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Abstract 

Fungal endophytes are ubiquitous plant symbionts with critical ecological roles in natural and managed ecosystems. Despite 
their importance, global patterns of diversity, host interactions, and environmental determinants remain poorly understood. 
Here, we present FunEndo, a comprehensive repository integrating ~105,000 records from over 4,500 studies, encompassing 
~4,300 species across ~1,700 genera from ~4,100 plant species. Analyses reveal strong dominance of Ascomycota (91–95%) 
over Basidiomycota, with Sordariomycetes and Dothideomycetes as the most prevalent classes. Organ specificity across 1,359 
fungal genera identified 201 genera (14.8%) significantly enriched in at least one organ (FDR < 0.05), indicating non-random 
distributions. Normalized association profiles show plant organs act as discrete ecological niches, with fungal genera ranging 
from strict organ specialists to generalists across multiple tissues. Across datasets, 965 fungal genera were reported from 
multiple hosts. An association-based permutation test combined with bipartite network modularity analysis revealed no 
significant phylogenetic structuring of fungal–host associations (p > 0.25), indicating that while interactions form distinct 
assemblages, community assembly is largely independent of host evolutionary relatedness and likely shaped by ecological 
filtering, environmental context, geographic overlap, and functional trait matching. Distance-based redundancy analysis further 
showed that community composition is influenced by host organ, growth form, climatic variables, and spatial structure, with 
organ identity as a primary determinant. Despite these factors, substantial residual variation remained, reflecting additional 
ecological and stochastic processes. FunEndo provides a global framework for exploring fungal endophyte diversity, 
highlighting organ specificity, weak phylogenetic constraints, and the influence of environmental and spatial processes, 
emphasizing the complexity of endophyte communities and the value of integrative, large-scale data assembly. 
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Introduction 

Endophytes are microorganisms, predominantly fungi and 
bacteria, that reside within plant tissues without causing any 
apparent disease symptoms (Wilson 1995; Aleynova et al. 
2023). Their long-standing association with land plants is 
evidenced by fossil records dating back over 400 million 
years, suggesting that early mutualistic relationships—
particularly between fungi and plant roots—played a key role 

in plant evolution (Krings et al. 2007; Plett & Martin 2015). 
Although this symbiosis is ancient, the formal recognition and 
scientific study of endophytes is relatively recent (De Bary 
1879). Fungal endophytes, in particular, offer a wide range of 
ecological and practical benefits. In agriculture and forestry, 
they promote plant growth by enhancing nutrient uptake and 
increasing resistance to both biotic and abiotic stresses 
(García-Latorre et al. 2021; Fontana et al. 2021; Lata et al. 
2018). In medicine, they are a rich source of bioactive 
compounds with promising applications in the development 

Fungal Diversity (2026) 136: 136016 
https://doi.org/10.65390/fdiv.2026.136016 

Research Article 

https://orcid.org/0000-0003-0406-5541
https://orcid.org/0000-0003-0427-1329
https://orcid.org/0000-0002-9539-3307


Fungal Diversity (2026) 136: 136016   Global Fungal Endophyte Repository 

 2 

of antibiotics, anticancer agents, and other therapeutic 
medications (Schulz et al. 2002; Ebrahimi et al. 2025). 
Endophytes have been identified in a broad spectrum of plant 
lineages, including mosses, algae, ferns, conifers, and 
angiosperms (U’Ren et al. 2010), and it is estimated that each 
vascular plant species may host between 10 to 100 different 
fungal endophyte species, with a small number showing host 
specificity (Dreyfuss & Chapela 1994; Bhunjun et al. 2024). 
Fungal endophytes represent a remarkably diverse and 
ecologically significant group of microorganisms that inhabit 
nearly every plant lineage on Earth. With an approximately 
300,000 known plant species worldwide, the global diversity 
of fungal endophytes is estimated to exceed one million 
species based on 1:4 or 1:5 fungi per host, emphasizing their 
critical roles in plant biology and ecosystem processes 
(Strobel & Daisy 2003; Sun & Guo 2012; Rashmi et al. 2019).  

Fungal endophytes display significant diversity, encom-
passing several fungal phyla, such as Ascomycota, 
Basidiomycota, and basal fungi, including Mucoromycota, 
Mortierellomycota, Glomeromycota, and Chytridiomycota. By 
far, most identified fungal endophytes belong to the phylum 
Ascomycota (Massimo et al. 2015; U’Ren et al. 2019; 
Moghaddam et al. 2021). Within this phylum, the classes 
Dothideomycetes, Sordariomycetes, Leotiomycetes, Euroti-
omycetes, and Pezizomycetes are particularly rich in 
endophytic species (U’Ren et al. 2019; Arnold & Lutzoni 2007; 
Botella & Diez 2011; Rashmi et al. 2019; Sanz-Ros et al. 2015). 
Fungal genera that are frequently associated with endophytic 
lifestyles are also categorized accordingly in reference 
databases such as FunGuild (Nguyen et al. 2016) and 
FungalTraits (Põlme et al. 2020). Nevertheless, endophytism 
frequently represents only one stage in the life cycle of many 
fungi, as a number of taxa that occur as endophytes can 
subsequently shift into saprotrophic or pathogenic lifestyles 
(Stengel et al. 2022). This functional plasticity highlights the 
limitation of genus-level assignments, since closely related 
species within the same genus may differ substantially in 
ecological role. Therefore, recognition and classification of 
endophytic taxa at the species level is ecologically more 
meaningful and provides a more accurate understanding of 
their potential functional contributions. 

Host specificity in fungal endophytes has been reported 
across numerous studies, with certain fungal species 
consistently associating with specific plant hosts (Arnold & 
Lutzoni 2007; Ekanayake et al. 2012). Neotyphodi-
um/Epichloë species are particularly well-known for forming 
highly specific symbioses with grasses (Saikkonen et al. 
2016). Although horizontally transmitted endophytes typically 
exhibit less specificity than vertically transmitted ones, host 
preferences are frequently observed in the latter (Todd 1988; 
Ahlholm et al. 2002; Unterseher et al. 2013; Rajala et al. 2013; 
Hardoim et al. 2015). For instance, Rhabdocline parkeri is 
found exclusively on Pseudotsuga menziesii, demonstrating 
strict host specificity (Carroll 1988). Environmental variables, 
especially geographic location, may further influence host 
specificity. While some tropical endophytes have shown 
host-specific associations (Arnold et al. 2003), others, such 
as those studied in French Guiana & India, have not (Cannon 
& Simmons 2002; Suryanarayanan et al. 2002). Cactus 
endophytes from the southwestern USA showed no host 
specificity (Suryanarayanan et al. 2005), whereas those from 
Arctic and boreal regions were often limited to a single host 
species (Higgins et al. 2007). Collectively, these findings 

reveal variability in host specificity among fungal endophytes 
and suggest that geographic or climatic context may play a 
role, although further investigation is needed to clarify these 
patterns. 

A group of fungal endophytes colonizes plants 
systemically, while others exhibit specificity for particular 
plant organs, such as roots, stems, leaves, or seeds 
(Rodriguez et al. 2009; Wearn et al. 2012; Kumar & Hyde 2004; 
Su et al. 2010; Peršoh, 2013). Fisher & Petrini (1992) observed 
significant organ specificity in Oryza sativa L. Sun et al. (2008) 
indicated distinct fungal endophyte communities between 
the branches and leaves of six medicinal plant species. 
Fungal endophytes associated with Ageratina adenophora 
exhibited notable tissue specificity and rarely showed 
systemic growth (Fang et al. 2019). In contrast, Bayman et al. 
(1997) reported the same endophyte species in foliar and root 
tissues of Lepanthes orchids, whereas Blodgett et al. (2000) 
found this pattern in Amaranthus hybridus. Mishra et al. (2012) 
reported that Chaetomium globosum was isolated as an 
endophyte from all tissues of the medicinal plant Tinospora 
cordifolia. These findings emphasize the diverse colonization 
strategies employed by fungal endophytes and highlight the 
crucial role of organ specificity in shaping endophytic 
community structure and function within plant hosts. 

