mul-
tiple plant families, including Fabaceae, Myrtaceae, Mal-
pighiaceae, Ochnaceae, and Sapindaceae, representing 
several botanical orders (Skaltsas et al. 2019; dos Reis et 
al. 2022; Reis et al. 2023). Despite its widespread occur-
rence, the diversity of lineages underlying this dominance in 
native Cerrado hosts remains poorly understood. The recur-
rent dominance of Diaporthe raises questions regarding 
the mechanisms that promote its persistence across hosts 
and suggests that ecological plasticity and host generalism 
may play important roles in its success (Arnold et al. 2003; 
Rodriguez et al. 2009; Udayanga et al. 2014; Noriler et al. 
2018; dos Reis et al. 2023).

This study aimed to investigate how host phenologi-
cal traits—specifically the contrast between evergreen and 
deciduous habits—may influence the taxonomic and func-
tional structuring of foliar endophytic fungal communities. 
Given the known prevalence of Diaporthe in tropical hosts 
(Noriler et al. 2018; dos Reis et al. 2022), we further evalu-
ated whether dominant taxa were associated with the organi-
zation of fungal communities across hosts with contrasting 
phenological strategies. We addressed two main hypoth-
eses: (i) contrasting host phenologies influence the diver-
sity, composition, and phylogenetic assembly of endophytic 
fungal communities due to differences in leaf persistence 
and seasonal turnover; and (ii) dominant taxa, particularly 
Diaporthe, contribute to the structural organization and 
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connectivity of the foliar mycobiota across both host spe-
cies. To test these hypotheses, we employed an integrative 
framework combining taxonomic diversity analyses, phy-
logenetic structure, interaction networks, and functional 
guild inference. Although culture-dependent approaches 
may underestimate total fungal diversity, they provide direct 
access to the viable and metabolically active fraction of the 
endophytic community effectively established within host 
tissues (Wijayawardene et al. 2022; Cortelo et al. 2023).

Methodology

Study area and sample collection

The study area was the Reserva Ecológica do Instituto 
Brasileiro de Geografia e Estatística (IBGE Ecological 
Reserve, RECOR) (15°55′ S, 47°51′ W). The reserve is 
located within an Environmental Protection Area (APA) 
known as Gama e Cabeça de Veado (Fig.  1). It exhibits 
typical characteristics of the Cerrado sensu stricto, with 
a tropical climate and marked seasonality, defined by two 
well-defined seasons: a dry season from April to September 

and a rainy season from October to March (Cardoso et al. 
2014).

Two native plant species from this area were selected 
for the study: Connarus suberosus Planch. (evergreen host) 
and Diospyros lasiocalyx (Mart.) B. Walln. (deciduo host) 
(Fig. 2). Leaves were collected at two distinct seasonal time 
points to evaluate fungal recovery under contrasting phe-
nological conditions: (1) during the rainy season in March 
2024 and (2) during the dry season in September 2024. At 
each sampling time, three individuals of each host species 
were collected, and 20 healthy asymptomatic leaves were 
collected per individual, totaling 60 leaves per species per 
season (120 leaves per species overall). Individuals of C. 
suberosus were sampled in close proximity to one another, 
with two individuals positioned approximately 2  m apart 
and a third individual located approximately 5 m from the 
others. A similar clumped distribution was followed for 
D. lasiocalyx. Notably, the two host species groups were 
located in distinct areas of the reserve, separated by a greater 
spatial distance (150 m).

The sampling design followed an aggregated spatial 
arrangement for each species to capture representative local 
mycobiota. This dual-sampling strategy was essential to 

Fig. 1  Geographical location of the study area. a map of Brazil high-
lighting the Federal District in red; b map of the Federal District show-
ing the boundaries of the Gama e Cabeça de Veado Environmental 
Protection Area (APA); c detailed view of the Gama and Cabeça de 
Veado APA, highlighting the IBGE Ecological Reserve (RECOR–

IBGE), indicated by the red square. Coordinates are in decimal degrees 
(WGS84 datum); the scale bar represents 6 km. Note: Sampling fol-
lowed a clumped design where individuals of the same species were 
2–5 m apart, while the two host species groups were spatially sepa-
rated within the study area (150 m)
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account for the distinct leaf phenological phases of the hosts 
(e.g., leaf flushing, senescence, and persistence) under these 
seasonal extremes. Thus, for subsequent analyses, isolates 
obtained across sampling periods were pooled. By pooling 
the isolates from both periods, we ensured a comprehen-
sive characterization of the total endophytic mycobiome 
associated with each host species, avoiding temporal biases 
related to leaf turnover. The samples were placed in sterile 
plastic bags, stored in thermally insulated boxes to main-
tain controlled temperature conditions, and transported to 
the laboratory. Upon arrival, the leaves were washed with 
neutral soap and running water (Silva et al. 2018; dos Reis 
et al. 2022). Subsequently, the material underwent surface 
disinfection and was processed within 24 h.

Sample processing and isolation of endophytic fungi

Leaves were surface-sterilized by immersion in 70% eth-
anol for 2  min, followed by immersion in a 4% sodium 
hypochlorite (NaClO) solution for 5 min. The leaves were 
then rinsed four times with sterile distilled water (Niu et 
al. 2022). As a negative control, the water from the final 
rinse was collected in Falcon tubes and centrifuged at 
3,000 g. An aliquot of 100 µL was plated onto Petri dishes 
containing potato dextrose agar (PDA) (Yao et al. 2019). 
After surface disinfection, the samples were dried in a 
laminar flow chamber and subsequently processed using 
a culture-dependent approach. Leaves from each sampled 
individual were overlapped and perforated 15 times using 
eyelet pliers, generating leaf fragments with 5  mm diam-
eter each, approximately. To ensure aseptic conditions and 

prevent cross-contamination between host species and indi-
viduals, all handling tools—including the eyelet pliers and 
tweezers—were sterilized and flamed (using 70% ethanol) 
between the processing of each sample. The punches were 
distributed across the entire leaf lamina, including both 
interveinal tissues and secondary veins, to ensure a repre-
sentative sampling of the different microhabitats within the 
foliar tissue. During each sampling season (rainy and dry), 
20 leaf segments were randomly selected for isolation from 
each of the three individuals per host species. These frag-
ments were distributed across five Petri plates per individual 
(four fragments per plate). Consequently, a total of 60 frag-
ments were processed per host species per season, resulting 
in a cumulative effort of 120 leaf fragments per host spe-
cies throughout the study. In aggregate, 240 leaf fragments 
were monitored for endophytic fungal growth. Each Petri 
dish contained potato dextrose agar (PDA) supplemented 
with 100 mg L⁻¹ chloramphenicol. Plates were incubated at 
25 °C in the dark for up to five days (dos Reis et al. 2023). 
Actively growing colonies emerging from the leaf frag-
ments were transferred to fresh PDA plates to obtain pure 
isolates (Arnold et al. 2000). After purification, all fungal 
isolates were deposited in the Culture Collection of the Uni-
versity of Brasília (CCUB) for long-term preservation. Pure 
cultures were stored in cryotubes according to the preserva-
tion protocols established by the collection.

