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Introduction
Microorganisms critically mediate plant-environment 
interactions during long-term growth. Healthy plants 
harbor diverse microbial communities within roots, 
stems, and leaves, collectively termed the plant micro-
biota [1, 2]. As primary entry points for soil microorgan-
isms, roots accumulate abundant endophytic fungi (EF) 
spanning Ascomycota, Basidiomycota, and Glomero-
mycota [3]. Among these, arbuscular mycorrhizal fungi 
(AMF) and dark septate endophytes (DSEs) establish 
intracellular symbioses that enhance nutrient acquisi-
tion and stress tolerance [4, 5]. These symbioses rely on 
carbon transfer from host plants, reciprocated by fungal 
provision of nutrients via signaling molecules such as 
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Abstract
This study aims to investigate the colonization and diversity of endophytic fungi in Amomum villosum roots across 
different planting locations and at various growth ages, and to analyze the fungal composition. In this study, 
we performed Illumina-based ITS sequencing to investigate the effects of growth ages and sample plots on the 
rhizosphere fungi of A. villosum. Colonization analysis revealed widespread colonization by arbuscular mycorrhizal 
fungi (AMF) and dark septate endophytes (DSEs), but colonization rates did not increase significantly with plant 
age. Glomus was the dominant AMF genus, while Exophiala, Cladosporium and Cladophialophora dominated the 
DSE community. Beneficial fungi included Phoma, Acremonium, Myrothecium and Trichoderma. Alpha and beta 
diversity analyses indicated that fungal diversity, abundance, and community composition were significantly 
influenced by planting location but not by plant age. Collectively, planting location drives divergent root fungal 
communities in A. villosum, while plant age selectively affects specific taxa. AMF and DSEs were considered to be 
dominant beneficial microorganisms and were largely responsible for the growth and development of A. villosum. 
This study provides valuable insights for identifying beneficial endophytic fungi in A. villosum and optimizes the 
application of AMF and DSE agents in its ecological cultivation.
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transporter proteins, bioactive compounds, and mycor-
rhizal factors (Myc factors) [6, 7]. Myc factors-derived 
from AMF are recognized by host roots and essen-
tial for establishing functional symbioses [8]. Although 
AMF enhance plant resilience to drought, salinity, heavy 
metals, and phosphorus deficiency [9, 10, 11, 12], their 
mechanisms require further elucidation. Understanding 
complex microbe-microbe and microbe-plant interac-
tions is critical for addressing agricultural challenges and 
developing solutions for crop cultivation and ecosys-
tem management. Root endophytic fungal communities 
exhibit complex compositional dynamics influenced by 
plant health status, developmental stage, growth envi-
ronment of the plant. Huang et al. [13] reported similar 
fungal communities in healthy and diseased Eustoma 
grandiflorum root but noted enrichment of disease-
suppressive fungi in healthy plants versus pathogens 
in diseased ones. Šmilauer et al. [14] and Kil et al. [15] 
observed reduced AMF diversity in juvenile grasses due 
to limited carbon allocation to symbionts. Soil nutrient 
profiles and geographic location also significantly modu-
late EF communities [12, 16].

While pure culture isolation remains an effective 
method for studying cultivable EF, many taxa-particularly 
AMF-resist cultivation due to biological uncultur ability 
[17, 18]. In contrast, Illumina sequencing of the inter-
nal transcribed spacer (ITS) region enables community-
wide profiling of EF diversity at the molecular level. This 
approach detects unculturable species and reveals func-
tional relationships within fungal communities, thereby 
addressing fundamental questions about ecosystem func-
tions [19, 20].

Amomum villosum Lour. is a perennial medicinal herb 
of the genus Amomum in the Zingiberaceae family, with 
a long history of usage [21]. Its fruits possess various 
medicinal properties [22]. Distributed in humid moun-
tainous regions of Yunnan, Guangdong, and Hainan 
(China), A. villosum thrives in humus-rich, shaded forest 

soils [21, 23]. Prior studies suggest complex rhizosphere 
microbiota influence its growth, yield, and fruit qual-
ity [24], but root EF symbionts remain uncharacterized. 
Thus, we urgently require a systematic investigation of A. 
villosum root EF. Characterization of colonization pat-
terns and molecular profiling of A. villosum root EF are 
required to elucidate their diversity. This study employed 
high-throughput sequencing to investigate fungal com-
munity structure and diversity within A. villosum roots 
and to assess variations associated with distinct geo-
graphical locations and plant developmental stages.