Fungal endophytes are closely associated with plants and 
occur across all terrestrial biomes, from tropical to arctic 
ecosystems (Bacon & White 2000; Oita et al. 2021; Zhang & 
Yao 2015). However, some fungal species may exhibit 
preferences for particular climatic conditions. The taxonomic 
composition of fungal endophytes differs among tropical, 
temperate, and boreal forests (Arnold & Lutzoni 2007). The 
community of fungal endophytes associated with photosyn-
thetic tissues of cupressaceous trees in xeric deserts differs 
from those in mesic forests (Hoffman & Arnold 2008). In the 
Himalayas, the intensity of dark septate endophyte (DSE) 
colonization in the roots of Poa attenuata significantly 
increased with elevation, although the opposite pattern 
occurred for arbuscular mycorrhizal fungi (Kotilínek et al. 
2017). Overall, climatic factors like temperature, moisture, 
seasonality, and altitude play a significant role in shaping the 
distribution and diversity of fungal endophytes, with various 
species showing preferences for particular environmental 
conditions. 

Fungal endophytes are commonly categorized into 
ecological guilds and functional groups using curated 
resources such as FunGuild and FungalTraits (Nguyen et al. 
2016; Põlme et al. 2020). An analysis of more than 500 studies 
identified over 800 fungal genera reported as endophytes and 
compiled corresponding information on host plant organs, 
host species, and geographic origins (Rashmi et al. 2019). 
Large-scale investigations over the past two decades have 
significantly advanced the field by characterizing the 
taxonomic and functional diversity of endophytes, elucidating 
their ecological roles in host–microbe interactions, and 
uncovering evolutionary patterns that link endophytism to 
broader processes in fungal ecology and symbiosis (Arnold & 
Lutzoni 2007; Hoffman & Arnold 2008; Vega et al. 2010; U’Ren 
et al. 2012; Higginbotham et al. 2013; U’Ren et al. 2019; Oita 
et al. 2021). These foundational efforts have provided critical 
baselines for identifying dominant endophytic taxa and for 
understanding how they shape, and are shaped by, plant-
associated microbial communities. 



Global Fungal Endophyte Repository   Fungal Diversity (2026) 136: 136016 

 3 

This study consolidates both published and unpublished 
data on fungal endophytes that were originally isolated using 
diverse methodologies across a wide range of plant species, 
organs, and geographic regions. By integrating these 
heterogeneous datasets, we provide a comprehensive 
framework for examining global patterns of endophyte 
diversity and ecology. Our approach is guided by the 
hypothesis that variation in host and organ identity shapes 
fungal community composition, with specific fungal taxa 
expected to exhibit specialization for particular organs due to 
differences in nutrient availability, tissue structure, or defense 
chemistry. Specifically, our objectives are: (1) to generate the 
first global-scale database of fungal species reported as 
endophytes, consolidating scattered records into a unified 
reference, and (2) to perform a detailed analysis of host- and 
organ-specificity among fungal endophytes, while evaluating 
the influence of climatic variables and spatial context on 
these patterns. By linking explicit ecological expectations to 
our sampling framework, we aim to identify fungal taxa with 
predictable patterns of host or organ specialization, thereby 
providing mechanistic insights into plant–microbe interac-
tions across ecosystems. 
 
Material and Methods 
 
Data Collection 
 
As of January 2022, data were compiled from three major 
bibliographic databases—Web of Science, Scopus, and 
PubMed—using the search terms endophyte OR endophytic 
applied to titles, abstracts, and keywords. The GenBank 
repository was also searched using the same keywords to 
capture sequence-based records, and both published and 
unpublished studies were included. In addition, fungal 
endophyte-related records were extracted from the 
FungalTraits database (Põlme et al. 2020).  

Records retrieved from all sources were merged, and 
duplicate entries were removed prior to screening. Titles and 
abstracts were screened to exclude conference papers, 
review articles, methodological studies lacking primary data, 
and studies investigating non-fungal (e.g., bacterial) 
endophytes. Full-text articles were then assessed for 
eligibility. Studies were excluded if they lacked primary data, 
had incomplete or non-extractable metadata, focused on 
non-endophytic fungi or non-living plant material, or were 
duplicate datasets. Studies without accessible full text were 
also excluded. Application of these criteria reduced the initial 
pool of approximately 30,000 publications to ~4,500 studies 
that met all inclusion requirements (Fig. S1). Because 
FunEndo was developed as a global synthesis of published 
and unpublished fungal endophyte records, methodological 
protocols were not standardized across the original studies. 
Procedures used to define and isolate endophytes—
including surface sterilization methods, culture conditions, 
sequencing platforms, primer sets, and sequence-processing 
pipelines—varied among sources. Consequently, no 
retrospective filtering based on specific sterilization 
protocols or sequence clustering thresholds was applied. 
Instead, inclusion was restricted to studies that explicitly 
reported fungal taxa as endophytes. 

For each retained study, taxonomic and associated 
metadata were extracted, including fungal species names, 
host plant species, plant organ sampled, geographic location, 

latitude and longitude, country, sampling date, and season. 
Host plant species were further classified into broad growth-
form categories (Grass/Graminoid, Herb/Forb, Shrub, Tree, 
and Vine/Liana) using growth habit information obtained from 
World Flora Online (https://www.worldfloraonline.org), Plants 
of the World Online (https://powo.science.kew.org), and, 
where available, the USDA PLANTS Database 
(https://plants.sc.egov.usda.gov). Classifications were cross-
checked among sources when necessary to ensure 
consistency. To ensure taxonomic consistency across 
datasets, both fungal and host plant names were 
standardized prior to analysis using the Global Biodiversity 
Information Facility (GBIF) backbone taxonomy. All scientific 
names were processed using the GBIF Species Lookup tool 
(https://www.gbif.org/tools/species-lookup), which matches 
input names against the GBIF backbone—a curated and 
synthetic taxonomy integrating multiple authoritative sources 
(e.g., Catalogue of Life, International Plant Names Index, and 
Index Fungorum). For both fungi and host plants, this 
procedure was used to (i) correct typographical errors, (ii) 
resolve synonyms to their currently accepted names, and (iii) 
harmonize taxonomic nomenclature across all datasets. Only 
accepted names returned by GBIF were retained for 
downstream analyses. This approach ensured a consistent 
and up-to-date taxonomic framework for both fungal taxa 
and their associated host plants. All data mining procedures 
and subsequent analyses are presented in Figure 1, offering 
a concise overview of the study’s workflow and its key 
methodological steps. 
 
Organ Specificity 
 
To assess organ specificity of fungal genera, we first curated 
a comprehensive dataset of fungal occurrences across plant 
organs from the FunEndo database. Only records with organ 
information were retained. Organ names were standardized 
to correct typographical inconsistencies and ensure 
consistent nomenclature, and rare or ambiguous organs such 
as “bark”, “stolon”, “tuber”, “gall”, and “other” were removed 
to focus the analysis on well-represented organs. A genus-
by-organ contingency table was constructed, summarizing 
the frequency of each genus across the remaining organs. 
For each genus, Fisher’s Exact Test was applied to the 
contingency table to evaluate whether the distribution of 
occurrences across organs deviated from random 
expectation. P-values were computed using 9,999 simulated 
replicates to account for sparse or unbalanced contingency 
tables, and multiple testing was controlled using the 
Benjamini–Hochberg false discovery rate (FDR) correction. 
Genera with FDR < 0.05 were considered significantly organ-
specific. Normalized association values were calculated for 
each genus by dividing the number of reports in a given organ 
by the total number of reports for that genus across all organs, 
providing an occurrence-based measure of organ enrichment. 
These values were visualized in a heatmap to highlight 
patterns of organ specialization across significant genera.  