Identification of isolated endophytic fungi

The initial step in the identification of endophytic fungi iso-
lated from leaves of C. suberosus and D. lasiocalyx involved 

Fig. 2  Leaf and reproductive morphology of the studied species. 
a–eDiospyros lasiocalyx (Mart.) B. Walln.: a branch with fruits in situ; 
b adaxial leaf surface; c abaxial leaf surface; d detail of the whole fruit; 

e cross-section of the fruit showing seeds and mesocarp. f–iConnarus 
suberosus Planch.: f pinnate compound leaf; g adaxial leaflet surface; 
h abaxial leaflet surface; i branch with mature fruits
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the extraction of mycelial DNA based on the protocol 
described by Makimura et al. (1994), with modifications. 
Genomic DNA was extracted using a CTAB (hexadecyl-
trimethylammonium bromide) extraction buffer contain-
ing 4% CTAB, 1.33 M NaCl, 20 mM EDTA, and 100 mM 
Tris-HCl (pH 8.0). Approximately 400  mg of mycelium 
was removed from fungal colonies and transferred to 2 
mL microtubes. Four autoclaved stainless steel beads and 
600 µL of CTAB buffer were added to each microtube. The 
samples were homogenized using a bead mill homogenizer 
for 90 s at 4,000 g, repeated twice, and then incubated in a 
dry bath for 15 min. Subsequently, 600 µL of chloroform: 
isoamyl alcohol (24:1) was added, and the samples were 
centrifuged at 16,000 g for 10 min at 4 °C.

The supernatant was transferred to new microtubes, and 
700 µL of pre-chilled isopropanol was added. The tubes 
were gently mixed for 5 min, centrifuged at 16,000 g for 
10 min, and then stored at − 20 °C for 1 h. After this period, 
the samples were centrifuged again at 16,000 g for 10 min. 
The supernatant was discarded, and 400 µL of pre-chilled 
70% ethanol was added to the pellet. The tubes were centri-
fuged at 16,000 g for 5 min, the supernatant was removed, 
and the pellets were allowed to air-dry completely. Finally, 
80 µL of TE buffer (Tris-EDTA) was added, and the samples 
were incubated in a dry bath at 65 °C for 1 h. The success 
of DNA extraction and the quality of genomic DNA were 
assessed by electrophoresis on 1% agarose gels stained with 
GelRed™. The gels were run in 1× TBE buffer at 80 V for 
40 min and visualized under ultraviolet light.

The extracted DNA was used in PCR reactions to amplify 
the 18 S–ITS1–5.8 S–ITS2 region using the forward primer 
V9G (5′–​T​T​A​C​G​T​C​C​C​T​G​C​C​C​T​T​T​G​T​A–3′) (Hoog et al. 
1998) and the reverse primer LR5 (5′–​T​C​C​T​G​A​G​G​G​A​A​
A​C​T​T​C​G–3′) (Vilgalys and Hester 1990). PCR amplifica-
tions were performed in a final volume of 12.5 µL contain-
ing 1× GoTaq Reaction Buffer (Promega, USA), 0.2 mM 
of each deoxyribonucleotide (dNTP), 1.5 mM MgCl₂, 0.5 
µM of each primer, 1 U of GoTaq G2 DNA Polymerase 
(Promega, Madison, WI, USA), approximately 20–50 ng 
of genomic DNA, and ultrapure deionized water to com-
plete the final volume. The amplification program included 
an initial denaturation step at 95 °C for 5 min, followed by 
35 cycles of denaturation at 95  °C for 30  s, annealing at 
55  °C for 45  s, and extension at 72  °C for 1 min, with a 
final extension step at 72 °C for 5 min. A negative control 
without template DNA was included in all PCR assays to 
verify the absence of contamination. PCR products (frag-
ments > 800 bp) were visualized on 1% agarose gels after 
electrophoresis, as previously described, using a 1 kb DNA 
ladder as a molecular size marker.

PCR products were purified using the ExoSAP-IT™ 
PCR Product Cleanup Reagent (Thermo Fisher Scientific, 

Waltham, MA, USA) prior to sequencing to remove resid-
ual primers and nucleotides. The PCR products were puri-
fied and sequenced by Macrogen Inc. (Seoul, South Korea) 
using an ABI 3730XL automated DNA sequence. Nucleo-
tide sequences were assembled and processed using DNA 
Dragon (version 1.9). Quality control (QC) was performed 
through visual inspection of chromatograms. Ambiguous 
base calls (Ns) were manually edited and resolved based on 
peak signal strength and separation clarity. Furthermore, the 
5’ and 3’ ends were manually trimmed to remove low-qual-
ity regions and primer sequences prior to contig assembly. 
Only sequences with high-quality chromatograms (char-
acterized by high signal-to-noise ratios and well-defined, 
non-overlapping peaks) were retained for analysis; samples 
that failed to meet these criteria were discarded and sub-
jected to new rounds of sequencing to ensure data integrity. 
Consensus ITS sequences were initially compared against 
the NCBI GenBank database using BLASTn for prelimi-
nary taxonomic identification based on sequence similarity. 
Sequences showing similarity values ≥ 97% were assigned 
at the genus level. Subsequently, reference sequences for 
phylogenetic analyses were selected based on published 
taxonomic and phylogenetic studies for each fungal genus, 
prioritizing ex-type and taxonomically validated ITS 
sequences whenever available. The nucleotide sequences 
obtained in this study were deposited in GenBank under 
accession numbers PZ227180 - PZ227391.

Community composition and diversity patterns

The alpha and beta diversity metrics, as well as phylo-
genetic community structure analyses, were conducted 
based on the reachable diversity for each host. To ensure 
taxonomic consistency and reliability across all analyses, 
we standardized the taxonomic unit at the genus level. All 
analyses were conducted in R statistical software (version 
4.5.2) (R Core Team 2023). Higher-level taxonomic clas-
sification of the identified fungal genera (phylum to family) 
was retrieved using the classification() function from the 
taxize package (v.0.10.1) (Chamberlain and Szocs 2013). To 
ensure nomenclatural accuracy and resolve potential cases 
of homonymy or synonymy, taxonomic assignments were 
manually validated using the MycoBank and Index Fungo-
rum repositories. The systematic framework followed the 
most recent guidelines for the kingdom Fungi proposed by 
Wijayawardene et al. (2022).

Relative abundance

The taxonomic structure of fungal communities was ana-
lyzed based on the relative abundance of the isolated gen-
era. Initially, raw isolation data were organized into an 
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abundance matrix (samples x genera). To standardize sam-
pling effort, absolute abundances were converted into rela-
tive abundances using the decostand() function from the 
vegan package (version 2.7-2) (Oksanen et al. 2025). To 
compare the abundance of each genus between the two host 
plants, we applied the non-parametric Wilcoxon test (Mann–
Whitney) using the wilcox_test() function from the rstatix 
package (version 0.7.3) (Kassambara 2025), with p-values 
adjusted using the False Discovery Rate (FDR) method with 
the adjust_pvalue() function. Host–fungus associations were 
visualized using a chord diagram generated using the chord-
Diagram() function, circos.par() and circos.text() functions 
with the circlize package (version 0.4.17) (Gu et al. 2014). 
To improve visual clarity, only the 15 most abundant genera 
were included in the diagram, and chord width was mapped 
to represent mean relative abundance.