Materials and methods
Sample collection
As shown in Fig. 1a, A. villosum samples were collected 
from its primary production regions in southern China: 
Yunnan and Guangdong Provinces. In September 2021, 
roots were harvested from five plots: Xishuangbanna 
(BNP), Pu’er (PEP), Honghe (HHP), and Wenshan (WSP) 
in Yunnan, and Yangchun (YCP) in Guangdong. The geo-
graphic coordinates of sampling points and agro-meteo-
rological data are provided as a supplementary Table S1.

A. villosum samples consisted of two age groups of one 
and three years old, which were newly sprouted plants in 
2020 and planted in 2018. The first and second year after 
transplanting is growth stage, during which the A. vil-
losum cannot produce fruit normally or has a low fruit 
rate, and flower and bear fruit normally in the third year 
and later. Therefore, annual and triennial samples of A. 
villosum roots were selected as research materials. Ten 
sample groups (BNP-1, BNP-3, PEP-1, PEP-3, HHP-1, 
HHP-3, WSP-1, WSP-3, YCP-1, YCP-3), were analyzed. 
Per plot, both age groups were collected via a five-point 
sampling method (Fig.  1b), yielding ten plants per age 
group. During sampling, the two diagonal lines of the 
sample plot were determined first, and the intersection 
point is selected as the central sampling point, four equi-
distant points were selected along the diagonals. Fresh 

Fig. 1  Distribution map of sampling plots (a) and sampling method diagram (b). A. villosum samples were harvested from five plots: Xishuangbanna 
(BNP), Pu’er (PEP), Honghe (HHP) and Wenshan (WSP) in Yunnan, and Yangchun (YCP) in Guangdong, which are the main production regions in China (a). 
A five-point sampling method was used to collect samples, and ten plants of each age group in each plot were sampled (b)
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fibrous roots were transported to the laboratory, repeat-
edly washed with sterile water to remove soil particles, 
then pooled by group. Each pooled sample (three bio-
logical replicates) was divided into two aliquots in 50 mL 
sterile EP tubes: one for sequencing (Ronin Bio, China), 
and one stored at -80 °C for further analysis [25].

Assessment of fungal colonization
All fibrous roots were thoroughly cleaned and stained 
according to Liu et al. [9]. Fresh roots were sectioned 
into 1 ~ 1.5  cm segments, then soaked in 10% (w/v) 
KOH at 90 ℃ for 60  min. After rinsing with tap water, 
root segments were stained in a boiling solution of 0.05% 
Parker Quink ink in lactophenol for 3 min. Subsequently, 
stained root segments were cleared with 5% (v/v) acetic 
acid and mounted in lactic acid-glycerol on microscope 
slides following squashing. Root endophyte colonization 
was quantified at 40× magnification using a compound 
microscope (Nikon, Eclipse E100) via the magnified 
intersection method. For each 1.5  cm root segment, 
approximately 100 fields of view were examined. Coloni-
zation rates of AMF and DSEs were calculated based on 
the presence of characteristic structures: for AMF: vesi-
cles, arbuscules, and hyphal circles; for DSEs: dark myce-
liums, septate hypha, and microsclerotia [9].

DNA extraction, PCR amplification, and sequencing
Genomic DNA from root fungi was extracted and puri-
fied using the Zymo Research BIOMICS DNA Micro-
prep Kit (Zymo Research, USA) according to the 
manufacturer’s protocol. The fungal ITS region was 
amplified via polymerase chain reaction (PCR) with 
primers ITS3 (5’-GATGAAGAACGYAGYRAA-3’) and 
ITS4 (5’-​T​C​C​T​C​C​G​C​T​T​A​T​T​G​A​T​A​T​G​C-3’) [26]. Each 
sample was amplified in triplicate in a 25 µL system con-
taining 1 U KOD-Plus-Neo polymerase, 1× PCR Buffer 
for KOD-Plus-Neo, 0.2 mM dNTPs, 1.5 mM MgSO4, and 
0.3 µM forward and reverse primers, 20 ng/µL template 
DNA, and GSS Depletion Mix (Rhonin Bio, China) to 
remove interference from the elimination of chloroplast 
and mitochondrial sequences in the samples. Amplifica-
tion was performed with an Applied Biosystems® PCR 
System 9700 (USA) according to the following condi-
tions: 94  °C/1 min for one cycle; 94  °C/20 s, 54  °C/30 s 
and 72 °C/30 s for 25–30 cycles; and 72 °C/5 min for one 
cycle. Afterward, the PCR products were electropho-
resed on 2% agarose gels, purified, and quantified.