To account for variation in reporting intensity among 
species and reduce bias associated with uneven literature 
representation, we employed a normalization approach 
based on species-level reporting frequency. For each species, 
we calculated the number of distinct references in which it 
was reported for each organ and then normalized this value 
by the total number of references in which the species 
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appeared across all organs. This yielded a proportion 
reflecting the strength of association between each species 
and organ, relative to its overall reporting frequency. Species 

were retained for comparison if their normalized score 
exceeded 0.3 in at least one organ. 

Fig. 1 The workflow of data compilation, curation, and analytical procedures applied in this study. 
 

 
Phylogenetic and Network Analysis of Host–Fungus 
Associations 
 
To comprehensively evaluate the phylogenetic structure of 
host–fungus associations, we combined an association-
based permutation framework with a network-based 
modularity analysis, allowing assessment of both pairwise 
phylogenetic non-randomness and emergent community-
level structure within the interaction network. We first tested 
whether closely related fungi preferentially associate with 
closely related hosts by calculating the mean pairwise 
phylogenetic distance among host taxa associated with each 
fungal taxon. Null expectations were generated by randomly 
shuffling host–fungus associations while preserving interac-
tion frequencies, recalculating the distance metric for each 
permuted dataset, and performing 999 permutations; 
statistical significance was determined as the proportion of 
permuted values less than or equal to the observed statistic, 
with the null hypothesis assuming random associations and 
the alternative hypothesis predicting phylogenetically 
structured interactions. To capture higher-order structure 
beyond individual associations, we constructed a bipartite 
host–fungus network from the curated presence–absence 
matrix after matching taxa to phylogenies and removing rare 
nodes with fewer than two interactions (i.e., host or fungal 
taxa connected to fewer than two partner taxa within the 

interaction network) to reduce stochastic noise. Community 
structure was inferred using the Louvain modularity 
optimization algorithm implemented in igraph, and network 
modularity (Q) was evaluated against 999 permutation-based 
null models generated by randomizing the interaction matrix. 
To assess phylogenetic signal within detected modules, we 
calculated mean pairwise phylogenetic distances (MPD) 
among host taxa within each module using cophenetic 
distances derived from the host phylogeny and compared 
observed values to null distributions generated by permuting 
module assignments (999 permutations). Standardized effect 
sizes (Z-scores) and permutation-based P-values were 
computed to quantify phylogenetic clustering or overdisper-
sion, enabling integration of pairwise specialization patterns 
with emergent modular organization across the full 
interaction network. 
 
Geographic and Environmental Data Extraction 
 
Latitude and longitude coordinates for each fungal 
endophyte record were carefully cleaned and standardized to 
ensure accuracy, and records lacking geographic information 
were excluded from subsequent analyses. Climate zones 
were assigned to each record based on latitude, with tropical 
zones spanning −23.5° to 23.5°, temperate zones from 23.5° 
to 66.5° in both hemispheres, and boreal zones beyond 66.5° 
or below −66.5°. To quantify climatic conditions at each 
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sampling location, raster datasets from WorldClim version 2.1 
(2.5 arc-minute resolution) were used to extract mean annual 
temperature (MAT, BIO1) and mean annual precipitation 
(MAP, BIO12) values at the exact coordinates of each sample. 
Elevation values were obtained for all sampling points using 
the elevatr R package, which accesses the high-resolution 
AWS terrain dataset to provide accurate altitude measure-
ments. In addition, ecoregion identifiers were assigned to 
each sample through spatial mapping in QGIS Desktop 
v.3.36.2, using the superecoregion framework provided by 
Tedersoo et al. (2022) to provide ecological and biogeo-
graphic context, linking each fungal occurrence to 
established terrestrial ecoregions. 
 
db-RDA–based variance partitioning of fungal 
endophyte communities 
 
We used the FunEndo database, which initially included 
104,411 records from multiple studies. The dataset was 
filtered to retain only fungal taxa, and records without 
geographic coordinates (latitude or longitude) were removed. 
Coordinates were standardized to numeric format, and 
records with missing or invalid spatial information were 
excluded. Each record was assigned to one of three broad 
climatic zones (tropical, temperate, or boreal) based on 
latitude following standard latitudinal thresholds (±23.5° and 
±66.5°). Analyses were restricted to leaf and root tissues to 
ensure sufficient replication and ecological comparability. To 
reduce spatial uncertainty, samples were intersected with a 
global super-ecoregion layer, and records lacking ecoregion 
assignments were excluded. Following all filtering steps, 
7,331 records representing 640 unique samples were retained. 
Each sample was defined as a unique combination of study 
reference, geographic coordinates, and host organ. 

Fungal community composition was summarized at the 
genus level. Occurrence counts of fungal genera were 
aggregated per sample to generate a sample × genus matrix. 
Genera with three or fewer total occurrences across the 
dataset were removed to reduce sparsity, resulting in a final 
community matrix comprising 607 samples and 191 fungal 
genera. Phylogenetic relationships among fungal taxa were 
inferred using a taxonomy-based backbone approach 
implemented in the taxonomy_to_tree.pl script (Tedersoo et 
al. 2018). Fungal genera were assigned to a curated 
hierarchical classification reflecting current phylogenetic 
knowledge, and this nested taxonomy was subsequently 
converted into a phylogenetic tree in Newick format. Tip 
labels were matched to genus names, and taxa absent from 
the community matrix were pruned. The community matrix, 
sample metadata, and phylogenetic tree were integrated into 
a phyloseq object. Phylogenetic beta diversity among 
samples was quantified using unweighted UniFrac distances. 
Environmental predictors included scaled continuous 
variables (MAT, MAP, elevation) and a categorical climate 
zone factor. Host effects were represented by organ identity 
(leaf or root) and growth form. Spatial structure was modeled 
using Moran’s eigenvector maps (MEMs), derived from 
geographic coordinates using distance-based eigenvector 
mapping (dbMEM). MEMs capture spatial patterns across 
multiple scales and allow explicit control of spatial 
autocorrelation. To ensure consistency between spatial 
predictors and the phylogenetic response variable, forward 
selection of MEMs was performed using distance-based 

redundancy analysis (db-RDA) on the unweighted UniFrac 
distance matrix. Selection was implemented with adjusted R² 
stopping criteria to prevent overfitting. A subset of broad-
scale MEMs explaining the majority of spatial structure was 
retained for subsequent analyses. 

Distance-based redundancy analysis (db-RDA) was 
conducted using the capscale function in the vegan package, 
with unweighted UniFrac distances as the response. The full 
model included environmental variables (MAT, MAP, 
elevation, climate zone), host organ identity and growth form, 
and the selected MEMs as explanatory variables. Model 
significance was assessed using permutation tests (999 
permutations) under a reduced model framework. Collinearity 
among predictors was evaluated using variance inflation 
factors (VIF), and no predictors exceeded accepted 
thresholds. To evaluate the contribution of individual 
predictors, term-wise permutation tests were performed with 
predictors added sequentially. This framework allowed 
assessment of the relative influence of climate, host, and 
spatial structure on fungal endophyte community composi-
tion while accounting for shared variance among predictor 
sets. 