Alpha diversity

Alpha diversity of the endophytic fungal communities was 
assessed using four complementary indices: Observed rich-
ness (S), Shannon diversity (H’), Simpson’s diversity (1–D), 
and Pielou’s evenness (J’). Hill numbers were computed 
for q = 0, 1, and 2, corresponding to species richness, the 
exponential of Shannon entropy, and the inverse Simpson 
index, respectively. Hill numbers were prioritized for inter-
pretation and reporting because they represent the effective 
number of taxa and provide a unified diversity framework 
that is less sensitive to dominance structure (Chao et al. 
2014). All diversity metrics were calculated using the 
specnumber() and diversity() functions from the package 
vegan. Data manipulation and visualization were performed 
using tidyverse (version 2.0.0) (Wickham et al. 2019), and 
figures were generated with ggplot() function from the 
ggplot2 (version 4.0.2) (Wickham 2016) and patchwork 
(version 1.3.2) (Pedersen 2025a, b). Assumptions of nor-
mality were assessed using the Shapiro–Wilk test, using 
the shapiro.test() function, and homogeneity of variances 
was tested using Levene’s test with leveneTest() function 
implemented in the package car (version 3.1-5) (Fox and 
Weisberg 2019). Differences in alpha diversity between host 
plants were tested using Student’s t-test (t.test() function) 
when assumptions of normality and homoscedasticity were 
met. When assumptions were violated, the non-parametric 
Mann–Whitney U test (wilcox.test() function) was applied. 
Statistical significance was considered at α = 0.05.

Beta diversity

To evaluate variation in the taxonomic composition of endo-
phytic fungal communities between the hosts C. suberosus 
and D. lasiocalyx, we performed a Principal Coordinates 

Analysis (PCoA). To highlight sample dispersion and the mul-
tivariate space occupied by each host, convex hull polygons 
were constructed by grouping samples with the group_by() 
and slice() functions from the dplyr package (version 1.2.0) 
(Wickham et al. 2026), using the base R function chull() to 
identify the outermost coordinates of each host group. Hull 
polygons were rendered using the geom_polygon() function 
from ggplot2. The genus-level abundance matrix was used 
to calculate Bray–Curtis dissimilarity, a metric selected for 
its sensitivity to relative taxon abundance. This ordination 
provided a direct visualization of the multivariate patterns 
represented by the distance matrix subsequently used in the 
PERMANOVA analyses. The distance matrix was generated 
using the vegdist() function, and ordination was performed 
using cmdscale() function, implemented in the vegan pack-
age. To test for statistically significant differences in fun-
gal community composition between hosts, we conducted 
a permutational multivariate analysis of variance (PER-
MANOVA) with 999 permutations using the adonis2() func-
tion from the same package. Additionally, the homogeneity 
of multivariate dispersions was tested using the PERMDISP 
method betadisper() function to distinguish between differ-
ences in community composition and internal variation. The 
Effect Size (R²) was used as a primary metric for interpreting 
the strength of host-driven community structuring. Graphi-
cal visualization was generated using the ggplot2 package.

Phylogenetic inference

To confirm taxonomic identity and infer the phylogenetic 
placement of the endophytic isolates, while optimizing the 
analysis of the fungi obtained, we performed two inde-
pendent phylogenetic analyses, each used to construct a 
separate phylogenetic topology. The first analysis focused 
specifically on the dominant genus Diaporthe. The second 
phylogenetic analysis aimed to represent the overall diver-
sity and taxonomic identification of the remaining genera 
isolated from both hosts (except Diaporthe).

Haplotype identification and phylogenetic reconstruction

Phylogenetic community analyses were performed to con-
firm the placement of the isolates. Taxonomic identification 
was therefore restricted to the genus level due to the limited 
resolution of the ITS region for species-level delimitation 
(Badotti et al. 2017). Given the high nucleotide similarity 
and the large number of Diaporthe isolates obtained from 
both hosts, a haplotype-based approach was used to opti-
mize phylogenetic reconstruction. Isolates were processed 
using the readDNAStringSet() function and grouped into 
unique haplotypes based on 100% sequence identity using 
the unique() and match() functions, implemented in the 
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Biostrings package (version 2.78.0) (Pagès et al. 2025). 
Redundancy was removed via the duplicated() function, and 
representative sequences for each haplotype were exported 
for phylogenetic analysis using writeXStringSet(). Data 
organization and the mapping of isolates to their respective 
haplotypes were performed using the group_by() and sum-
marise() functions from the dplyr package (Wickham et al. 
2026). This grouping was applied exclusively to the genus 
Diaporthe due to its sequence redundancy; for all other 
genera, sequence abundance per taxon was insufficient to 
justify haplotype grouping, and isolates were thus treated 
as individual lineages. For each group, a representative 
sequence was selected to compose the final alignment and 
subsequent phylogenetic analysis. This procedure reduced 
data redundancy while preserving overall genetic diversity 
and facilitated the identification of exclusive or shared taxa 
between C. suberosus and D. lasiocalyx.

To ensure visual clarity and high-resolution taxonomic 
positioning, two separate phylogenetic reconstructions 
were performed: (i) a dedicated analysis of the genus Dia-
porthe, acting as the structural hub of the community, and 
(ii) an analysis of all other recovered genera to character-
ize the broader taxonomic diversity. The dataset used for 
phylogenetic analysis included type strains and representa-
tive isolates from multiple genera showing ≥ 97% sequence 
similarity to the isolates obtained in this study. Sequences 
were retrieved from GenBank using MEGA 7 (Kumar et 
al. 2016). Multiple sequence alignments were generated 
using the online version of MAFFT (version 7) (Kuraku 
et al. 2013; Katoh et al. 2019) with the L-INS-i iterative 
refinement strategy. The resulting alignments were inserted 
into SequenceMatrix (version 1.8) to obtain the file in phy-
lip format and used for phylogenetic topology reconstruc-
tion. Maximum likelihood (ML) analyses were performed 
using IQ-TREE (version 2.1.2) (Nguyen et al. 2015). The 
best-fit nucleotide substitution models were automatically 
selected using the ModelFinder (MFP) option implemented 
in IQ-TREE, based on the Bayesian Information Criterion 
(BIC). For the Diaporthe dataset, the selected model was 
TN + F+R4, whereas the dataset containing the remaining 
genera was analyzed under the TIM2e + I+G4 model. The 
best ML phylogeny was obtained after 1.000 iterations with 
a perturbation strength of 0.5. Branch support was assessed 
using the approximate likelihood-ratio test with Shimod-
aira–Hasegawa interpretation (SH-aLRT) (Shimodaira 
2002), with 1.000 bootstrap replicates.The clades with SH-
aLRT values ≥ 80% were considered supported. The taxo-
nomic assignments were cross-validated using BLASTn 
searches against type strains in the GenBank database. The 
resulting phylogenetic topologies were visualized using 
FigTree (version 1.4.2) (Rambaut, A. Available at ​h​t​t​​p​:​/​/​​t​r​e​​
e​.​b​​i​o​.​e​d​.​a​c​.​u​k​/​s​o​f​t​w​a​r​e​/​f​i​g​t​r​e​e​/​​​​​)​. The consensus phylogeny 

were processed in R to organize the topology and statistical 
data. Phylogeny files were imported using the read.iqtree() 
function from the treeio package (version 1.34.0) (Wang 
et al. 2020) and the read.tree()function from the ape pack-
age (version 5.8-1) (Paradis and Schliep 2019). The topol-
ogy was represented as a circular cladogram (with uniform 
branch lengths) and organized using the ladderize() func-
tion (ape package). Visualization was performed using the 
ggtree() function from the ggtree package (version 4.0.4) 
(Yu et al. 2017), with additional graphical support from 
ggplot2 (version 4.0.2) (Wickham 2016) and phytools (ver-
sion 2.5-2) (Revell 2024). Final figure editing, including 
clades color-coding, the application of italics to scientific 
names, and legend positioning, was performed manually 
using FigTree (version 1.4.2) and Inkscape (version 1.4.3) 
to ensure maximum visual clarity. These phylogenetic 
reconstructions served as the backbone for the subsequent 
phylogenetic community structure analyses, providing the 
evolutionary framework required for the statistical infer-
ences detailed in Sect.  2.6.