Library construction and sequencing
Library construction was performed using the NEBNext 
Ultra II DNA Library Prep Kit for Illumina (BioLabs Inc., 
New England, USA). Subsequently, purified amplicons 
were pooled in equimolar ratios and subjected to paired 
end sequencing (2 × 250  bp) using an Illumina MiSeq 

platform (Illumina, San Diego, USA) following standard 
protocols at Ronin Bio (China).

Data processing and community composition analysis
Merged double-ended sequences were obtained as 
raw tags. These tags underwent quality filtering via 
Quantitative Insights Into Microbial Ecology (QIIME, 
v1.8.0, http://qiime.org/) to generate high-quality clean 
tags. Subsequently, chimeras were removed using the 
UCHIME algorithm [27, 28]. Based on the Usearch soft-
ware (http://drive.com/uparse/), operational taxonomic 
units (OTUs) were clustered at a 97% sequence identity 
threshold using the UPARSE algorithm within Usearch 
software [29]. The most abundant sequence within each 
OTU was selected as its representative sequence and 
annotated using the UNITE database (version 7.0) [30]. 
OTU abundance data was normalized to the sample with 
the fewest sequences. Alpha and beta diversity analyses 
were performed using these normalized data. Commu-
nity composition was visualized with the ggplot2 pack-
age in R. Alpha diversity indices (Chao1, ACE, Shannon, 
Simpson, Good’s coverage) were calculated using the 
vegan package in R, while Faith’s Phylogenetic Diversity 
(PD) was calculated with the picante package [31]. Dif-
ferences in parameter variance among samples from 
different sample plots were estimated by ANOVA. Mul-
tiple comparisons were performed using the agrico-
lae package. Differences between annual and triennial 
samples were conducted using the Wilcoxon rank sum 
test (Wilcox. test, stats package). Principal coordinates 
analysis (PCoA, GUniFrac package in R language) was 
performed using a weighted UniFrac distance index to 
detect similarity between samples [32]. To test the effect 
of spatiotemporal factors on community structure, PER-
MANOVA (adonis function in the vegan package) was 
applied to explain the significance of temporal and spa-
tial effects on sample differences at a significance level of 
p < 0.05. Key discriminatory genera across groups were 
identified via combined Random Forest analysis and dif-
ferential abundance testing.

Results
Colonization rates of AMF and DSEs in A. villosum roots
Typical structures of AMF and DSEs were observed 
in the intracellular and intracellular space of A. villo-
sum roots, including AMF hypha (hy), vesicles (ves) and 
arbuscules (ar) and DSE microsclerotia (ms) with sep-
tate hypha (hy) (Fig.  2). The presence of hypha, arbus-
cules, microsclerotia and septate hypha signaled the 
establishment of symbiotic associations facilitating the 
exchange of carbon and nutrients. In annual samples, 
AMF colonization rates were highest at HHP, WSP and 
PEP plots (34.29 ± 5.02, 32.39 ± 8.72, and 28.72 ± 5.07%, 
respectively), followed by YCP (10.07 ± 4.74%) and BNP 

http://qiime.org/
http://drive.com/uparse/
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(3.87 ± 3.38%) (Table 1). Colonization rates in BNP, WSP 
and YCP plots increased after three years of growth, with 
the triennial YCP sample exhibiting a 251.44% increase. 
However, arbuscular colonization rates were lower than 
those of other structures (e.g., hypha and vesicles), espe-
cially in BNP-1, YCP-1, BNP-3, and PEP-3 (< 1%). DSEs 
colonization rates were consistently lower than those of 
AMF across samples. The annual PEP samples exhibited 
the largest DSEs colonization rate (9.14 ± 4.73%), while 
no DSEs structures were observed in the annual BNP 
sample. Relative to annual samples, triennial BNP, HHP, 
and YCP samples exhibited higher colonization rates, 
whereas WSP and PEP showed either declines or no sig-
nificant changes.

