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Lycium barbarum (Goji) is an important traditional Chinese medicinal plant widely

distributed across Northwest China. Its young leaves are usually developed into

tea or vegetables. Foliar endophytic fungi respond to leaves development, growth

and health. Herein, high-throughput amplicon sequencing was used to assess

dynamic changes in foliar endophytic fungal communities in young, mature, and

old L. barbarum leaves. Results revealed that as leaf growth progressed, a

decrease was observed in the diversity and evenness of foliar endophytic fungal

communities, whereas an initial increase followed by a decrease was observed in

community richness and the number of total and specific amplicon sequence

variants (ASVs). The potential pathogen Alternaria was dominant genus in young

and mature leaves, another potential pathogen Arthrocladiella was dominant

genus in old leaves. The foliar endophytic fungal co-occurrence networks were

initially complex but simplified with leaf growth. The function prediction stated

the potential plant pathogen of foliar endophytic fungal communities gradually

increased with leaf growth. Except for the leaf soluble sugar content, all other

factors, including average temperature, average humidity, leaf transpiration rate,

leaf net photosynthetic rate, leaf ammonium nitrogen content, and leaf ammonia

nitrogen content, exhibited a significant correlation with the structure of foliar

endophytic fungal communities at different growth stages of L. barbarum leaves

(p <0.05). Altogether, this study reveals the dynamics and function of foliar

endophytic fungal communities during different growth stages of L. barbarum

leaves, providing novel insights into the composition, diversity, and function of

these communities and their relationship with host plants.
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1 Introduction

Lycium barbarum (Goji) is a perennial woody plant of the genus

Lycium in the family Solanaceae (Zhang et al., 2024a). It is an

important traditional Chinese medicinal plant, as its fruit (lycii

fructus, Gojizi) contains abundant bioactive compounds such as

polysaccharides, flavonoids, and betaine (Ma et al., 2023; Yu et al.,

2023). L. barbarum is widely cultivated across Northwest China,

particularly in Ningxia, Gansu, Qinghai, and Xinjiang, and is an

important economic crop for local farmers. Ningxia is one of the

most important production regions of L. barbarum, with a cultiva-

tion history of more than 600 years (Wang et al., 2019; Lu et al.,

2021). Studies have shown that nutritional components in the leaves

and fruits of L. barbarum are similar, whereas ash, crude protein,

calcium, iron, thiamine, and niacin contents are higher in leaves

than in fruits (Ni et al., 2024). In addition, the amino acid content in

L. barbarum leaves (12 mg/100g sample) is higher than that in fruits

(9 mg/100g sample). The amount of free amino acids is relatively

high in L. barbarum leaves, accounting for 24% of the total amino

acid content, which is convenient for direct absorption by humans

(Huang et al., 2024). The young leaves of L. barbarum are usually

developed into tea or eaten as fresh seasonal vegetables (Lei et al.,

2022). In addition, L. barbarum is a native ecological tree used for

wind prevention, sand fixation, and reclamation of saline-alkali

soils (Dong et al., 2021; Wu et al., 2023).

Endophytic fungi are found in various tissues and organs of

healthy plants during a certain growth stage or throughout their life

cycle. They can be detected through isolation from strictly surface-

disinfected plant tissues or direct polymerase chain reaction (PCR)–

based amplification of microbial DNA from plant tissues (Stone

et al., 2000, 2004; López-Menchero et al., 2024). As important

members of the micro-ecosystem within plants, endophytic fungi

have a close relationship with host plants (Hassani et al., 2018; Li

et al., 2025). They can promote plant growth (Narayan et al., 2021;

Su et al., 2024; Ramachandran et al., 2025); prevent and control

plant diseases and pests (Zhang et al., 2024b; Kushwaha et al., 2025);

enhance plant stress tolerance (Kamyab et al., 2024; Usman et al.,

2024; Waqar et al., 2024; Kharwar et al., 2025); influence the

ecological adaptability, evolutionary process, and diversity of host

plants (Aamir et al., 2020; Harrison et al., 2021; Patyal et al., 2024).