Phylogenetic community structure

To investigate whether endophytic fungal community 
assembly in C. suberosus and D. lasiocalyx was driven by 
deterministic (e.g., environmental filtering) or stochastic 
(e.g., random dispersal) processes, we performed phyloge-
netic community structure analyses (Webb et al. 2002). This 
approach allowed inference of ecological processes based 
on the evolutionary relatedness among taxa within each host 
(Kembel et al. 2010; Wiens et al. 2010). Because Diaporthe 
was the dominant genus in both host species, phylogenetic 
community structure was evaluated at two complementary 
levels: (i) a global analysis including all non-dominant 
genera, representing the broader endophytic community 
structure, and (ii) a specific analysis focused exclusively 
on Diaporthe isolates. Thereby, the calculation of NRI 
and NTI was performed independently for each host spe-
cies community by integrating the phylogenetic topologies 
(obtained as described in Sect.  2.5.1 of the Methods) with 
a sample-by-taxon abundance matrix. This matrix explic-
itly assigned each fungal genus (for global analysis, using 
the phylogeny analysis of all other recovered genera except 
Diaporthe) or haplotype (for Diaporthe analysis, using the 
phylogeny dedicated analysis of the genus Diaporthe) to its 
respective host plant. This partitioning was adopted to avoid 
dominance effects masking broader community-level pat-
terns and to allow direct comparison with the phylogenetic 
reconstruction analyses performed separately for Diaporthe 
and the remaining genera.

Phylogenetic structure was quantified using the Net 
Relatedness Index (NRI) and the Nearest Taxon Index 

http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
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(NTI). NRI measured the mean phylogenetic distance 
among all pairs of isolates within a sample, whereas NTI 
focused on the mean distance between each taxon and its 
nearest relative, providing greater resolution for processes 
occurring near the terminal branches of the phylogeny. 
Phylogenetic distance matrices were calculated using the 
cophenetic() function from the ape package (Paradis and 
Schliep 2019). NRI and NTI were estimated using the ses.
mpd() and ses.mntd() functions, respectively, implemented 
in the picante package (version 1.8.2) (Kembel et al. 2010). 
Observed values were compared against a null distribu-
tion generated from 999 randomizations using the “taxa.
labels” null model, which preserves species richness and 
abundance while randomizing taxon positions across the 
phylogeny. Phylogenetic topologies were imported using 
the read.nexus() and read.tree() functions, and phylogeny 
compatibility with community matrices was adjusted using 
the drop.tip() and keep.tip() functions from the ape package.

The calculation of NRI and NTI was performed indepen-
dently for each host species community by integrating the 
phylogenetic topologies with a sample-by-taxon abundance 
matrix. This matrix explicitly assigned each fungal genus 
(for global analysis) or haplotype (for Diaporthe analysis) 
to its respective host plant, including the shared taxa. Using 
the match.phylo.data() function, we aligned the phylogeny 
tips with the matrix columns. For each host assemblage, the 
picante functions calculated the observed mean phylogenetic 
distances (subsetting only the tips present in that specific 
host) while maintaining their evolutionary positions within 
the global topology. The ‘taxa.labels’ null model was then 
applied to randomize the names of all taxa across the entire 
pool of tips available in the shared phylogeny. This approach 
ensured that the assembly rules for each host were evaluated 
relative to the total regional diversity captured in the study, 
allowing us to determine if the specific subset of fungi in 
each plant was more or less related than expected by chance.

The ecological assembly processes were inferred based 
on the standardized effect sizes of NRI/NTI and their 
respective p-values. Phylogenetic clustering is indicated by 
positive values (> 0) with p < 0.05, suggesting that determin-
istic environmental filtering selects for closely related taxa 
with similar niches. Phylogenetic dispersion is indicated by 
negative values (< 0) with p > 0.95, suggesting deterministic 
processes among distantly related taxa (Webb et al. 2002). 
Finally, stochastic assembly is inferred when observed 
values do not deviate significantly from the null model 
(0.05 ≤ p ≤ 0.95), indicating that community composition is 
primarily driven by random dispersal rather than phyloge-
netically structured selection (Stegen et al. 2012).

Bipartite host–fungus association network

To visualize host–fungal association patterns, a bipartite 
network was constructed linking host plants and fungal gen-
era based on isolation frequency data. In this network, nodes 
represented either host plants or fungal genera, whereas 
edges represented observed associations between a fungal 
genus and a host species. The edge length was determined 
by interaction frequency: taxa with higher abundance are 
pulled closer to the host nodes (shorter edges), while rare 
taxa are positioned in the periphery (longer edges). Node 
size was scaled by total absolute abundance, and edge 
thickness was scaled by host-specific abundance. A log-
transformation [log(x + 1)] was applied to both parameters 
to ensure that rare taxa remained visible and were not visu-
ally eclipsed by dominant ones. The network structure 
was generated using the as_tbl_graph() function from the 
tidygraph package (version 1.3.1) (Pedersen 2024) and 
visualized with gggraph (version 2.2.2) (Pedersen 2025a, 
b). Spatial organization of nodes was determined using 
the stress-majorization algorithm (“stress” layout), which 
optimizes node distribution to improve visualization of 
ecological compartments (Brandes 2001). Label overlap 
was minimized using the ggrepel package (version 0.9.7) 
(Slowikowski 2026). Global topological metrics were cal-
culated to identify structural hubs and connectors within the 
mycobiota. Node Degree (connectivity), Betweenness Cen-
trality (intermediation), and Closeness Centrality (proxim-
ity) were estimated using the degree(), betweenness(), and 
closeness() functions from the igraph package (Csárdi and 
Nepusz 2006). Node Degree represents the total number of 
connections (host-fungus links); Betweenness Centrality 
identifies taxa that act as connectors by lying on the shortest 
paths between nodes; and Closeness Centrality reflects how 
central a taxon is relative to all others in the network.

To complement the host–fungus interaction network and 
assess potential associations among fungal taxa dominant, 
correlation analyses were performed independently of the 
bipartite network framework. Abundance matrices were 
constructed using the group_by(), filter(), and pivot_wider() 
functions from the dplyr and tidyr packages (Wickham et 
al. 2025). Pairwise associations between the abundance 
of fungal genera across biological replicates (n = 3) were 
evaluated using Spearman’s rank correlation coefficient (r) 
and corresponding significance values (p), calculated with 
the rcorr() function from the Hmisc package (version 5.2-5) 
(Harrell Jr 2026). This approach allowed the identification 
of positive and negative abundance relationships that are 
not directly captured by host–fungus association networks.