Sequencing results
A total of 978,191 high-quality clean tags were obtained 
(29,990 ~ 38,943 reads per sample). After UCHIME-
based chimera removal, effective tags were obtained for 
subsequent analysis with an average length of 341 bp, in 
the range of 335 ~ 352  bp (Table S2). Clustering at 97% 
identity yielded 1,092 fungal OTUs, annotated to 9 phyla, 
26 classes, 69 orders, 149 families, 254 genera and 270 
species.

Composition of endophytic fungal communities
Venn analysis revealed 333 shared OTUs between annual 
and triennial samples (30.49% of total; Fig. 3a), with 429 
(39.29%) and 330 (30.22%) unique to annual and triennial 
samples, respectively, indicating decreased diversity of EF 
in A. villosum roots with plant age. For the annual sam-
ples, excluding 72 common OTUs, the OTUs specific to 
each group were ranked as HHP (153) > YCP (132) > WSP 
(125) > PEP (102) > BNP (58) (Fig. 3b), and the sort order 
was BNP (130) > YCP (110) > HHP (103) > WSP (98) > PEP 
(70) for triennial samples without 71 common OTUs 
(Fig.  3c). Rarefaction curves showed the highest OTU 
richness in annual HHP and lowest in annual BNP sam-
ples (Fig. 3d).

Ascomycota dominated both annual (93.58%) and tri-
ennial (92.39%) samples, followed by Basidiomycota 
(2.96% and 5.75%; Fig.  4). Glomeromycota (AMF-asso-
ciated) constituted 0.77% (annual) and 0.22% (triennial). 
Sordariomycetes was the dominant class (81.88% annual 
and 71.77% triennial), with Dothideomycetes 7.61% was 
higher in triennial samples. Dominant orders included 
Pleosporales (13.00% annual and 19.53% triennial) and 
the EF order Hypocreales (66.63% annual and 50.53% 
triennial) (Figure S1). Co-dominant families were Cordy-
cipitaceae (51.66% annual and 15.92% triennial) and Nec-
triaceae (8.28% annual and 7.15% triennial). In addition, 
Cladosporiaceae abundance increased significantly from 
0.21% (annual) to 3.15% (triennial), which was usually 
supposed to be a growth-promoting microorganism.

Table 1  Summary of the colonization rates of AMF and DSEs
Groups AMF colonization rates (%) DSE colonization rates (%)

Total Hypha Vesicles Arbuscules Total Septate hypha Microsclerotia
BNP-1 3.87 ± 3.38c 3.70 ± 3.21b 0.31 ± 0.24d 0.26 ± 0.28b 0b 0b 0c

PEP-1 32.39 ± 8.72a 28.71 ± 7.97a 14.01 ± 5.89b 1.87 ± 1.45a 9.14 ± 4.73a 8.88 ± 4.65a 0.45 ± 0.84bc

HHP-1 34.29 ± 5.02a 31.64 ± 5.39a 21.17 ± 6.81a 1.50 ± 0.79a 1.92 ± 1.59b 1.21 ± 0.97b 0.97 ± 1.17a

WSP-1 28.72 ± 5.07a 27.35 ± 6.25a 7.85 ± 3.97c 1.25 ± 0.80a 2.94 ± 3.31b 2.51 ± 3.21b 0.67 ± 1.02bc

YCP-1 10.07 ± 4.74b 1.54 ± 1.87b 9.41 ± 4.27bc 0.16 ± 0.30b 1.59 ± 1.92b 0.87 ± 1.36b 0.84 ± 1.43ab

BNP-3 13.03 ± 6.93c 12.15 ± 6.85c 5.26 ± 4.13c 0.60 ± 0.47a 6.57 ± 4.57a 3.97 ± 3.09bc 5.21 ± 4.28a

PEP-3 22.79 ± 6.16b 21.32 ± 6.41b 8.02 ± 5.20c 0.72 ± 0.75a 9.38 ± 5.83a 9.51 ± 6.06a 0.19 ± 0.26b

HHP-3 24.45 ± 2.88b 20.44 ± 3.25b 8.73 ± 3.14bc 1.45 ± 0.72a 6.83 ± 5.9a 7.60 ± 2.96ab 4.80 ± 2.59a

WSP-3 39.48 ± 4.93a 39.52 ± 10.08a 16.02 ± 7.20b 1.41 ± 1.06a 0.89 ± 1.02b 0.37 ± 0.58c 0.65 ± 0.97b