Leaves are important organs for photosynthesis and are increasingly

becoming a major focus area in research on foliar endophytic fungi

(FEEs) (Arnold, 2007).

In this study, high-throughput amplicon sequencing was used

to analyze foliar endophytic fungal communities at different leaf

growth stages in L. barbarum and assess the response of dynamic

changes in these communities to different leaf growth stages. In

addition, we investigated the impact of climatic factors (e.g., average

temperature and humidity), leaf physiological states (e.g., transpi-

ration and net photosynthetic rates), and leaf nutrients used by

microorganisms (e.g, ammonium nitrogen [NH4
+], ammonia ni-

trogen [NO3
–N], and soluble sugar) on foliar endophytic fungal

communities and identified the factors influencing the structure of

these communities in L. barbarum leaves.

2 Materials and methods

2.1 Experimental site

The experimental site is an L. barbarum planting field located in

Luhuatai, Xixia, Yinchuan City, Ningxia Hui Autonomous Region

(106°16’39” E, 38°64’72” N), at an altitude of 1072m. The study site

is a typical farmland with a temperate continental climate, with an

average annual temperature of 9 C–11 C and an annual average

accumulated temperature of 3250 C–3300 C. The average annual

sunshine duration is approximately 2600–3000 hours, and the

average annual precipitation is 130–200 mm, mostly concentrated

from June to September. The average annual evaporation is 1600–

2000 mm, with the highest evaporation occurring from July to

August. The soil type is classified as light grey calcareous soil and

anthropogenic alluvial soil from the Yellow River. The study site

receives abundant sunshine and is one of the regions in China with

the highest solar radiation and sunshine duration. Surface water

sources are abundant, with the Yellow River being the primary

source ensuring the irrigation of numerous farmlands.

Three 10m × 10m communities of L. barbarum were selected as

sample plots, with a spacing of 100m between the plots.

2.2 Leaf sampling

In each sample plot with 5 L. barbarum plants with uniform

growth, a well-growing branch was selected from the four directions

of east, south, west, and north. To assess the photosynthetic

characteristics of leaves, 6–8 healthy leaves were collected from

the top of each branch and mixed as one sample. The samples were

placed in a low-temperature preservation box and sent to the

laboratory. Sampling covered a complete growth and development

cycle of L. barbarum leaves. Leaves samples were collected on May

17, 2024 (young leaf stage [young leaves]), July 10, 2024 (full leaf

stage [mature leaves]), and October 15, 2024 (old leaf stage [old

leaves]) (Figure 1). Three replicates were prepared for each leaf

growth stage. Overall, total nine samples were collected. Each

sample was divided into two portions, with one portion being

surface-sterilized and stored at −80 C for sequencing and the other

portion being naturally dried for the measurement of nutri-

ent content.

2.3 Nutrients used by microorganisms in
leaves

The collected leaves were oven-dried at 70 C until they reached

a constant weight. To determine the stoichiometric characteristics

of leaves, the leaves were ground into powder using a ball mill. Leaf
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NH4
+(A), NO3

−(X), and soluble sugar (K) contents were measured

through visible spectrophotometry using corresponding test kits

(Suzhou Keming Biotechnology Co., Ltd., Suzhou, Jiangsu, China).

2.4 Climatic factors and photosynthetic
characteristics of leaves

Climatic factors such as average temperature (T) and average

humidity (SD) were measured using a small weather station on the

field (WX-QC6, Shandong Wanxiang Environmental Technology

Co., Ltd., Weifang, Shandong, China). The transpiration rate (Z)

and net photosynthetic rate (JQ) of leaves were assessed using a

portable photosynthesis-measuring instrument (LI-6400P, LI-COR

Co., Ltd., Lincoln, Nebraska, USA). The average value of 10 leaves

from each tree was measured.