 
Results 
 
Taxonomic Distribution of Fungal Endophytes 
 
A total of approximately 105,000 records of fungal 
endophytes were compiled from ~4,500 studies, 
encompassing both published and unpublished sources. 
Data were aggregated from major repositories and databases, 
including Web of Science, Scopus, PubMed, GenBank, and 
FungalTraits. Records originated from both high-throughput 
sequencing of environmental samples and sequencing of 
pure fungal cultures, and were taxonomically resolved into 11 
phyla, 46 classes, 164 orders, 520 families, 1,756 genera, and 
4,321 species. Examination of dataset-specific contributions 
revealed that the scientific literature, GenBank, and 
FungalTraits accounted for 1,180, 1,244, and 108 unique 
species of fungal endophytes, respectively (Fig. S2). Of these, 
1,607 species were shared between the scientific literature 
and GenBank, while 216 species were represented across all 
three datasets (Fig. S2). Taxonomic composition was strongly 
dominated by the phylum Ascomycota in each dataset, 
comprising 91% of records in the scientific literature, 92% in 
GenBank, and 95% in FungalTraits (Figs. S3–S5). Basidiomy-
cota represented a smaller but consistent fraction (~7%), 
followed by Mucoromycota (~1%). Collectively, Ascomycota 
and Basidiomycota accounted for 99% of all endophyte 
records. The remaining 1% was distributed across other 
fungal phyla, including Mortierellomycota, Zoopagomycota, 
Glomeromycota, Chytridiomycota, Blastocladiomycota, 
Entomophthoromycota, Zygomycota s.l., and Sanchytriomy-
cota (Fig. 2A). 

Across all three datasets, the class Sordariomycetes was 
the most frequently recorded, accounting for 45–50% of 
entries, followed by Dothideomycetes (25–30%), Leotiomy-
cetes (5–15%), and Eurotiomycetes (5–10%) (Figs. S3–S5). 
More than 95% of fungal endophyte records identified to the 
class level were assigned to six dominant classes: 
Sordariomycetes (46%), Dothideomycetes (27%), Eurotiomy-
cetes (10%), Leotiomycetes (6%), Agaricomycetes (5%), and 
Tremellomycetes (2%) (Fig. 2B). 
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The dominant fungal orders varied across the different 
datasets. In the scientific literature, Pleosporales represented 
the highest proportion of records (21%), followed by 
Hypocreales (17%) and Eurotiales (9%) (Fig. S3). In the 
GenBank dataset, Hypocreales was most prevalent, 
comprising 22% of records, followed by Pleosporales (20%) 
and Glomerellales (12%) (Fig. S4). In the FungalTraits dataset, 
Xylariales was the most frequently recorded order (18%), 
followed by Pleosporales (17%) and Hypocreales (13%) (Fig. 

S5). Within the FunEndo database, more than 95% of fungal 
endophyte records identified to the order level belonged to 
eight orders: Pleosporales, Hypocreales, Eurotiales, Glo-
merellales, Xylariales, Diaporthales, Helotiales, and Botry-
osphaeriales (Fig. 2C). Among these, Pleosporales was the 
most taxonomically diverse, encompassing 243 endophytic 
fungal genera, followed by Helotiales (137), Hypocreales (131), 
Agaricales (95), Polyporales (80), Xylariales (78), and 
Sordariales (60).

Fig. 2 The proportion of dominant fungal endophyte taxa in the FunEndo database. (A-E) shows the proportion of fungal endophyte records from 
the phylum to genus levels. (F) illustrates the top 10 dominant fungal endophyte species. The data not assigned to any taxonomic level are not 
included. 
 

In the GenBank dataset, the majority of fungal endophyte 
records were attributed to three primary families: Nectriaceae, 
Glomerellaceae, and Aspergillaceae (Fig. S4). Similarly, the 
scientific literature dataset classified approximately 50% of 
all records within the families Nectriaceae, Pleosporaceae, 
and Aspergillaceae (Fig. S3). In the FungalTraits database, 
Xylariaceae, Nectriaceae, and Pleosporaceae emerged as the 
most frequently represented families (Fig. S5). In the FunEndo 
database, the majority of fungal endophyte records were 
associated with the families Nectriaceae, Aspergillaceae, 
Pleosporaceae, Glomerellaceae, and Diaporthaceae (Fig. 2D). 

Across all three datasets and the FunEndo database, 
Alternaria, Fusarium, and Colletotrichum were the most 
frequently recorded fungal endophyte genera (Figs. 2E, S3–
S5). The genus Fusarium included 95 species, with F. ox-
ysporum, F. solani, and F. fujikuroi being the most commonly 
reported (Figs. S3F, S4F, and S5F). Fusarium oxysporum was 
recorded as an endophyte in 345 studies, exhibiting 
associations with a wide range of plant organs—including 
leaves, stems, roots, rhizomes, flowers, seeds, and fruits—
across more than 230 plant species in over 40 countries. F. 
solani and F. fujikuroi were associated with 160 and 30 plant 
species, respectively. The genus Alternaria comprised 115 
species, with A. alternata being the most prevalent. Alternaria 
alternata was found colonizing both above- and below-
ground tissues of more than 250 plant species. Among the 
125 Colletotrichum species documented in the datasets, C. 

gloeosporioides stood out as the dominant species, recorded 
in over 300 studies and linked to more than 200 plant species. 

 
Geographic distribution of fungal endophytes 
 
Current fungal endophyte records are geographically biased 
toward the United States, Europe, and China, leaving large 
regions underrepresented (Fig. S6). The United States and 
China contributed over 10,000 records each, followed by 
Brazil, Papua New Guinea, and India (>5,000 records; Fig. 3A). 
Among 114 countries, 29 contained unique species, with 
China reporting the highest number, followed by India, Brazil, 
and Israel (Fig. 3B). Notably, New Zealand showed a high 
proportion of unique taxa despite fewer total records. Across 
ecoregions, 75 contained unique species, with China Eastern 
forests, Western European broadleaf forests, and China 
Central forests showing the highest numbers (Fig. S7). 

The frequency of fungal endophyte genera was examined 
across three various climate zones (Boreal, Temperate, and 
Tropical), revealing marked variation in the distribution of the 
ten most dominant genera (Fig. S8). Fusarium was the most 
dominant genus overall, accounting for 1,163 records (~30% 
of all reports among the top ten genera), with the majority 
originating from temperate regions. Alternaria ranked second 
with 750 records (~19%), again primarily concentrated in the 
temperate zone. Cladosporium (~11%) and Colletotrichum 
(~10%) also showed substantial representation, though 
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Colletotrichum was comparatively more frequent in tropical 
and boreal climates than Cladosporium. Genera such as 
Penicillium, Diaporthe, and Darksidia exhibited moderate 
frequencies. The least represented genera were Phomopsis, 
Cadophora, and Aspergillus, each contributing less than 5% 
of the total. Across all genera, the temperate zone accounted 
for the highest proportion of records. In contrast, the boreal 

and tropical zones contributed substantially fewer records, 
with their relative representation varying by genus. Overall, 
these results indicate that fungal endophyte diversity, at least 
in terms of reported frequency, is strongly skewed toward 
temperate regions, with a smaller but notable contribution 
from boreal and tropical zones. 

 

Fig. 3 Global distribution of endophytic fungal records. (A) Heatmap showing the total number of endophytic fungal genera reported for each 
country. (B) Heatmap showing the number of unique endophytic fungal genera reported for each country. Countries shown include all records in 
the database, regardless of whether geographic coordinates were available. 

 
Fungal endophytes and organ type 
 

Across 1,359 fungal genera evaluated for organ specificity 
using Fisher’s Exact Test, 201 (14.8%) genera were identified 
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as significantly enriched in at least one of the 14 plant organs 
after FDR correction (FDR < 0.05; Fig. S9). This substantial 
number of significant taxa demonstrates that fungal 
distributions across plant organs are strongly non-random. 
The imbalance between significant and non-significant 
genera indicates that organ-level filtering is a dominant 
structuring force in plant-associated fungal communities 
rather than a marginal effect driven by a small subset of taxa. 