YCP-3 35.39 ± 6.02a 1.45 ± 3.34c 37.17 ± 9.54a 1.38 ± 1.24a 7.05 ± 6.74a 0.80 ± 1.28c 6.31 ± 7.79a

Different lowercase characters indicate statistically significant differences among groups, p ≤ 0.05

Fig. 2  Fungal root symbionts in A. villosum roots. a, Vesicles (ves) and 
hypha (hy) of AMF; b, Arbuscules (ar) of AMF; c, Microsclerotias (ms) and 
hypha (hy) of DSEs; d, Hyphal circle (hc) of AMF. The typical structures of 
AMF and DSEs were widely observed in the intracellular or intracellular 
space of A. villosum roots. Scale bars in Fig. 2a and the other three figures 
(b, c and d) are 50 and 20 μm, respectively
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At the genus level, the top 20 most abundant genera 
were selected to generate mapping images separately 
(Fig.  5). Co-dominant taxa included Beauveria (51.47% 
annual, 35.05% triennial) and Fusarium (6.43% annual, 
8.52% triennial). The potential antimicrobial fungi 
Phoma (1.65% annual, 4.32% triennial), the saprophytic 
fungi Acremonium (3.87% annual, 2.24% triennial) and 
Myrothecium (0.09% annual, 0.02% triennial), and the 
biocontrol fungi Trichoderma (0.88% annual, 1.04% tri-
ennial) were major genera for all samples in this study. 
The proportions of Exophiala, Cladosporium and Clado-
phialophora increased to 0.22 ~ 1.18%, 0.18 ~ 3.05%, and 
0.15 ~ 0.25%, respectively, of which these genera could be 
classified as DSE in taxonomic status. It is speculated that 
these fungi play an important role in the succession of A. 
villosum. In addition, Glomus (0.12% annual, 0.04% trien-
nial) was the dominant genus of AMF but ranked below 
20 in abundance. The EMF fungus Tomentella and DSE 
Phialocephala were found only in annual samples, and 
the saprophytic fungus Oidiodendron was found alone in 
triennial samples.

Fig. 4  Phylum-level distribution of fungi in the root system of A. villosum 
samples. Ascomycota was the predominant phylum for annual and trien-
nial samples with ratios of 93.58 and 92.39%, respectively, followed by Ba-
sidiomycota (2.96% and 5.75%)

 

Fig. 3  Venn diagrams and rarefaction curves for samples based on the number of shared OTUs. a, Number of OTUs shared between annual and triennial 
samples; b, Number of OTUs shared among different provenances of annual samples; c, Number of OTUs shared among different provenances of trien-
nial samples; d, Rarefaction curves of all samples. A total of 333 OTUs were shared between annual and triennial samples, accounting for a proportion of 
30.49% (a). There were 72 and 71 common OTUs among the annual or triennial samples, respectively (b, c). The rarefaction curves showed that the annual 
HHP samples had higher OTUs than other samples (d)
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The response of the alpha diversity of root EF to Temporal 
space
Community richness and diversity were assessed using 
five indices: Chao1, Shannon, Simpson, ACE, and Good’s 
coverage. Sequencing depth (Good’s coverage) exceeded 
99% (99.8–100%) for all samples, indicating sufficient 
sampling depth (Table S3). Chao1 and ACE indices 
reflect fungal community richness, while Shannon and 
Simpson reflect diversity. The fungal community rich-
ness and diversity of the annual root samples were not 
significantly different from those of the triennial samples 
(Fig. 6a). Among the five sample plots, HHP exhibited the 
highest initial richness and diversity in both annual and 
triennial samples but showed significant reductions after 
three years. Conversely, PEP, BNP, and WSP samples dis-
played significant increases in diversity and richness with 
plant age (Fig. 6b, c).

Response of beta diversity of root EF to Temporal space
Weighted UniFrac PCoA revealed the A. villosum root EF 
community composition significant differences among 
geographic plots, but not between plant ages (Fig.  7a). 
PERMANOVA analyses showed significant differ-
ences in fungal community composition among the five 
geographic plots for both annual samples (R = 0.6424, 
P = 0.0020), and triennial samples (R = 0.6961, P = 0.0010) 
(Fig. 7b, c).