2.5 DNA extraction, library preparation, and
sequencing

To remove surface debris, all collected leaves were rinsed under

running water. After the leaves were sequentially sterilized with 75%

ethanol and sodium hypochlorite (0.5% available chlorine) for 3

and 5 minutes, respectively, they were washed with sterile water

three times and dried using a sterile filter paper. To assess whether

the sterilization of the leaf surface was successful, 200 mL of the last

used sterile water and sterilized leaves were cultured on potato

dextrose agar (PDA) at 25 C for 7 days. No fungal or bacterial

colonies appeared on the medium, validating that the leaves were

thoroughly sterilized.

A DNAsecure Plant Kit (DP320, Tiangen Biotech [Beijing] Co.,

Ltd., Beijing, China) was used to extract total DNA from leaf

samples. After the concentration and purity of the extracted

genomic DNA was assessed through 1% agarose gel electrophoresis,

the fungal ITS1 regions of the rRNA gene were amplified through

PCR using the primers ITS1F/ITS2R (Adams et al., 2013). PCR

products were recovered, purified using an AxyPrep DNAGel

Extraction Kit (Axygen Biosciences, Union City, CA, USA), and

quantified using a Quantus Fluorometer (Promega Corporation,

Madison, USA). Subsequently, an Illumina DNA Prep Kit

(Illumina, San Diego, CA, USA) was used to construct libraries,

and sequencing was performed on an Illumina MiSeq PE300

platform (Illumina, San Diego, CA, USA). All samples were sent

to Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) for

total DNA extraction, PCR, and library construction. The sequenc-

ing reads were deposited in the NCBI Sequence Read Archive (SRA)

database under the accession number PRJNA1219372.

2.6 Bioinformatic and statistical analyses

Demultiplexed sequencing reads had primers and adapters

removed by cutadapt (v1.18) (Martin, 2011). After demultiplexing,

the resulting sequences were quality filtered with fastp (0.19.6) and

merged with FLASH (v1.2.11). Then the high-quality sequences

were de-noised using DADA2 (v1.12.1) pipeline (Callahan et al.,

2016) plugin in the Qiime2 (version 2024) pipeline with recom-

mended parameters, which obtains single nucleotide resolution

based on error profiles within samples. DADA2 denoised sequences

are usually generate a table of amplicon sequence variants (ASVs).

Each sample obtained averagely 50,000 reads. ASVs were classified

and annotated using the UNITE database (Nilsson et al., 2019).

Bioinformatic analysis was performed using the Majorbio Cloud

platform (https://cloud.majorbio.com) (Ren et al., 2022). Significant

differences among groups were estimated using one-way analysis of

variance (ANOVA).

3 Results

3.1 Diversity of foliar endophytic fungal
communities at different growth stages in
L. barbarum leaves

The a-diversity of foliar endophytic fungal communities varied

with the leaf growth stage in L. barbarum. The Shannon and

Simpson indices gradually decreased and reached their lowest

FIGURE 1

Morphology of L. barbarum leaves at different growth stages. (A) young leaf stage (young leaves). (B) full leaf stage (mature leaves). (C) old leaf stage

(old leaves).
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values in old leaves, which were 49.27% and 62.02% of their highest

values in young leaves, respectively. With regard to richness, the

Sobs, Chao, and Ace indices showed an initial increase followed by a

decrease, with mature leaves showing the highest values. The

evenness index Heip gradually decreased, with the highest value

in young leaves being 4.5 times the lowest value in old leaves.

Community coverage did not differ significantly among the three

leaf growth stages. Overall, as leaf growth progressed, the diversity

and evenness of foliar endophytic fungal communities in L.

barbarum decreased, whereas the richness initially increased and

subsequently decreased (Table 1).

The foliar endophytic fungal communities in all leaf samples

were clustered based on weighted UniFrac distances at the ASV

level. The fungal communities at the three leaf growth stages were

clearly distinguished. Analysis of similarities (Anosim) indicated

significant differences between groups (R = 0.9095, p = 0.001). In

addition, permutational multivariate analysis of variance

(PERMANOVA) validated that the differences between groups

were relatively significant (R2 = 0.7966, p = 0.008). The old group

was significantly separated from the young and mature groups on

the PC1 axis, whereas the young group was significantly separated

from the mature and old groups on the PC2 axis. Altogether, the

foliar endophytic fungal communities at different leaf growth stages

of L. barbarum were clearly distinguished (Figure 2).