1 3

Folia Microbiologica

Functional guilds assignment

To investigate potential associations between host phenol-
ogy and the functional guild composition of endophytic fun-
gal communities, we evaluated the distribution of ecological 
guilds across both host species. Fungal functional dynamics 
were investigated using two complementary approaches: (i) a 
pooled analysis including all biological replicates to identify 
general functional patterns within the study system, and (ii) 
host-specific analyses to explore potential differences linked 
to leaf phenology. Both approaches followed an identical 
analytical pipeline, utilizing the same statistical parameters 
and bioinformatics workflow described below. While the 
pooled analysis encompassed both primary and secondary 
functional lifestyles to provide a comprehensive overview, 
the host-specific exploration focused exclusively on the pri-
mary lifestyle level. This targeted approach aimed to identify 
the core ecological drivers unique to each host’s phenological 
strategy without the statistical noise associated with second-
ary or latent functional traits in a reduced sample size (n = 3). 
Fungal functional guilds were assigned to the identified gen-
era using the FungalTraits database (version 1.2) (Põlme et al. 
2020). After standardizing nomenclature (using the tolower() 
and trimws() functions) and constructing abundance matrices 
(using the group_by(), summarise(), and pivot_wider() func-
tions) implemented in the dplyr and tidyr packages, we per-
formed individualized Spearman rank correlation analyses for 
C. suberosus and D. lasiocalyx using the correlate() function 
from the linkET package (Huang 2021). Statistical associa-
tions were visualized using heatmaps (qcorrplot() function), 
where a color scale was used to differentiate between syn-
ergistic (positive r, in blue) and potential competitive asso-
ciations (negative r, in red). Additionally, the influence of 
functional composition on taxonomic structure was evaluated 
through Mantel tests (999 permutations) performed sepa-
rately for each host using the mantel_test() function.

Results

General composition and relative abundance

Seasonal differences in fungal recovery were observed 
between the host species. No cultivable endophytic fungi 
were isolated from D. lasiocalyx during the dry season, 
when the species bore only newly emerged leaves, whereas 
C. suberosus yielded cultivable endophytes in both seasons. 
A total of 256 isolates were obtained from the leaf tissues of 
C. suberosus (Rainy: 139, Dry: 117). In contrast, D. lasio-
calyx yielded isolates only during the rainy season (Rainy: 
109). All isolates belonged to the phylum Ascomycota 
and were distributed across the classes Dothideomycetes, 

Eurotiomycetes, and Sordariomycetes. At lower taxonomic 
levels, we identified 13 orders, 18 families, and 29 genera. 
Among the identified families, Diaporthaceae showed the 
highest frequency. A complete taxonomic classification 
across hierarchical levels is provided in Supplementary 
Material (Table S1). Community structure analysis revealed 
a distribution strongly dominated by the genus Diaporthe in 
both hosts (Fig. 3). Diaporthe accounted for 85.10% of the 
relative abundance in C. suberosus and 76.85% in D. lasioc-
alyx. In addition to Diaporthe, only a small group of genera 
exhibited relative abundances greater than 1%, including 
Phyllosticta (4.63% in D. lasiocalyx), Penicillium (3.70% in 
D. lasiocalyx; 1.57% in C. suberosus), and Colletotrichum 
(1.96% in C. suberosus). All remaining genera were classi-
fied as rare taxa, with individual isolation frequencies below 
1%. Despite the strong dominance of Diaporthe, the Wil-
coxon test performed on the abundance distribution of all 
identified fungal genera revealed no significant differences 
between host species (p > 0.05).

Alpha diversity

The taxonomic alpha diversity of endophytic fungal com-
munities did not differ significantly between host plants for 
any of the evaluated metrics (all p > 0.05; Fig. 4). Observed 

Fig. 3  Chord diagram illustrating the associations between the most 
abundant endophytic fungal genera and the host plants Connarus 
suberosus and Diospyros lasiocalix. The length of the arcs on the 
periphery represents the total relative abundance. The width of the 
chords connecting fungi to plants is proportional to the mean relative 
abundance of each genus within each host
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richness (Hill q0) was numerically higher in the evergreen 
host C. suberosus (9.33 ± 2.08) than in the deciduous host 
D. lasiocalyx (7.67 ± 3.79), although this difference was not 
statistically significant (p = 0.55). In both hosts, diversity 
estimates decreased from total richness (Hill q0) to abun-
dance-weighted diversity metrics (Hill q1 and q2), indicat-
ing that fungal communities were dominated by a relatively 
small number of genera. In C. suberosus, the effective 
number of common genera (Hill q1) was 2.15 ± 0.52 and 
the effective number of dominant genera (Hill q2) was 
1.41 ± 0.20. In D. lasiocalyx, Hill q1 and Hill q2 values were 
2.81 ± 0.86 and 1.80 ± 0.39, respectively. A similar descrip-
tive pattern was observed for Pielou’s evenness, with lower 
evenness in C. suberosus (J’ = 0.33 ± 0.08) compared to D. 

lasiocalyx (J’ = 0.51 ± 0.16). However, none of these differ-
ences were statistically significant.

Beta diversity

Beta diversity analysis indicated that the endophytic com-
munities were compositionally similar between host plants, 
as no statistically significant differences were detected 
(PERMANOVA, p > 0.05). Despite the lack of statistical sig-
nificance host plant identity accounted for 49.3% of the total 
variation in genus composition (R2 = 0.493). This biological 
signal is reflected in the PCoA ordination (Fig. 5), which 
shows a visual trend toward spatial segregation between 
the communities of C. suberosus and D. lasiocalyx, with no 

Fig. 4  Alpha diversity metrics of endophytic fungal communities asso-
ciated with Connarus suberosus and Diospyros lasiocalyx. (A) Hill q0 
(observed generic richness); (B) Hill q1 (effective number of common 
genera); (C) Hill q2 (effective number of dominant genera; inverse 
Simpson); and (D) Pielou’s evenness (J’). Points represent indepen-
dent biological replicates (n = 3 per host species), and bars indicate 

mean ± standard deviation. Each diversity metric was tested indepen-
dently using either Student’s t-test or Mann–Whitney U test according 
to normality and homogeneity assumptions. No statistically signifi-
cant differences were detected between host plants for any metric (all 
p > 0.05)
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overlap between their respective convex hulls. Furthermore, 
the non-significant PERMDISP (p = 0.401) result confirms 
that the level of community variation among individual 
trees (multivariate dispersion) is statistically homogeneous 
across both host species.

Phylogeny

Diaporthe haplotype diversity

The 300 initial sequences obtained for the dominant genus 
Diaporthe from both hosts were grouped into 150 unique 
haplotypes based on 100% sequence identity. Haplotype 
frequencies were uneven, ranging from singletons to haplo-
types represented by dozens of isolates. The distribution of 
these haplotypes across host plants revealed host-associated 
distribution patterns: 99 haplotypes were exclusive to Con-
narus suberosus, 42 were exclusive to Diospyros lasiocalyx, 
and 9 haplotypes were shared between both plant species. 
The most abundant haplotype, designated H1_C(25)_D(12), 
comprised 37 isolates, of which 25 were recovered from C. 
suberosus and 12 from D. lasiocalyx. All identified haplo-
types are listed in Supplementary Material (Table S2).