Differences in fungal communities
To determine the taxonomic fungal taxa with significant 
differences in abundance between annual and trien-
nial samples, random forest analysis was used to detect 
biomarkers, in which a higher Gini index indicated that 
the fungus was more taxonomically important between 
groups (Fig.  8). Nigrospora and Cladosporium were 

Fig. 6  Alpha-diversity of EF communities in A. villosum roots across planting locations and plant ages. a, Comparison of annual and triennial samples. b, 
Annual samples from 5 sampling plots. c, Triennial samples from 5 sampling plots. The fungal community richness and diversity of the annual samples 
were not significantly different from those of the triennial samples (a). Among the samples from the 5 sample plots, the annual and triennial samples of 
the HHP plots had the highest richness and diversity and showed a significant decrease in diversity and richness after three years of growth. In contrast, 
the diversity and richness of the PEP, BNP and WSP samples increased significantly with increasing plant age (b, c). Different lowercase characters above 
the bars indicate significant differences among samples (p ≤ 0.01). Bars indicate mean ± SEM (n = 3)

 

Fig. 5  Heatmap analysis of root endophytic fungal communities in A. villosum across planting locations and plant ages (top 20 genera). a and b represent 
the annual and triennial samples, respectively. The genera Beauveria (51.47%/35.05%, one-year/three-year) and Fusarium (6.43%/8.52%) were identified as 
the main codominant genera in annual and triennial samples. The potential antimicrobial fungi Phoma (1.65%/4.32%), the saprophytic fungi Acremonium 
(3.87%/2.24%) and Myrothecium (0.09%/0.02%), and the biocontrol fungi Trichoderma (0.88%/1.04%) were major genera for all samples
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identified as key biomarkers for annual and triennial 
samples, respectively. The abundance of Nigrospora sig-
nificantly increased with plant age while the abundance 
of Cladosporium differed significantly among the tri-
ennial groups. Trichoderma species were significantly 
enriched in annual samples, whereas Aspergillus species 
dominated triennial samples. Both genera showed sig-
nificantly higher abundance than other taxa within their 
respective plot samples.

Discussion
In this study, we evaluated the EF colonization of A. villo-
sum roots under different planting locations and growth 
ages for the first time. High-throughput sequencing tech-
nology was employed to analyze the abundance, compo-
sition and distribution of root EF communities.

AMF and DSEs are the two main groups of EF and 
play critical roles in the growth and development of 
host plants. Numerous studies demonstrate that AMF 
promote plant growth and development under differ-
ent habitats and nutritional conditions, particularly by 
enhancing phosphorus uptake in the root system [33]. 
It is established that DSEs possess similar functions, 

although further evidence is required to elucidate their 
mechanisms fully. Plant colonization rates of AMF and 
DSEs vary substantially, primarily influenced by growth 
age and environment [34, 35, 36, 37]. For the triennial 
samples, AMF colonization rates ranged from 13.03 
to 39.48% with a mean of 27.02%, similar to the rate of 
27.54% reported in Longjing tea root [38]. Jin et al. [39] 
reported a significant 70% increase in the AMF coloni-
zation rate of Solidago canadensis in dry habitats over 
time, consistent with our observations of increased AMF 
colonization in BNP, WSP and YCP samples. However, 
AMF colonization rates declined with the plant age in 
HHP samples, potentially due to competition from other 
microorganisms or excessive application of fertilizers and 
pesticides.

Relative to the DSE colonization rate of 21.25% in Arte-
misia deversa [40], annual samples of A. villosum from 
five sampling plots had lower DSE colonization rates, 
ranging from 0 to 9.38% with a mean value of 3.11%. 
This difference may be attributable to nutrition patterns 
and growth environment [32, 38]. Nevertheless, the 
mean DSE colonization rate increased significantly with 
plant age, reaching 6.15%. Moreover, AMF and DSEs 

Fig. 8  Random forest biomarker analysis of A. villosum root endophytic fungal communities across planting locations and plant ages. a, Comparison 
between annual and triennial samples. b, Annual samples from 5 sampling plots. c, Triennial samples from 5 sampling plots. Nigrospora and Cladosporium 
were the main biomarkers in the annual and triennial samples, respectively. The abundance of Nigrospora significantly increased with plant ages while 
the abundance of Cladosporium differed significantly among groups of five triennial samples (a). Species of Trichoderma were significantly enriched in the 
annual samples, and Aspergillus species were dominant in the triennial samples (b, c)

 