3.2 Composition of foliar endophytic
fungal communities at different leaf
growth stages in L. barbarum

Overall, three phyla of foliar endophytic fungi were found at the

three leaf growth stages of L. barbarum, with Ascomycota being the

dominant phylum across all stages. However, the relative abun-

dance of Ascomycota varied at different growth stages: 89.60% in

young leaves, 75.33% in mature leaves, and 96.56% in old leaves. In

addition, the relative abundance of Basidiomycota was 9.37%,

24.64%, and 3.44% in young, mature, and old leaves, respectively

(Supplementary Figure 1A).

The proportions of Ascomycota (p = 0.039), Basidiomycota (p =

0.039), and unclassified_k_Fungi (p = 0.037) showed significant

differences among the three leaf growth stages. The relative abun-

dance of Ascomycota decreased initially but increased subsequently,

being the highest in old leaves, and that of Basidiomycota increased

initially but decreased subsequently, being the highest in mature

leaves (Supplementary Figure 1B).

Overall, 51 families of foliar endophytic fungi were found at the

three leaf growth stages of L. barbarum, with the dominant families

being different at the three stages. In young leaves, the dominant family

was norank_o_Pleosporales, with a relative abundance of 34.59%,

followed by Pleosporaceae (28.6%) and Herpotrichiellaceae (9.86%).

In mature leaves, Pleosporaceae had the highest relative abundance of

52.4%, followed by Agaricostilbaceae (16.68%) and Erysiphaceae

(6.08%). In old leaves, Erysiphaceae had the highest relative abundance

of 66.98%, followed by Pleosporaceae (20.11%) (Figure 3A).

Differential analysis revealed that among the top 10 families, the

relative abundances of Erysiphaceae (p = 0.024), norank_o_Pleosporales

(p = 0.027), Davidiellaceae (p = 0.039), norank_o_Sporidiobolales (p =

0.049), Phaeosphaeriaceae (p = 0.024), unclassified_k_Fungi (p = 0.037),

and unclassified_o_Capnodiales (p = 0.038) were significantly different

among the three leaf growth stages. The relative abundances of

norank_o_Sporidiobolales and Phaeosphaeriaceae initially increased

but subsequently decreased with leaf growth, with the lowest abun-

dances observed in young leaves. The relative abundances of

norank_o_Pleosporales, Davidiellaceae, and the potential phytopatho-

gen Erysiphaceae gradually decreased with leaf growth (Figure 3B).

The dominant genera of foliar endophytic fungal communities

were different at the three leaf growth stages of L. barbarum. In young

leaves, Alternaria had the highest relative abundance of 28.59%,

followed by Phoma (20.29%), unclassified_f_norank_o_Pleosporales

(13.88%), Exophiala (9.86%), and Cladosporium (6.52%). In mature

leaves, Alternaria had the highest relative abundance of 49.94%,

followed by Bensingtonia (16.68%), Arthrocladiella (6.08%),

Sporobolomyces (5.71%), and unclassified_f_Phaeosphaeriaceae

TABLE 1 a-diversity indices (Mean ± SD) of foliar endophytic fungal communities during different leaf growth stages in L. barbarum.

Samples Sobs Shannon Simpson Ace Chao Heip Coverage

young 40.33 ± 4.04b 2.07 ± 0.11a 0.79 ± 0.03a 41.24 ± 3.55c 40.53 ± 3.87b 0.18 ± 0.00a 1.00 ± 0a

mature 116.33± 3.01a 1.91 ± 0.29a 0.71 ± 0.08a 124.84 ± 6.06a 125.37 ± 5.04a 0.05 ± 0.01b 1.00 ± 0a

old 51.00 ± 9.04b 1.02 ± 0.17b 0.49 ± 0.09b 70.49 ± 17.58b 64.4 ± 14.12b 0.04 ± 0.00b 1.00 ± 0a

Different lowercase letters indicate significant differences between different leaf growth stages at the 0.05 level.