The relative representation of plant organs associated 
with fungal endophyte records differs across data sources, 
highlighting biases in tissue sampling (Fig. S10). Normalized 
association profiles of the significant genera revealed clear 
and biologically interpretable patterns of organ specialization 
(Fig. 4A). A number of genera exhibited strong, narrowly 
focused enrichment in specific tissues. For example, 
Mortierella, Umbelopsis, Oidiodendron, and Phialocephala 
showed high normalized associations with roots and 
rhizomes, with little to no enrichment in aboveground organs, 
consistent with their known prevalence in belowground 
environments. In contrast, genera such as Cladosporium, 
Alternaria, Ramularia, and Zasmidium were predominantly 
enriched in leaves and shoots, showing strong associations 
with aerial tissues and minimal representation in roots. 
Woody organs also supported distinct fungal assemblages, 
with genera including Xylaria, Hypoxylon, and Annulohypoxy-
lon displaying pronounced enrichment in trunk and wood. 
While many taxa showed sharp organ specificity, others such 
as Fusarium, Penicillium, and Trichoderma exhibited broader 
distributions across multiple organs, indicating more 
generalist colonization strategies. 

To highlight the primary organ associations of fungal 
species rather than incidental co-occurrences, a normaliza-
tion step was applied to the dataset. In raw data, even a 
single detection in an alternative organ classifies a species as 
"shared," which can artificially reduce the perceived 
uniqueness of a species to a specific habitat. To correct this, 
species occurrences were weighted by the proportion of 
references across organs; only those contributing at least 30% 
of their total references to a given organ were retained. 
Consequently, the normalized Venn diagram revealed a 
higher number of unique species per organ by reassigning 
species with minor, incidental detections to their dominant 
organ (Figs. 4 B,C). Of the 1,756 reported fungal endophyte 
genera, 698 (based on 66,012 records) have been isolated 
from multiple plant organs, whereas 727 genera (from 2,746 
records) have been documented exclusively from a single 
organ. Results from the Fisher exact test indicate that 201 
genera exhibit significant organ specificity. For example, 
Tulasnella has been consistently isolated only from root 
tissues of 20 plant species across more than 10 studies 
conducted in Italy, Thailand, Australia, China, South Korea, 
and the United States. Similarly, Meliniomyces has been 
found exclusively in the roots of nine plant species in six 
studies from China, Canada, and Slovenia. Fraxinicola has 
been reported as an endophyte in the leaves of Fraxinus 
excelsior and Fraxinus ornus in Italy, Slovakia, and 
Switzerland. Triangularia has been identified in root tissues of 
Changnienia amoena, Oryza sativa, and Vochysia divergens 
in China, Kenya, and Brazil. Additionally, Paramicrothyrium 
has been reported as a leaf endophyte in nine plant species 
from Costa Rica and Panama. 

 
Variation in Fungal Endophytes Assemblages 
 
Distance-based redundancy analysis (db-RDA) of 
unweighted UniFrac distances indicated that fungal endo-
phyte community composition is structured by a combination 
of host traits, environmental gradients, and spatial processes 
(Fig. 5A; Table 1). Term-wise permutation tests revealed that 
host growth form explained a significant proportion of 
compositional variation (Df = 5, F = 3.91, p = 0.001) after 
sequentially accounting for climatic variables, host organ, 
and spatial eigenvectors. Although samples representing 
different growth forms overlapped substantially in ordination 
space, growth form nonetheless contributed consistent and 
statistically independent explanatory power, indicating subtle 
but repeatable shifts in community composition rather than 
discrete clustering. Host organ emerged as one of the 
strongest predictors (Df = 1, F = 7.53, p = 0.001) with leaf- and 
root-associated fungal communities forming clearly 
separated clusters in ordination space (Fig. 5A), indicating 
strong tissue-specific structuring of endophyte assemblages 
across hosts. Climatic variables also contributed significantly, 
with mean annual temperature (F = 6.01, p = 0.001) and 
precipitation (F = 3.38, p = 0.001) exerting stronger effects 
than elevation (F = 1.60, p = 0.011), suggesting broad-scale 
environmental filtering of endophyte communities. Climate 
zone explained additional variation beyond continuous 
climatic predictors, indicating regional structuring not fully 
captured by temperature and precipitation alone (Fig. 5B). 
Multiple Moran’s eigenvector maps (MEMs) were significant 
(all p ≤ 0.002), collectively accounting for a substantial 
fraction of explained variance and highlighting strong spatial 
autocorrelation consistent with dispersal limitation and 
historical contingency. Despite the cumulative significance of 
these predictors, a large residual component remained 
(Residual SS = 258.65), reflecting high unexplained hetero-
geneity typical of fungal microbiome datasets and suggesting 
additional contributions from unmeasured host traits, 
microenvironmental variation, and stochastic assembly 
processes.  
 
Fungal endophyte and host species 
 
Fungal endophytes reported across the three datasets were 
associated with approximately 4,100 plant species. The 
number of unique host species recorded in the Scientific 
Literature, GenBank, and FungalTraits datasets was 1,730, 
1,052, and 71, respectively, with 304 species common to all 
three sources (Fig. 6A). The distinct sets of host species 
represented in each dataset underscore the value of 
integrating multiple sources to capture broader host diversity. 
Among plant species linked to the highest number of reported 
fungal endophytes, the Scientific Literature dataset 
highlighted Microthlaspi perfoliatum, Pinus ponderosa, and 
Zea mays; GenBank featured Fritillaria cirrhosa, Quercus 
semecarpifolia, and M. perfoliatum; and FungalTraits 
included Quercus hypoleucoides, Nothofagus menziesii, and 
Juniperus deppeana (Fig. S11). In the FunEndo database, the 
plant orders Poales, Malpighiales, Fagales, Pinales, Fabales, 
Rosales, Lamiales, Brassicales, Myrtales, Ericales were 
associated with more than 50% of reported fungal 
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Fig. 4 Organ-specific associations of fungal endophyte genera. (A) Heatmap showing the normalized association strength between significantly 
associated fungal genera (rows) and plant organs (columns) across the FunEndo dataset. Color intensity (0–1) represents the strength of genus–
organ associations after correcting for unequal sampling among organs, (B) Venn diagram showing the number of unique and shared fungal 
species among leaf, root, stem, and fruit based on raw species counts. (C) Venn diagram showing the number of unique and shared fungal species 
among the same four plant organs after normalizing species occurrences by the number of studies, accounting for differences in sampling effort. 
 
endophytes (Fig. 6B). At the species level, F. cirrhosa, Q. 
semecarpifolia, M. perfoliatum, Z. mays, P. ponderosa, and 
Hevea brasiliensis were linked with the largest number of 
fungal endophytes. Notably, Anemone rivularis, Phragmites 
australis, Campeostachys nutans, H. brasiliensis, Vitis vinifera, 

and Dendrobium officinale each hosted over 100 distinct 
fungal genera. 

A total of 965 fungal genera—comprising 67,921 reports—
have been isolated from multiple host species. Among these, 
Fusarium, Penicillium, Alternaria, Aspergillus, and Coll-
etotrichum each have been isolated from more than 600 
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Fig. 5 Environmental and spatial drivers of fungal endophyte community composition. (A) Distance-based redundancy analysis (db-RDA) 
of fungal endophyte community composition based on unweighted UniFrac distances. Points represent individual samples and are colored by 
host organ (leaf and root), while point shapes indicate host plant growth form. The first two db-RDA axes explain 30.4% (db-RDA1) and 13.6% 
(db-RDA2) of the constrained variation. Black arrows represent significant environmental variables (permutation test, P < 0.05), including mean 
annual temperature (MAT) and mean annual precipitation (MAP), with arrow length proportional to the strength of their correlation with community 
composition. Crosses indicate group centroids for each host organ. (B) Geographic distributions of the Moran's eigenvector maps (MEMs) 
retained after forward selection for inclusion in the db-RDA. Colors represent relative MEM values (arbitrary units), illustrating broad-scale spatial 
autocorrelation, including latitudinal and continental-scale gradients. The selected MEMs were all significant predictors of phylogenetic 
community turnover based on unweighted UniFrac distances (permutation tests, P ≤ 0.002). 
 