Fig. 7  Principal coordinate analysis for root endophytic fungal communities in A. villosum across planting locations and plant ages. a, Comparison be-
tween annual and triennial samples. b, Annual samples from 5 sampling plots. c, Triennial samples from 5 sampling plots. A. villosum root endophytic 
fungi community composition was not significantly different between samples of two growth ages but rather presented among samples of different 
sampling plots (a). Independent analyses showed significant differences in fungal community composition among the five geographically located an-
nual samples, and triennial samples also differed significantly by geographic location (b, c)
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colonization rates in the PEP-1 sample were higher than 
in other samples, consistent with the hypothesis of syn-
ergistic interaction between AMF and DSEs [33]. This 
finding aligns with studies by Della Mónica et al. [33] 
and Ranelli et al. [41], which reported positive correla-
tions between AMF and DSEs colonization in Trifolium 
repens and Achnatherum lettermanii, linking both fungi 
to phosphorus utilization and uptake.

Fungal taxa showed no significant differences among 
A. villosum samples from the five plots. The dominant 
phyla were Ascomycota, Basidiomycota, and Glomero-
mycota, mirroring the root fungi composition of Casua-
rina equisetifolia [36]. Fungi from three phyla represent 
the most abundant groups colonizing plant roots [42]. 
At the order level, Hypocreales, Chaetothyriales, and 
Helotiales occurred in all samples, along with the fami-
lies Cordycipitaceae and Cladosporiaceae, previously 
identified in plants like Fragaria × ananassa [43] and 
Glycine max [44] for their biocontrol potential. Hypoc-
reales are widely commercialized as biofungicides, and 
Cladosporiaceae species exhibitpotential for white rust 
control [45, 46]. The antimicrobial genus Phoma, sap-
rophytic genera Acremonium and Myrothecium and the 
biocontrol genus Trichoderma were detected as core gen-
era herein, contributing to rhizosphere microstructure 
improvement [47, 48]. Beauveria emerged as a dominant 
genus in A. villosum roots, which not only induces no 
plant diseases but also confers insect pest resistance and 
facilitates exchange nitrogen in the host [49]. Therefore, 
the functions of Beauveria require dialectical consider-
ation. Importantly, AMF and DSEs constituted the core 
components within the A. villosum root system, reflected 
in the colonization rates. Glomus (AMF) and Exophiala, 
Cladosporium, and Cladophialophora of DSEs were 
identified as core genera. According to previous studies, 
AMF and DSEs were proven to be the dominant fungal 
communities in Glycyrrhiza uralensis, Ferula sinkiangen-
sis and Tinospora cordifolia, e.g., Glomus, Diversispora 
and Cladosporium [50, 51, 52]. The colonization by these 
diverse mycorrhizal fungi may establish a complex net-
work within the root system, crucial for plants growth 
maintenance and disease resistance.

The alpha diversity results showed that neither spe-
cies richness nor diversity indices differed significantly 
with plant age; rather, observed variations were primar-
ily attributable to spatial heterogeneity. Similar to C. 
equisetifolia endophytic fungal communities reported 
by Huang et al. [36], diversity indices showed no signifi-
cant variation across forest ages. This phenomenon may 
be attributed to the fact that plant root endophytic fun-
gal diversity is largely influenced by local biotic and abi-
otic influences [53], e.g., soil properties as well as human 
disturbances both cause changes in root microbial diver-
sity [54, 55]. Notably, fungal diversity was consistently 

highest in the HHP plot among the five, which may be 
the result of multiple factors. However, the abundance of 
AMF decreased in triennial samples of HHP, suggesting 
that it may be related to the change in soil nutrient com-
position over time and may require the involvement of 
other microorganisms for adjustment.

Community composition analysis indicated minimal 
variation across plant ages, identifying geographic loca-
tion as the primary driver of community divergence. 
Random forest analysis identified specific fungal taxa 
partially responsible for compositional differences. 
Consistent with Zhong et al. [56], Nigrospora served as 
a biomarker or key taxon herein. It was found that the 
Diversispora (AMF) was involved in the growth promo-
tion of Chrysanthemum morifolium under salt stress [57], 
and significantly enriched in annual samples, implying a 
pivotal role during this stage. In contrast, Aspergillus and 
Cladosporium (DSEs) were enriched in triennial samples 
and exhibited significantly from annual A. villosum sam-
ples. These genera have been reported to confer heavy 
metal resistance and may contribute to maintaining and 
promoting plant growth [58, 59]. Colonization surveys 
and molecular diversity analyses collectively underscore 
that AMF and DSEs influence the evolution of plant rhi-
zosphere endophytic fungal communities and undergo 
distinct structural changes driven by spatial and temporal 
factors.