FIGURE 2

PCoA of endophytic fungal communities at different growth stages

of L. barbarum leaves based on weighted UniFrac distances at the

ASV level. Young, foliar endophytic fungal communities during the

young leaf stage; mature, foliar endophytic fungal communities

during the full leaf stage; and old, foliar endophytic fungal

communities during the old leaf stage.
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(5.07%). In old leaves, Arthrocladiella had the highest relative abun-

dance of 66.98%, followed by Alternaria (19.98%) (Figure 4A).

Differential analysis indicated that among the top 10 genera, the

relative abundances of Arthrocladiella, Phoma, Cladosporium,

Sporobolomyces, and unclassified_f_Phaeosphaeriaceae were significantly

different across the three leaf growth stages. The relative abundance of

the potential phytopathogen Arthrocladiella increased with leaf growth,

whereas that of the potential phytopathogens Phoma and Cladosporium

decreased with leaf growth. An initial increase followed by a decrease was

observed in the relative abundance of Sporobolomyces, with the lowest

abundance observed in young leaves (Figure 4B).

Linear discriminant analysis effect size (LEFse) analysis (LDA

value ≥ 3.0 as the criterion) indicated that at the genus level, Phoma,

Cladosporium, and unclassified_o_Capnodiales were biomarkers for

young leaves; Sporobolomyces, Pleospora, Epicoccum, Dissoconium,

Neocamarosporium, Stemphylium, Phaeosphaeria, unclassified_

f_Phaeosphaeriaceae, unclassified_c_Dothideomycetes, and

unclassified_c_Exobasidiomycetes were biomarkers for mature

leaves; and Arthrocladiella was a biomarker for old leaves (Figure 5).

Overall, 206 ASVs were found for foliar endophytic fungal

communities at the three leaf growth stages of L. barbarum. The

number of total ASVs initially increased and subsequently de-

creased with leaf growth. Overall, young, mature, and old leaves

showed 69, 164, and 76 ASVs, respectively, with mature leaves

showing >2 times more ASVs than young and old leaves. Similarly,

the number of specific ASVs initially increased but subsequently

decreased. Overall, 37, 91, and 3 specific ASVs were identified in

young, mature, and old leaves. However, their percentages de-

creased. Specifically, the percentage of specific ASVs was 53.62%

in young leaves, 55.49% in mature leaves, and 3.95% in old leaves.

The number and percentage of common ASVs between stages

increased with leaf growth. A total of 30 common ASVs were

FIGURE 3

Relative abundance of foliar endophytic fungal families during different leaf growth stages in L. barbarum. (A) Relative abundances of families. (B) Differences

in the relative abundances of families.

FIGURE 4

Relative abundance of foliar endophytic fungal genera during different leaf growth stages in L. barbarum. (A) Relative abundances of genera. (B) Differences in

the relative abundances of genera.
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identified between young and mature leaves, accounting for 43.48%

and 18.29% of young and mature leaves, respectively. A total of 68

common ASVs were identified between mature and old leaves,

accounting for 41.46% and 89.47% of mature and old leaves,

respectively. A total of 25 common ASVs were identified among

young, mature, and old leaves, accounting for 36.23%, 15.24%, and

32.89% of young, mature, and old leaves, respectively (Figure 6).

The number of total and specific ASVs initially increased and

subsequently decreased with leaf growth. On the contrary, the

percentage of common ASVs among the three stages initially de-

creased and subsequently increased with leaf growth. The number and

percentage of common ASVs between two stages increased, and the

percentage of specific ASVs at each stage decreased.