Fig. 6 Host plant taxonomic representation and dataset overlap in the FunEndo database. (A) Venn diagram illustrating the numbers of unique 
and shared host plant species among the three primary data sources used to construct the FunEndo database: scientific literature, GenBank, 
and FungalTraits. (B) Plant orders hosting the largest numbers of reported fungal endophytes in the FunEndo database. 
 
different plant species. For example, Fusarium has been 
identified as an endophyte in nearly 900 plant species, 
sampled across 70 countries and documented in over 800 
studies. Similarly, Penicillium has been reported from around 
630 plant species, across 69 countries in over 850 studies. Of 
the 599 genera associated with only one host plant species, 

20 have been documented in more than one study. For 
instance, Sphaceloma has been exclusively reported from 
Pteroceltis tatarinowii, a plant native to China, in three 
independent studies. Scolecosporiella, Praetumpfia, and 
Linodochium have each been isolated only from a single host 
species—Chamaecyparis lawsoniana (in Oregon and 
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Table 1. Effects of environmental, host, and spatial predictors on fungal endophyte community composition based on unweighted UniFrac 
distances. Significance was assessed using permutation tests (999 permutations). MEMs represent Moran’s eigenvector maps accounting for 
spatial autocorrelation. 
 

Term Df Sum of Squares F value p-value 
Host growth form 5 8.638 3.907 < 0.001 

MAT 1 2.655 6.006 < 0.001 

MAP 1 1.493 3.376 < 0.001 

Elevation 1 0.707 1.600 0.012 

Climate Zone 2 1.878 2.123 < 0.001 

Organ 1 3.330 7.531 < 0.001 

MEM1 1 2.072 4.686 < 0.001 

MEM2 1 1.114 2.520 < 0.001 

MEM3 1 1.168 2.642 < 0.001 

MEM8 1 1.064 2.406 < 0.001 

MEM5 1 1.292 2.923 < 0.001 

MEM15 1 1.326 2.999 < 0.001 

MEM12 1 1.215 2.749 < 0.001 

MEM6 1 0.894 2.021 < 0.001 

MEM9 1 1.148 2.597 < 0.001 

MEM51 1 0.875 1.980 < 0.001 

F values and p-values were obtained using a permutation test with 999 permutations. 
 
northwestern California), Fraxinus excelsior (in Germany and 
Slovakia), and Calocedrus decurrens (in western North 
America), respectively—across multiple studies. 

The association-based permutation test and bipartite 
network analysis together provide a multi-scale assessment 
of phylogenetic structure in host–fungus interactions, 
revealing consistent patterns across both pairwise and 
community-level perspectives. The permutation test 
indicated no significant phylogenetic structuring of fungal–
host associations, as the observed mean pairwise taxonomic 
distance among host plants associated with individual fungal 
taxa did not differ from randomized expectations (p = 0.99), 
supporting the null hypothesis that associations occur 
independently of host evolutionary relatedness. This result 
suggests that, at the level of individual fungal associations, 
host phylogeny does not impose strong constraints on fungal 
host range. However, because pairwise analyses do not 
capture emergent organization across the full interaction 
network, we complemented this approach with a bipartite 
modularity framework to evaluate higher-order community 
structure. Across the nine modules characterized, Mean 
Pairwise Distance (MPD) values ranged from 352.0 to 466.7, 
reflecting variation in phylogenetic diversity among modules 
(Table S1). Standardized effect sizes (Z) varied widely, with 
some modules showing apparent clustering (negative Z) or 
overdispersion (positive Z), but none of these deviations were 
statistically significant (all p > 0.25). Several small modules 
(Modules 7, 8, and 9) contained too few taxa to permit reliable 
estimation of the null distribution variance, leading to an 
undefined standardized effect size (Z), and their P-values 
indicated no deviation from random expectations. 
Collectively, these results demonstrate that while host–
fungus interactions form distinct ecological assemblages, 
their organization is not primarily driven by host evolutionary 

history (Fig. S12). Instead, the convergence of both analytical 
approaches supports the interpretation that ecological 
filtering, environmental context, geographic overlap, and 
functional trait matching likely play more prominent roles than 
phylogenetic conservatism in shaping global fungal 
endophyte association patterns. 

 
Discussion 
 
This study provides valuable insights into the global 
taxonomic diversity and geographic distribution of fungal 
endophytes, revealing a wide range of species present in 
various plant hosts across different regions. It is based on an 
extensive dataset of approximately 105,000 endophyte 
records collected from over 4,500 published and unpublished 
studies, integrating three key data sources: scientific 
literature, GenBank, and FungalTraits. The 1,180 unique 
species collected from scientific literature, 1,244 from 
GenBank, and 108 from FungalTraits highlight the diversity 
within each source, with a minimal overlap of only 216 
species shared among all three datasets. This limited 
intersection emphasizes the complementary nature of these 
datasets, as each provides unique species that enrich the 
taxonomic breadth of the overall collection. An inherent 
limitation of FunEndo is that the compiled studies employed 
diverse protocols for endophyte isolation and identification, 
including differences in surface sterilization procedures, 
culture methods, sequencing approaches, and bioinformatic 
pipelines. Although such methodological variation may 
influence the detection of individual taxa, it is unlikely to 
generate consistent large-scale ecological patterns and more 
likely contributes to unexplained variation in the dataset. 

The taxonomic composition of fungal endophyte 
communities is shaped by both methodological and 
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ecological factors, with a consistent global pattern of 
Ascomycota dominance over Basidiomycota. This trend has 
been widely reported and is commonly attributed to fun-
damental differences in evolutionary adaptations, ecological 
niches, and environmental tolerances in the two phyla 
(Massimo et al. 2015; U’Ren et al. 2019; Moghaddam et al. 
2021). Our analysis reinforces this pattern, revealing a strong 
predominance of Ascomycota in fungal endophyte 
communities across all three datasets: Scientific Literature 
(91%), GenBank (92%), and FungalTraits (95%). In contrast, 
Basidiomycota represented only a small fraction (ca. 7%) of 
recorded endophytes—a proportion that aligns with findings 
from earlier studies. 

Our findings indicate a clear and consistent dominance of 
Sordariomycetes across all three datasets, followed by 
Dothideomycetes, Leotiomycetes, and Eurotiomycetes. This 
pattern aligns with previous studies and underscores the 
central role of Sordariomycetes and Dothideomycetes in 
shaping fungal endophyte communities. In a dataset 
compiled by Rashmi et al. (2019), Sordariomycetes 
accounted for 36% of all recorded endophytic fungal species, 
followed by Dothideomycetes, Eurotiomycetes, Agaricomy-
cetes, and Leotiomycetes. Similarly, Arnold & Lutzoni (2007) 
noted that Sordariomycetes are especially prevalent in 
temperate and tropical forests, while Dothideomycetes 
dominate in boreal forest ecosystems. Our database reveals 
that Sordariomycetes and Dothideomycetes are associated 
with over 2,400 and 1,600 plant species, respectively, 
highlighting their broad host range and adaptive potential.  

The fungal endophyte records in our database belong to 
164 fungal orders, with Pleosporales being the most 
dominant and diverse, followed by Hypocreales, Helotiales, 
Eurotiales, Glomerellales, and Xylariales. Pleosporales, the 
largest order of Dothideomycetes (Schoch et al. 2009; Zhang 
et al. 2012), has been identified as the most dominant order 
in fungal endophyte communities associated with plant 
species thriving in arid and semi-arid environments (Zuo et al. 
2021; Dastogeer et al. 2018; Sun et al. 2012; Wenndt et al. 
2021; González-Menéndez et al. 2018; Loro et al. 2012; Knapp 
et al. 2015). It can be hypothesized that fungal endophytes 
belonging to this order play a crucial role in enhancing their 
host plant's tolerance to abiotic stresses. Xylariales is 
another dominant order, particularly within fungal communi-
ties associated with trees and woody plants (Arnold & Lutzoni 
2007; Sieber 2007). The ability of xylarialean fungi to produce 
cellulases and xylanases allows them to efficiently degrade 
lignocellulosic substrates, giving them a competitive 
advantage over other fungi. This capability likely explains 
their dominance as endophytes in association with woody 
plants. Xylariales is also the most prevalent taxon in tropical 
grasses (Higgins et al. 2014), whereas Hypocreales and 
Pleosporales are dominant in temperate grasses (Porras-
Alfaro et al. 2008). 