Phylogeny and taxonomic placement

Diaporthe  For maximum likelihood of phylogenetic 
reconstruction, representative sequences from the 150 
haplotypes were selected and aligned with 56 refer-
ence sequences (including type specimens and sequences 
retrieved from GenBank), resulting in a total of 206 termi-
nal taxa in the final phylogeny. The complete table contain-
ing the identities of Diaporthe isolates, their corresponding 
reference sequences, and percentage identity values is pro-
vided in the Supplementary Material (Table S3). Details of 
the reference sequences used in the Diaporthe phylogenetic 
analyse, including culture collection and GenBank acces-
sion numbers, are available in Supplementary Table S4. The 
phylogenetic analysis resulted in a phylogeny in which the 
sequences were grouped into multiple clades corresponding 
to previously described species within the genus Diaporthe 
(Fig. 6). The phylogenetic topology indicated a broad diver-
sification of this genus across the studied Cerrado native 
hosts. All haplotypes (designated by the letter H) clustered 
within the monophyletic Diaporthe clade with high statisti-
cal support (SH-aLRT ≥ 80%), supporting their placement 
within the genus.

Other genera  Phylogenetic analyses confirmed the taxo-
nomic placement of all isolates obtained for the remain-
ing genera (excluding the genus Diaporthe). The complete 
table containing the identities of isolates assigned to gen-
era other than Diaporthe, their corresponding reference 
sequences, and percentage identity values is provided in the 
Supplementary Material (Table S3). Details of the reference 
sequences used in the phylogenetic analyse of the remain-
ing genera, including culture collection and GenBank acces-
sion numbers, are available in Supplementary Table S5. The 
global diversity phylogeny (Fig. 7) showed that the isolates 
were distributed across multiple fungal genera, including 
Colletotrichum, Alternaria, Aspergillus, Penicillium, and 
Phyllosticta, among others, clustering with high statistical 
support (SH-aLRT ≥ 80%) alongside reference sequences 
for each respective genus. The placement of isolates among 
type specimens and globally representative sequences sup-
ports their taxonomic identification at the genus level and 
highlights the diversity of endophytic fungi associated with 
the studied hosts.

Phylogenetic community structure

Phylogenetic community structure analyses indicated 
broadly similar assembly patterns between host plants, with 
most NRI and NTI values showing no significant deviation 

Fig. 5  Principal Coordinates Analysis (PCoA) based on Bray–Curtis 
dissimilarity showing the structure of endophytic fungal communi-
ties associated with Connarus suberosus (coral circles) and Diospyros 
lasiocalyx (blue triangles). Axes 1 and 2 account for 89.9% of the total 
taxonomic variation. Statistical results from PERMANOVA (R2 and 
p-value) and PERMDISP are displayed within the plot area, highlight-
ing that host identity explains approximately 50% of the community 
variance, although this pattern did not reach statistical significance
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from null expectations (Table 1). For the broader endophytic 
community (excluding the dominant genus Diaporthe), 
both hosts exhibited non-significant NRI and NTI values, 
consistent with predominantly stochastic phylogenetic 
assembly. In C. suberosus, NRI and NTI values were 0.385 
(p = 0.330) and 0.942 (p = 0.186), respectively, whereas in D. 
lasiocalyx these values were − 0.168 (p = 0.539) and 0.536 
(p = 0.313), respectively. A distinct pattern was observed 
only in the Diaporthe haplotype dataset associated with 
D. lasiocalyx, in which NTI indicated significant phyloge-
netic clustering at the terminal branches of the phylogeny 
(NTI = 0.754, p = 0.042). In contrast, Diaporthe haplotype 
from C. suberosus did not differ from random expectations 

(NTI = − 0.607, p = 0.677). Although NRI values for Dia-
porthe haplotype in D. lasiocalyx showed a positive 
trend, they were not statistically significant (NRI = 0.793, 
p = 0.070).

Host–endophyte interaction patterns and specificity

The bipartite host–fungus association network comprised 
31 nodes (host plants and fungal genera) and revealed 
host-associated compartmentalization patterns (Fig.  8). 
Connarus suberosus (orange node) acted as the most con-
nected hub with a degree of 20, while Diospyros lasiocalyx 
(dark blue node) exhibited a degree of 17 (Supplementary 

Fig. 6  Cladogram showing the phylogenetic relationships among 
Diaporthe haplotypes. In the phylogeny, haplotypes are indicated 
by the letter H, followed by the host identification, where Connarus 
suberosus and Diospyros lasiocalyx are represented by the letters C 
and D, respectively. The number of times each haplotype was iso-
lated from each host is indicated in parentheses. Haplotypes shared 
between hosts are highlighted in pink, those exclusive to C. suberosus 

are shown in blue, and those exclusive to D. lasiocalyx are shown in 
brown. Taxa names in black correspond to reference sequences (type 
specimens) retrieved from GenBank. Colored circles at internal nodes 
indicate SH-aLRT statistical support based on 1,000 replicates; the 
color scale represents clade support levels. The phylogeny was rooted 
using Cytospora disciforme (CBS 116827)
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Table 1  Phylogenetic structure indices of endophytic fungal communities associated with Connarus suberosus and Diospyros lasiocalyx
Analysis level Host plants NRI p-value NTI p-value Pattern
Global (Genera) C. suberosus 0.385 0.330 0.942 0.186 Random

D. lasiocalyx -0.168 0.539 0.536 0.313 Random
Specific (Diaporthe) C. suberosus -0.612 0.574 -0.607 0.677 Random

D. lasiocalyx 0.793 0.070 0.754 0.042* Clustering
NRI Net Relatedness Index, NTI Nearest Taxon Index
p-value followed by an asterisk (*) indicate statistical significance (p < 0.05)

Fig. 7  Cladogram showing the phylogenetic relationships among 
globally distributed fungal genera isolated in this study (excluding the 
genus Diaporthe). In the phylogeny, isolates are identified by numeri-
cal codes representing individual lineages, followed by host identifi-
cation, where Connarus suberosus and Diospyros lasiocalyx are rep-
resented by the letters C and D, respectively. Unlike Fig. 6, isolates 
here are not grouped into haplotypes due to lower sequence abundance 

per genus. Isolates from C. suberosus are highlighted in blue, whereas 
those from D. lasiocalyx are shown in brown. Taxa names in black 
correspond to reference sequences (type specimens) retrieved from 
GenBank. Colored circles at internal nodes indicate SH-aLRT statisti-
cal support based on 1,000 replicates; the color scale represents clade 
support levels
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Material - Table S6). The fungal community was character-
ized by host-fidelity: 72.4% of the genera (21 taxa) were 
host-specific specialists (Degree = 1). Specifically, 12 taxa 
were exclusive to C. suberosus (peach fungal nodes), and 
9 were exclusive to D. lasiocalyx (light blue fungal nodes). 
Only 8 genera (27.6%), including Diaporthe, Colletot-
richum, and Penicillium, were shared between both host 
species (yellow nodes, Degree = 2). Topologically, the host 
plants exhibited the highest betweenness centrality (287.0), 
confirming their role as the primary organizing centers of 
the network. Among the fungal taxa, Cladosporium and 

Paraconiothyrium showed the highest betweenness central-
ity values (84.5), indicating a greater contribution to net-
work connectivity relative to other genera. Their closeness 
centrality values were also among the highest observed 
(Table S6), further supporting their prominent positions 
within the overall network structure. Diaporthe emerged as 
a dominant component of the fungal community, being one 
of the shared genera and represented by the largest node size 
in the network, reflecting its high abundance across both 
host species. One taxon was identified at the order level 
(Onygenales) due to the absence of a high-identity match 

Fig. 8  Bipartite network representing associations between endophytic 
fungal genera and the host plants Connarus suberosus and Diospyros 
lasiocalyx. Nodes represent host plants and fungal taxonomic units. 
Host nodes are identified by color (orange for C. suberosus and dark 
blue for D. lasiocalyx). Fungal nodes are categorized according to host 
occurrence: yellow nodes indicate genera detected in both host species; 
peach nodes indicate genera detected exclusively in C. suberosus; and 
light blue nodes indicate genera detected exclusively in D. lasiocalyx. 
Node size is proportional to the log-transformed absolute abundance 
of each taxon. Edges represent host–fungus associations based on fun-

gal occurrence in each host species, with edge width proportional to 
the abundance of the association. Red edges indicate fungal genera 
shared between both hosts, whereas grey edges indicate associations 
restricted to a single host species. The force-directed layout positions 
more abundant taxa closer to the host nodes (shorter edges), while rare 
taxa are peripheral (longer edges). The large node size of dominant 
taxa (e.g., Diaporthe) may overlap and obscure their respective edges. 
Onygenales was maintained at the order level due to the absence of 
reliable genus-level identification
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at the genus level in available databases and was retained to 
preserve the total diversity dataset.