3.3 Co-occurrence networks of foliar
endophytic fungal communities during the
three leaf growth stages in L. barbarum

An interaction network of the top 200 ASVs was constructed

based on the following criteria: correlation coefficient ≥ 0.5 and p <

0.05. As leaf growth progressed, the number of nodes, edges,

positive edges, and negative edges; average degree; and the percent-

age of negative edges increased initially and decreased subsequently,

with mature and young leaves exhibiting the highest and lowest

values, respectively. However, the percentage of positive edges

initially decreases and subsequently increased. Density gradually

increased with leaf growth, showing the highest value in old leaves.

On the contrary, modularity gradually decreased with leaf growth,

showing the lowest value in old leaves. Diameter, average path

distance, and average clustering coefficient were similar across the

three growth stages (Figure 7, Supplementary Table 1).

3.4 Function of foliar endophytic fungal
communities at different leaf growth
stages in L. barbarum

The functions of foliar endophytic fungal communities at

different leaf growth stages in L. barbarum were predicted using

the FunGuild tool. In both young and mature leaves, the most

abundant function of endophytic fungi was Animal Pathogen-

Endophyte-Plant Pathogen-Wood Saprotroph, with an abundance

of 28.59% and 49.59%, respectively. In old leaves, the most abun-

dant function of endophytic fungi was Plant Pathogen, with an

abundance of 66.99%, followed by Animal Pathogen-Endophyte-

Plant Pathogen-Wood Saprotroph (20%). Endophyte-Dung

Saprotroph-Lichen Parasite-Litter Saprotroph-Plant Pathogen-Soil

Saprotroph-Wood Saprotroph (20.3%), Unknown (16.38%),

Animal Pathogen-Undefined Saprotroph (9.86%), and Undefined

Saprotroph (9.76%) also had relatively high abundances in young

leaves, whereas Undefined Saprotroph had a relatively high abun-

dance in mature leaves (Figure 8A). Old leaves showed a signifi-

cantly high relative abundance of Plant Pathogen. These findings

FIGURE 5

LEFse analysis of foliar endophytic fungal genera at different leaf growth stages of L. barbarum.

FIGURE 6

Venn diagram of foliar endophytic fungal communities at different

leaf growth stages in L. barbarum at the ASV level.
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indicate that the function of potential plant pathogens gradually

increases with leaf growth in L. barbarum (Figure 8B).

3.5 Assembly process of foliar endophytic
fungal communities at different leaf
growth stages in L. barbarum

The endophytic fungal communities in young, mature, and old

L. barbarum leaves showed different ecological processes of com-

munity assembly. Mature leaves showed drift (bNTI < 2 and

RCBray < 0.95), young leaves showed drift (bNTI < 2) and

heterogeneous selection (bNTI > 2), and old leaves showed drift

(bNTI < 2) with heterogeneous selection (bNTI > 2) and homoge-

neous selection (bNTI < −2) (Figure 9).

3.6 Environmental factors driving foliar
endophytic fungal communities at different
leaf growth stages in L. barbarum

Canonical Correlation Analysis (CCA) was used to examine the

effects of average temperature (T), average humidity (SD), leaf

transpiration rate (Z), leaf net photosynthetic rate (JQ), leaf NH4
+

content (A), leaf NO3
− content (X), and leaf soluble sugar content

(K) on the composition of foliar endophytic fungal communities at

different leaf growth stages in L. barbarum (Supplementary

Table 2). PERMANOVA indicated that all factors except for K

were strong drivers of community composition (R2 = 0.824, p <

0.05; R2 = 0.626, p < 0.05; R2 = 0.808, p < 0.01; R2 = 0.719, p < 0.05;

R2 = 0.771, p < 0.05; and R2 = 0.775, p < 0.05, respectively). In old

leaves, A and X showed a positive correlation with community

composition; however, this correlation was negative in young and

mature leaves. On the contrary, T, JQ, and Z were positively

correlated with community composition in mature and young

leaves and negatively correlated with community composition in

old leaves. In mature leaves, SD showed a positive correlation with

community composition; however, this correlation was negative in

young and old leaves (Figure 10).