Among the 1,756 genera recorded, Fusarium, Colletotri-
chum, Alternaria, Penicillium, and Aspergillus were the most 
frequently identified, collectively accounting for over 30% of 
fungal endophytes classified at the genus level. These genera 
are not only dominant endophytes but also include many 
well-known plant pathogens, suggesting an evolutionary 
connection between endophytism and pathogenicity 
(Salvatore et al. 2020). Several biological, ecological, and 
methodological factors contribute to their prevalence as 
endophytes: Cosmopolitan distribution – these genera are 

globally distributed, inhabiting diverse ecosystems from 
tropical forests to arid landscapes, which enables frequent 
interactions with a wide range of plant hosts. Efficient 
dispersal – their prolific spore production and effective 
dispersal mechanisms (via wind, water, or animals) enhance 
their capacity to colonize a broad spectrum of plant species 
across varied environments. Rapid growth – in culture-based 
studies, their fast-growing nature often allows them to 
outcompete slow-growing taxa on culture media, skewing 
community composition toward these genera. Methodologi-
cal bias – the common isolation methods and general plant-
based media used for endophytes isolation may inadvertently 
favor these fungi. For example, Aspergillus, Penicillium, and 
Alternaria are commonly recognized as multitrophic fungi. 
Due to their ubiquitous presence in soil, air, and on plant 
surfaces, they are frequently encountered as environmental 
contaminants. Consequently, if surface sterilization proce-
dures are not sufficiently rigorous during the isolation of 
endophytic fungi, these fungi may be introduced into culture 
and mistakenly identified as true endophytes.  

The global distribution of fungal endophytes, as depicted 
in our geographic analyses, highlights substantial disparities 
in reporting frequency across countries. The dataset is 
dominated by records from the United States and China, 
followed by Brazil, Papua New Guinea, and India. This pattern 
aligns with Rashmi et al. (2019) study. Such dominance likely 
reflects both differences in sampling intensity and the 
ecological diversity of the regions studied. Across all studied 
countries, 29 were found to have unique fungal species, with 
China contributing the highest number. However, the number 
of unique species does not consistently correspond with 
dataset size. This geographic imbalance should also be 
considered when interpreting the broader ecological patterns 
identified in this study. Because a large proportion of records 
originate from temperate regions, particularly the United 
States, China, and several European countries, the observed 
patterns of organ specificity and host range may not fully 
represent global fungal endophyte diversity. Tropical 
ecosystems harbor exceptionally high plant and fungal 
diversity and often exhibit distinct ecological interactions, yet 
many tropical regions remain comparatively under-sampled 
in the current database. As a result, some fungal taxa 
identified as host generalists may prove more specialized 
when additional data become available, while currently 
observed organ-specific associations may not fully capture 
the diversity of tissue colonization strategies present in these 
regions. Therefore, our findings should be viewed as a global 
synthesis of currently available data rather than a definitive 
characterization of worldwide endophyte ecology, high-
lighting the need for increased sampling effort in 
underrepresented tropical ecosystems. 

Our db-RDA analysis reveals that fungal endophyte 
community composition is shaped by interacting host traits, 
environmental gradients, and spatial processes, underscor-
ing the multifactorial nature of endophyte assembly. Host 
growth form exerted a consistent, albeit subtle, influence on 
community composition, consistent with studies demonstrat-
ing that plant architecture and life-history traits modulate 
endophyte colonization patterns. For example, Christian et al. 
(2016) showed that differences in host stature and growth 
form influenced foliar endophyte assemblages across 
temperate grassland species, while Kembel and Mueller 
(2014) reported that leaf functional traits, including lifespan 
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and specific leaf area, structured phyllosphere fungal 
communities in tropical forests. Although growth form did not 
result in discrete clustering in our analysis (Fig. 5A), its 
independent explanatory power suggests repeatable shifts in 
community structure, potentially reflecting differences in leaf 
longevity, tissue chemistry, or vascular connectivity among 
plant types. 

The host organ emerged as one of the strongest 
predictors of community composition, with leaf- and root-
associated fungal assemblages forming clearly distinct 
clusters. This pronounced tissue specificity is consistent with 
numerous case studies demonstrating compartmentalization 
of fungal endophytes within plant hosts. Higgins et al. (2014) 
documented strong divergence between leaf and root 
endophyte communities in tropical grasses, while Peršoh 
(2013) reported organ-specific assemblages in Pinus species, 
with limited taxonomic overlap between needles, bark, and 
roots. Similarly, Hardoim et al. (2015) synthesized evidence 
across multiple systems showing that contrasting nutrient 
availability, microclimatic exposure, and host defense 
chemistry between above- and belowground tissues act as 
strong selective filters shaping endophyte persistence. 

Our results provide strong evidence that plant organ 
identity is a dominant and non-random structuring force 
shaping fungal endophyte communities across hosts. Across 
1,359 fungal genera, nearly 15% exhibited statistically 
significant enrichment in specific organs after controlling for 
multiple testing, indicating that organ-level filtering is 
pervasive rather than driven by a limited subset of highly 
specialized taxa. This pattern aligns with and substantially 
extends prior work documenting organ specificity in 
endophyte assemblages (Peršoh, 2013; Del Olmo-Ruiz & 
Arnold, 2014; Gomes et al., 2018), demonstrating that tissue-
associated niche differentiation operates broadly across the 
fungal tree of life. 

Normalized association profiles revealed clear and 
biologically coherent patterns of organ specialization. Root-
associated enrichment of genera such as Mortierella, 
Umbelopsis, Oidiodendron, and Phialocephala is consistent 
with their known ecological roles in belowground environ-
ments, including saprotrophy, mycorrhiza-like associations, 
and tolerance to soil-derived physicochemical constraints. 
Conversely, foliar specialization by genera such as 
Cladosporium, Alternaria, Ramularia, and Zasmidium reflects 
adaptation to aerial tissues characterized by fluctuating 
humidity, UV exposure, and host defense chemistry. Woody 
tissues supported distinct assemblages dominated by 
xylariaceous fungi (Xylaria, Hypoxylon, Annulohypoxylon), 
whose lignocellulose-degrading capacities likely confer a 
competitive advantage in structurally complex, carbon-rich 
substrates. In contrast, broadly distributed genera such as 
Fusarium, Penicillium, and Trichoderma exhibited generalist 
colonization strategies, consistent with their ecological 
plasticity, rapid growth, and wide physiological tolerance. 
Our dataset integrates both culture-dependent and culture-
independent (amplicon sequencing) approaches, which 
capture different aspects of fungal communities and may 
influence the observed patterns. Culture-based methods 
tend to favor fast-growing, readily culturable taxa (e.g., 
Fusarium and Alternaria), while underrepresenting slow-
growing or host-specialized fungi. In contrast, amplicon 
sequencing detects a broader range of taxa, including 
unculturable and low-abundance fungi, but may also capture 

dormant or non-active DNA. Differences in detection 
sensitivity and taxonomic resolution between these ap-
proaches can therefore affect inferred community composi-
tion and host ranges. While their integration improves overall 
taxonomic coverage, it also introduces heterogeneity that 
should be considered when interpreting patterns of host 
generalism and taxonomic dominance. 