As the most abundant genus recovered from both host 
species, Diaporthe was further examined through correlation 
analyses to assess its patterns of association with other fun-
gal taxa. Correlation analyses revealed significant negative 
associations between Diaporthe and Penicillium (r = − 0.32; 
p < 0.001), Diaporthe and Colletotrichum (r = − 0.28; 
p < 0.001), Diaporthe and Phyllosticta (r = − 0.25; p < 0.001) 
(Supplementary Material – Table S7).

Functional inferences

Functional guild analyses revealed distinct patterns of asso-
ciation between ecological traits and taxonomic commu-
nity structure (Fig. 9). Mantel tests indicated a significant 
association between taxonomic composition and the abun-
dance of plant pathogens classified as primary lifestyles 
(r = 0.800, p = 0.001). Among secondary lifestyles, litter 
saprotrophs also showed a significant association with com-
munity structure (r = 0.795, p = 0.001). All remaining guilds 
exhibited non-significant associations (p > 0.05). Spearman 
correlation analyses revealed both positive and negative 
associations among guilds. Within the primary lifestyle 
classification, plant pathogens were positively correlated 
with animal parasites (r = 0.655), whereas negative correla-
tions were observed between plant pathogens and myco-
parasites (r = − 0.655). Similarly, litter saprotrophs showed 
negative associations with mycoparasites (r = − 0.424) and 
animal parasites (r = − 0.424). Within the secondary lifestyle 
classification, positive correlations were observed between 

litter saprotrophs and animal decomposers (r = 0.655), 
while negative associations occurred between plant patho-
gens and unidentified guilds (r = − 0.420) and between 
foliar endophytes and animal decomposers (r = − 0.539). 
Additional host-specific analyses are provided in Supple-
mentary Fig. S1. Although some variation in guild associa-
tion patterns was observed in each host species, none of the 
host-specific Mantel tests reached statistical significance 
(p > 0.05). Given the limited number of biological repli-
cates per host (n = 3), these results should be considered 
exploratory (Fig. S1).

Discussion

Our findings reveal that the foliar endophytic communi-
ties of C. suberosus and D. lasiocalyx are characterized by 
high taxonomic similarity and a shared core dominated by 
the genus Diaporthe. This dominance is maintained across 
hosts through a diversity of lineages (Diaporthe haplotypes) 
rather than a single successful isolate. Although we observed 
a complete microbial reset in the deciduous host (zero iso-
lates recovered during the dry season), the taxonomic struc-
ture established during the rainy season was remarkably 
similar to that of the evergreen host. This high similarity 
between hosts with contrasting phenologies likely reflects 
their spatial proximity within the same reserve together with 
the ecological processes governing foliar endophyte acqui-
sition (Whitaker et al. 2018, 2020). Fungal communities in 
the phyllosphere are primarily acquired horizontally through 
wind, rain, and other environmental vectors, reflecting 

Fig. 9  Correlation heatmap showing pairwise associations among 
fungal functional guilds based on the combined endophytic communi-
ties of Connarus suberosus and Diospyros lasiocalyx. The functional 
guilds were assigned via the FungalTraits database. Plots represent 

(A) Primary lifestyle and (B) Secondary lifestyle classifications. The 
upper triangular heatmap displays pairwise Spearman’s rank correla-
tions between guild abundances (blue: positive correlation; red: nega-
tive correlation)
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dispersal from a shared regional spore pool (Arnold and 
Herre 2003; Vincent et al. 2016; Mayrhofer et al. 2024).

The total absence of isolates in the newly flushed leaves 
of D. lasiocalyx during the dry season is consistent with 
the horizontal transmission model of foliar endophytes. 
According to this model, leaves accumulate fungi over time 
through continuous exposure to environmental inoculum 
(Arnold and Herre 2003; Bhardwaj et al. 2023). In tropical 
seasonal environments, leaf age is an important determinant 
of endophyte density, and young tissues often harbor low 
fungal loads that may not reach the detection threshold of 
culture-dependent methods (Toju et al. 2014; Ortega et al. 
2020). While molecular approaches might detect traces of 
fungal DNA in such tissues, the lack of cultivable isolates in 
our study suggests an absence of established and viable fun-
gal mycelia during this early stage of leaf development. This 
temporal lag in colonization reinforces the potential role 
of deciduousness as an environmental filter in this native 
Cerrado host (Franco et al. 2005; Lan et al. 2024). In this 
context, the regional prevalence of Diaporthe may act as a 
dominant ecological signal that partially overrides host-spe-
cific phenological filters, resulting in a broadly similar com-
munity architecture across hosts with different leaf lifespans 
(Gomes et al. 2013; Ferro et al. 2024).

The occurrence of shared Diaporthe haplotypes across 
both host species further suggests that dispersal processes 
may contribute to shaping these endophytic communities. 
Because the sampled individuals occurred in close geographic 
proximity, and foliar endophytes are predominantly acquired 
through horizontal transmission, fungal propagules may be 
readily exchanged between hosts. Exposure to a common 
regional inoculum pool may therefore facilitate the persis-
tence of generalist taxa despite contrasting host phenologies 
(Apigo 2022; Köhler et al. 2025). Similar patterns have been 
reported in tropical systems where dispersal processes and 
local environmental conditions can outweigh host-specific 
effects in determining endophytic community composition 
(Arnold and Herre 2003; Hoffman and Arnold 2008).

The Wilcoxon test supported this pattern, showing no 
significant differences in genus-level abundance between 
hosts (p > 0.05). Similarly, the absence of significant differ-
ences in alpha and beta diversity (p > 0.05) was consistent 
with the observed abundance patterns. Together, these find-
ings support a community structure characterized by strong 
taxonomic dominance, in which most isolates belong to a 
single taxon (Diaporthe) despite the presence of multiple 
rare genera (Bernardi-Wenzel et al. 2010; Vieira et al. 2014; 
Ndinga-Muniania et al. 2023; Castillo-González et al. 2025). 
Although the proportion of variance explained by host iden-
tity (R² = 0.493) and the visual segregation observed in the 
PCoA suggest a possible host effect (Hoffman and Arnold 
2008), the coexistence of a dominant generalist taxon 

alongside multiple rare taxa likely reduces observable dif-
ferences in community diversity (Apigo and Oono 2018).