3 Discussion

Foliar endophytic fungi play an indispensable role in plant–

microbe interactions, thereby playing an important role in plant leaf

health. This study analyzed the foliar endophytic fungal commu-

nities of L. barbarum at different leaf growth stages. Results revealed

FIGURE 7

Co-occurrence networks of foliar endophytic fungal communities at different leaf growth stages in L. barbarum based on Spearman’s correlation coefficient

(|r| ≥ 0.5, p < 0.05). Positive correlations are represented by red lines, and negative correlations are represented by green lines. (A–C) Fungal co-occurrence

networks in young, mature, and old leaves.

FIGURE 8

Predicted functions of foliar endophytic fungal communities at different leaf growth stages in L. barbarum. (A) Functions of foliar endophytic fungal

communities predicted using FunGuild. (B) Differences in the functions. * indicate significant differences at the 0.05 level.
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that the composition of foliar endophytic fungal communities

varied with the leaf growth stage. In particular, diversity and

evenness decreased with leaf growth.

The dominant group is characteristics of fungal communities.

This study showed that the dominant genus of foliar endophytic

fungal communities was Alternaria in young and mature L.

barbarum leaves and Arthrocladiella in old leaves. Ren et al (Ren

et al., 2019). reported that Alternaria was the dominant genus of

foliar endophytic fungal communities in Jingbai pear trees. Russula

has been identified as the dominant genus of foliar endophytic

fungal communities in Rheum palmatum, which is widely used in

traditional Chinese medicine (Chen et al., 2023). In addition,

Lasiodiplodia (7.2%) has been identified as the most abundant

genus of endophytic fungal communities in Theobroma cacao

leaves (Wemheuer et al., 2020). Therefore, the different host

plants have different dominant foliar fungi group. A host-caused

filter appears to play a major role in shaping foliar fungal commu-

nities (Liu et al., 2021). found strong evidence supporting phyloge-

netic congruence between host plants and foliar fungi in both

asymptomatic and symptomatic leaves (Whitaker et al., 2020).

found that the structure of foliar endophytic fungal communities

was significantly related to species and spatial distance between host

plants but did not exhibit a significant correlation with phylogenetic

distance between host species. The functions of host species, such as

metabolic traits or phenology, can drive dissimilarity in foliar

endophytic fungal communities. These results are consistent with

our findings.

This study showed that the number of total ASVs of foliar

endophytic fungal communities at each leaf growth stage initially

increased and subsequently decreased with leaf growth, with the

number of total ASVs in mature leaves being >2 times higher than

that in young and old leaves. These total ASVs originate from two

pathways: transmission from leaves at the previous growth stage

and entry of external enviroment into the leaves. Furthermore, the

number of specific ASVs initially increased and subsequently

decreased with leaf growth, with mature leaves showing the highest

number of specific ASVs. However, their percentage decreased with

leaf growth, especially in old leaves. The number and percentage of

common ASVs between two stages increased with leaf growth.

These findings indicated that the transmission from leaves at the

previous growth stage was stronger and the entry of external

pathogens into the leaves was weaker. Regarding the assembly

process of foliar endophytic fungal communities at different leaf

growth stages, mature leaves showed drift, whereas old leaves

showed drift combined with heterogeneous and homogeneous

selection. These results are consistent with each other. Although

mature leaves showed the highest number of total ASVs of foliar

endophytic fungal communities, only the changes in community

richness corresponded to changes in total ASVs, whereas diversity

and evenness decreased with leaf growth. The fungal co-occurrence

network was initially complex and subsequently simple. Mature

FIGURE 10

CCA of the correlation between the structure of foliar endophytic

fungal communities and environmental factors at different leaf growth

stages in L. barbarum. T, average temperature; SD, average humidity;

JQ, leaf net photosynthetic rate; Z, leaf transpiration rate; A, leaf NH4
+

content; X, leaf NO3
− content; K, leaf soluble sugar content.