Climatic variables, particularly mean annual temperature 
and precipitation, further structured endophyte communities, 
highlighting the role of broad-scale environmental filtering in 
fungal endophyte assembly. Empirical studies have 
demonstrated that moisture availability is a key driver of 
endophyte community composition; for example, Giauque 
and Hawkes (2013) showed that historical and contemporary 
precipitation gradients strongly predicted fungal endophyte 
assemblages in grasses, with endophytes from drier regions 
conferring functional benefits related to host water relations. 
Harrison and Griffin (2020) emphasize climate as a major 
determinant of endophyte diversity and distribution across 
biomes, with variation in precipitation regimes and seasonal-
ity emerging as recurrent drivers of community turnover. 
Integrative studies further reveal that climatic effects often 
interact with spatial structure; for instance, Zimmerman and 
Vitousek (2012) found that precipitation and elevation 
together explained more than 50% of the variation in leaf 
endophyte communities of Metrosideros polymorpha across 
the Hawaiian Islands. 

Spatial eigenvector analysis revealed significant spatial 
autocorrelation, indicating that dispersal limitation and 
historical contingency contribute substantially to fungal 
endophyte assembly. Comparable spatial structuring has 
been observed in continental-scale studies of fungal 
communities, where dispersal limitation constrained 
endophyte turnover even among climatically similar regions 
(Peay et al., 2016). Despite the cumulative influence of host, 
environmental, and spatial predictors, a large proportion of 
unexplained variation remained, reflecting the high 
heterogeneity characteristic of fungal microbiomes and 
suggesting additional contributions from unmeasured host 
traits, fine-scale environmental variation, and stochastic 
assembly processes, as widely reported in global fungal 
diversity studies (Tedersoo et al., 2014; Dini-Andreote et al., 
2015). It is important to note that phylogenetic community 
analyses in this study were based on a taxonomy-derived 
backbone tree rather than a fully resolved sequence-based 
phylogeny. Given the taxonomic breadth of the FunEndo 
database and the lack of comparable molecular data for 
many genera, this approach provided a practical and 
standardized framework for incorporating phylogenetic 
information. Although unresolved relationships at deeper 
taxonomic levels may reduce the sensitivity of UniFrac 
distances to detect fine-scale phylogenetic turnover, the 
backbone tree reliably captures major evolutionary groupings 
and is therefore appropriate for evaluating broad-scale 
patterns of fungal endophyte community structure. 

Our synthesis of host–fungal endophyte associations 
across the FunEndo database reveals a highly uneven but 
ecologically informative distribution of fungal diversity among 
plant hosts. Although fungal endophytes were collectively 
associated with more than 4,100 plant species, a relatively 
small subset of hosts supported exceptionally high numbers 
of reported endophytes. Plant species such as Fritillaria 
cirrhosa, Quercus semecarpifolia, Microthlaspi perfoliatum, 
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Zea mays, Pinus ponderosa, and Hevea brasiliensis emerged 
as major hubs of endophytic diversity. These patterns may 
reflect genuine biological hotspots driven by host longevity, 
tissue complexity, or ecological breadth, but they are also 
likely influenced by strong research biases toward 
agriculturally, economically, or ecologically important taxa. 
Crops and forest trees, in particular, have been dis-
proportionately sampled due to their relevance for plant 
health, productivity, and microbiome-mediated trait 
enhancement. 

At the fungal level, the dominance of host-generalist taxa 
was striking. Nearly 1,000 fungal genera were isolated from 
multiple host species, with cosmopolitan genera such as 
Fusarium, Penicillium, Alternaria, Aspergillus, and 
Colletotrichum occurring across hundreds of plant hosts and 
dozens of countries. This widespread host sharing reinforces 
a consensus that ecological generalism is a prevalent 
strategy among fungal endophytes, enabling broad host 
colonization through flexible life-history traits, effective 
dispersal, and tolerance of diverse host environments. Similar 
patterns of low host specificity have been documented in 
tropical forest trees (Arnold et al. 2003) and across 
continental-scale surveys of endophytic fungi (U’Ren et al. 
2012), suggesting that many endophytes function as 
opportunistic symbionts rather than tightly coevolved 
specialists. The host-range patterns in this study were 
evaluated primarily at the genus level, which may not fully 
capture ecological specialization at the species level. Genera 
that are broadly distributed across hosts comprise numerous 
species that can differ markedly in host preference, tissue 
colonization, and ecological function. Consequently, appar-
ent genus-level generalism may partly reflect the cumulative 
distribution of multiple species occupying distinct host 
niches rather than uniformly broad host ranges of individual 
species. Nevertheless, the repeated occurrence of these 
genera across hundreds of host species, diverse plant 
lineages, and broad geographic regions indicates substantial 
ecological breadth at the lineage level. Nevertheless, the 
presence of hundreds of genera reported from only a single 
host species indicates that host restriction also plays an 
important role in shaping endophyte diversity. Some of these 
narrowly distributed taxa—such as Sphaceloma, Scoleco-
sporiella, Praetumpfia, and Linodochium—have been 
recovered repeatedly from the same host species across 
independent studies and geographic regions, lending 
support to the existence of genuine host specialization in at 
least a subset of endophytic fungi. At the same time, rarity, 
slow growth, and methodological biases associated with 
culture-based isolation likely contribute to the apparent 
exclusivity of many taxa.  

Recent pan-genomic studies provide a mechanistic basis 
for the widespread host generalism and ecological flexibility 
observed in dominant fungal taxa. For example, Genomic 
evolution and diversity in Botryosphaeriales (Deng et al. 2025) 
showed that gene family expansions, horizontal gene transfer, 
and effector diversification drive host adaptation in 
Botryosphaeriales. These patterns are consistent with the 
concept of “two-speed” genomes, in which rapidly evolving, 
repeat-rich regions—often including accessory or mobile 
chromosomes—harbor genes involved in host interaction and 
pathogenicity. Notably, mobile pathogenicity chromosomes 
described in Comparative genomics reveals mobile 
pathogenicity chromosomes in Fusarium (Ma et al. 2010) can 

be horizontally transferred between strains, enabling rapid 
acquisition of host-specific virulence traits. Together, such 
genomic plasticity facilitates colonization of diverse hosts 
and transitions along the endophyte–pathogen–saprotroph 
continuum, providing an evolutionary explanation for the 
broad host ranges and taxonomic dominance observed in our 
dataset. 

Analyses of phylogenetic structure in host–fungus 
associations clarify the underlying patterns. Association-
based permutation tests revealed no evidence that fungal 
host ranges are constrained by host evolutionary relatedness, 
indicating that, at the level of individual fungal taxa, 
associations arise largely independently of host phylogeny. 
Bipartite network analyses nevertheless revealed modular 
organization of host–fungus interactions, suggesting non-
random ecological structuring at the community level. The 
absence of significant phylogenetic structuring does not 
imply that host–fungus associations are randomly assembled. 
Instead, the modular organization of the interaction network 
likely reflects ecological filtering and trait-based assembly 
processes. Host characteristics, including tissue chemistry, 
secondary metabolite profiles, and organ-specific structural 
barriers, together with fungal traits such as dispersal capacity, 
stress tolerance, and resource-acquisition strategies, may 
shape colonization success and persistence.  
 
Conclusion 
 
Our global fungal endophyte database reveals these fungi are 
highly diverse yet unevenly documented components of 
plant-associated microbiomes, structured by the interplay of 
host traits, plant organ identity, climate, and spatial 
processes rather than host evolutionary history. Across more 
than 100,000 records, endophyte communities were 
dominated by Ascomycota and characterized by the 
coexistence of widespread host-generalist taxa and a 
substantial subset of persistent specialists exhibiting strong 
organ-level and, in some cases, host-level restriction. Plant 
organ identity emerged as a fundamental axis of endophyte 
ecology, driving non-random taxonomic differentiation and 
likely underpinning functional specialization within plant 
tissues, while climatic gradients and spatial autocorrelation 
highlighted the importance of environmental filtering and 
dispersal limitation at broader scales. At the same time, 
pronounced geographic and taxonomic biases—particularly 
the underrepresentation of biodiversity-rich regions—
underscore critical gaps in current knowledge. By consolidat-
ing fragmented data into the FunEndo database and 
integrating multiple analytical frameworks, this study 
provides a foundational resource for advancing understand-
ing of plant–fungus interactions. 
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