While several genera were identified as rare taxa, the 
prevalence of Diaporthe suggests that this genus possesses 
ecological and phenotypic attributes that facilitate efficient 
colonization of host leaf tissues (Udayanga et al. 2014; 
Huang et al. 2015; Cha et al. 2024; Ferro et al. 2024; dos 
Reis et al. 2025). Its ability to tolerate and potentially adapt to 
host secondary metabolites may further enhance occupation 
of available niches across different leaf environments (Gomes 
et al. 2013; Hilário and Gonçalves 2022, 2023; Bhunjun et 
al. 2024). This pattern, together with the inherent selectivity 
of culture-dependent methods, which tend to favor ubiqui-
tous and fast-growing taxa (U’Ren et al. 2016; Skaltsas et al. 
2019; Bhunjun et al. 2024; dos Reis et al. 2025), as previously 
reported for Diaporthe (Gao et al. 2017; Dissanayake et al. 
2020), likely explains why our analyses did not support the 
expected higher accumulation of taxa in the evergreen host 
(Arnold and Lutzoni 2007; Gomes et al. 2013; Higgins et al. 
2014; Apigo and Oono 2018; Ferro et al. 2024).

Beyond taxonomic composition, phylogenetic analyses 
provided additional insight into the processes underlying 
community assembly. Overall, phylogenetic community 
structure was largely consistent between host plants, with 
both fungal assemblages exhibiting patterns predominantly 
driven by stochastic assembly processes (p > 0.05). This gen-
eral similarity suggests that, for most taxa, the foliar habitat 
in these endemic Cerrado hosts can be occupied through 
processes related to chance colonization and dispersal (Ge 
et al. 2025). A distinct signal was detected only for Dia-
porthe in D. lasiocalyx (NTI = 0.754, p = 0.042), indicating 
a subtle pattern of phylogenetic clustering near the terminal 
branches of the phylogeny. Thus, the deciduous phenol-
ogy of the host may impose a mild environmental filter and 
likely favoring the establishment of more closely related 
Diaporthe lineages (Cavender-Bares et al. 2009; Solis et al. 
2016; Noriler et al. 2018; Ndinga-Muniania et al. 2023). As 
this was the only significant signal across all analyses, our 
results suggest that while host phenology may subtly influ-
ence the phylogenetic structure of the dominant genus in the 
deciduous host, the assembly of these endophytic commu-
nities remains predominantly stochastic (Apigo and Oono 
2018; Liu et al. 2021; Xing et al. 2022; Bard et al. 2024).

The genus Diaporthe was the most abundant and widely 
distributed taxon recovered from both host species, despite 
their contrasting phenological strategies, and exhibited the 
highest number of associations in the plant–fungus interac-
tion network (Fig. 8). Its prominence within the network, 
together with its high frequency of occurrence, suggests 
that Diaporthe represents an important component of the 
cultivable foliar endophytic communities examined in this 
study. Negative correlation coefficients involving Diaporthe 
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(e.g., Diaporthe and Penicillium: r = − 0.32; p < 0.001) indi-
cate that higher abundances of this genus were associated 
with lower abundances of certain co-occurring taxa within 
host leaves. Although correlation analyses do not allow 
direct inference of ecological mechanisms, these patterns 
may reflect differences in host occupancy or other ecologi-
cal processes influencing fungal co-occurrence. The nega-
tive associations involving Diaporthe, together with its high 
abundance and occurrence in both host species, indicate 
that this genus represents a prominent component of the 
cultivable endophytic communities examined here. Simi-
lar patterns have been reported in previous studies, where 
Diaporthe was among the most abundant and frequently 
isolated foliar endophytes across different host plants and 
environmental conditions (Mayrhofer et al. 2024; dos Reis 
et al. 2025). This recurrent dominance suggests that mem-
bers of the genus possess ecological traits that facilitate 
successful colonization and persistence within plant tissues 
(Gomes et al. 2013; Hilário and Gonçalves 2023).

The functional analyses revealed that only a subset of 
ecological guilds showed significant associations with taxo-
nomic community structure. In particular, plant pathogens 
(primary lifestyle) and litter saprotrophs (secondary life-
style) exhibited significant Mantel correlations, suggest-
ing that variation in these guilds may be linked to broader 
shifts in fungal community composition (U’Ren and Arnold 
2016; Guerreiro et al. 2018). Although these associations do 
not establish causal relationships, they indicate that certain 
ecological functions may contribute disproportionately to 
the organization of endophytic assemblages associated with 
hosts exhibiting contrasting phenologies (Rodriguez et al. 
2009; He et al. 2023; Ariyan et al. 2026). The correlation 
analyses further revealed a mixture of positive and negative 
associations among guilds, highlighting the complexity of 
functional relationships within the foliar endosphere (Xiao 
et al. 2025). Positive correlations may reflect guilds that 
frequently occur under similar host or environmental con-
ditions, whereas negative correlations could indicate differ-
ences in ecological preferences or resource use (Biagioli et 
al. 2023). While these patterns cannot be interpreted as direct 
evidence of facilitation or competition, they suggest that fun-
gal communities are structured by a combination of ecologi-
cal strategies rather than by random functional associations 
alone (U’Ren and Arnold 2016; Noguchi and Toju 2024).

The relationship involving plant pathogens is particu-
larly noteworthy because many endophytic fungi are known 
to occupy multiple ecological roles, transitioning between 
asymptomatic colonization and pathogenic lifestyles 
depending on host condition and environmental context 
(Schulz and Boyle 2005; Delaye et al. 2013; Bhunjun et al. 
2024). Similarly, the association involving litter saprotrophs 
may reflect the ecological plasticity frequently reported for 

endophytic fungi, many of which are capable of persist-
ing within living tissues and subsequently contributing to 
decomposition processes after leaf senescence (Bernardi-
Wenzel et al. 2010; Guerreiro et al. 2018; Bhunjun et al. 
2024; Xiao et al. 2025). Together, these patterns reinforce 
the view that endophytic communities comprise function-
ally versatile organisms whose ecological roles may extend 
beyond a single trophic strategy (Redkar et al. 2022).

However, additional studies will be necessary to deter-
mine the ecological mechanisms underlying these patterns 
and whether they reflect direct biological interactions or 
indirect responses to host-related factors. Although these 
results should be interpreted cautiously, they suggest that 
functional attributes may contribute to variation in endo-
phytic community composition across the studied hosts. 
Future studies incorporating larger sample sizes, additional 
host species, and broader spatial replication will help deter-
mine whether these patterns represent general features of 
endophytic community organization or are specific to the 
host systems with contrasting phenologies investigated here.

Conclusions

This study demonstrates that the cultivable foliar endo-
phytic fungal communities associated with the evergreen 
Connarus suberosus and the deciduous Diospyros lasioca-
lyx exhibit taxonomic similarity, with Diaporthe prevailing 
as the dominant genus in both hosts despite their contrast-
ing phenologies. The occurrence of shared Diaporthe hap-
lotypes across host species, together with the predominance 
of non-significant NRI and NTI values, indicates that com-
munity assembly is consistent with stochastic colonization 
and dispersal processes. The detection of endophytic fungi 
with known saprotrophic affinities also suggests potential 
links between foliar endophytes and litter decomposition, 
particularly in host species characterized by seasonal leaf 
turnover. These findings contribute to a better understanding 
of the composition and assembly of cultivable endophytic 
fungal communities in the two host species examined in this 
study and provide a basis for future research on the ecologi-
cal processes underlying plant–fungus associations in native 
host species of the Cerrado, a biodiversity-rich biome.
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