FIGURE 9

Assembly process of foliar endophytic fungal communities at different leaf growth stages in L. barbarum. (A) Assembly process of foliar endophytic

fungal communities at different leaf growth stages in L. barbarum. (B) bNTI values of different leaf samples.
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leaves showed the highest number of nodes, edges, positive edges,

and negative edges and average degree. They also had the highest

percentage of negative edges but the lowest percentage of positive

edges. These findings indicated that an increase species abundance

in mature leaves enhanced species interactions but does not entirely

led to an increase in community diversity.

Furthermore, CCA was used to analyze the effects of climatic

factors, physiological states of leaves and leaf nutrients utilized by

microorganisms on the endophytic fungal community structure in L.

barbarum leaves. Except for K, all other factors substantially influ-

enced the endophytic fungal community structure in L. barbarum

leaves at different leaf growth stages (Jumpponen and Jones, 2010).

reported that foliar macronutrients (e.g., nitrogen, potassium, and

sulfur), micronutrients (e.g., boron, manganese, and selenium), and

trace elements (e.g., cadmium, lead, and zinc) should not be consid-

ered drivers of community composition (Oono et al., 2020). found

that plants with higher leaf N-to-phosphorus ratios had lower

endophyte richness; however, an increase in sodium content, which

may be toxic to fungi at high concentrations, led to an increase in

endophyte richness (Liu et al., 2019). identified 11 leaf traits (e.g.,

specific leaf area, leaf N content, leaf pH, toughness, latex alkaloid

content, and latex volume per leaf area) as important abiotic factors

shaping the endophytic fungal community structure in Ficus leaves

(Oita et al., 2021). found a negative correlation between the richness

of endophytic fungal communities and temperature seasonality.

González-Teuber et al. found that among leaf traits associated with

resistance against pathogens and/or herbivores (e.g., cell wall poly-

saccharides, leaf toughness, flavonoids, anthocyanins, terpenoids, and

chitinases). The increase in the content of cell wall polysaccharides

decreased fungal read counts, whereas endophyte diversity showed a

decrease with increasing anthocyanin levels. Moreover, a positive

correlation was found between fungal read counts and terpenoid

levels (González-Teuber et al., 2020). These findings indicate that

environmental factors influencing microbial community structure

may vary depending on the specific environmental conditions used in

the experiment.

Herein, the main functions of foliar endophytic fungal communi-

ties at different leaf growth stages in L. barbarum (predicted using

FUNGuild) were found to be Animal Pathogen-Endophyte-Plant

Pathogen-Wood Saprotroph and Plant Pathogen. A study showed

that the dominant functions of endophytic fungi in Rheum palmatum

among different tissues and ages were saprotroph, pathotroph-

symbiotroph, and symbiotroph (Chen et al., 2023).Maybe, the function

of plant pathogen gradually increased with leaf growth. Furthermore,

the relative abundance of the potential phytopathogen Arthrocladiella

increased with leaf growth, likely owing to the aging of leaves. The risk

of powdery mildew outbreak in later stages of leaf growth is relatively

high; therefore, plants should be carefully monitored during these

stages to prevent and control the disease.

4 Conclusion

This study investigated the diversity and structure of foliar

endophytic fungal communities during different leaf growth stages

in L. barbarum through amplicon sequencing. Results revealed that

the composition of foliar endophytic fungal communities varied

greatly among young, mature, and old leaves. The number of total

and specific ASVs of foliar endophytic fungal communities initially

increased and subsequently decreased with leaf growth, with mature

leaves showing the highest number of total ASVs. Changes in

community richness corresponded to the number of total ASVs;

however, diversity and evenness decreased with leaf growth. The

fungal co-occurrence network was initially complex but simplified

with leaf growth. The dominant genus of foliar endophytic fungal

communities was Alternaria in young and mature leaves and

Arthrocladiella in old leaves. The abundance of the predicted function

of plant pathogen gradually increased with leaf growth. Climatic

factors, physiological states of leaves, and nutrients utilized by

microorganisms positively regulate the structure of foliar endophytic

fungal communities. These findings provide novel insights into the

composition, diversity, and function of foliar endophytic fungal

communities in L. barbarum and their relationships with the

host plant.
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