While bacteria and non-endophytic fungi critically 
influence rhizosphere ecology and plant growth through 
microbe-microbe interactions [60, 61], this study focused 
exclusively on endophytic fungal colonization/diversity 
in A. villosum. We acknowledge this limitation in assess-
ing the full plant-microbe symbiont system. Future work 
will prioritize investigating: (1) endophyte-mediated bac-
terial recruitment, and (2) synergistic mechanisms of 
microbial consortia in enhancing medicinal plant growth, 
stress resilience, and bioactive compound accumulation.

Conclusions
Through fungal colonization rate surveys and high-
throughput sequencing, we revealed differences in both 
colonization rates and community structures of EF 
(mainly AMF and DSEs) in A. villosum roots across vary-
ing locations and growth ages. Dominant taxa included, 
Glomus (AMF) and the DSE genera Exophiala, Clado-
sporium, and Cladophialophora, all exhibiting increased 
abundance with host maturation. Random forest analysis 
identified Nigrospora and Cladosporium as EF biomark-
ers for annual and triennial samples, respectively, sug-
gesting age-specific functional roles in growth dynamics. 
Taken together, our study reveals that spatial heteroge-
neity drives divergent root fungal communities in A. vil-
losum, while plant age selectively enriches key beneficial 
EF. Given the significant economic value of A. villosum 
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as a key traditional Chinese medicinal plant, our findings 
provide an important foundation for the development of 
specialized fungal fertilizers and their application in its 
ecological cultivation.

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​
g​​/​​1​0​​.​1​1​​​8​6​​/​s​1​2​​8​6​6​-​​0​2​5​-​0​​4​3​3​2​-​6.

Supplementary Material 1

Acknowledgements
The authors are grateful to all of the laboratory members for their continuous 
technical advice and helpful discussions.

Author contributions
The basic idea and the study design was from SH and GHC. XGL, XXY and XKZ 
performed the initial search. XGL, XXY and XKZ analyzed and interpreted the 
results. The draft was prepared by XGL, XXY and XKZ. SH, GHC, XGL, XXY, XKZ 
and DC revised and edited the manuscript. All authors read and approved the 
final manuscript.

Funding
This research was supported by Yunnan Provincial Science and Technology 
Department- Applied Basic Research Joint Special Funds of Chinese 
Medicine (202001AZ070001-009), the National Natural Science Foundation 
of China (82360750, 82260743), Key project at central government level: 
The ability establishment of sustainable use for valuable Chinese medicine 
resources (2060302-2404-05), the Yunnan Fundamental Research Projects 
(202501AS070141), Yunnan Youth Talent Program- “Ten Thousand Plan” 
(YNWR-QNBJ-2020-279), Young Talents Special Project of Yunnan “Xingdian 
Talent Support Program” (XDYC-QNRC-2023-0526) and Yunnan Key Laboratory 
of Southern Medicinal Utilization (202105AG070012XS25031).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Competing interests
The authors declare no competing interests.

Institutional review board statement
Not applicable.

Informed consent Statement
Not applicable.

Received: 20 December 2023 / Accepted: 18 August 2025

References
1.	 Horton MW, Bodenhausen N, Beilsmith K, Meng D, Muegge BD, Subramanian 

S, et al. Genome-wide association study of Arabidopsis Thaliana leaf microbial 
community. Nat Commun. 2014;5(1):5320.

2.	 Mesny F, Miyauchi S, Thiergart T, Pickel B, Atanasova L, Karlsson M, et al. 
Genetic determinants of endophytism in the Arabidopsis root mycobiome. 
Nat Commun. 2021;12(1):7227.

3.	 Waqar S, Bhat AA, Khan AA. Endophytic fungi: unravelling plant-endophyte 
interaction and the multifaceted role of fungal endophytes in stress amelio-
ration. Plant Physiol Biochem. 2024;206:108174.

4.	 van der Heijden MGA, Martin FM, Selosse MA, Sanders IR. Mycorrhizal 
ecology and evolution: the past, the present, and the future. New Phytol. 
2015;205(4):1406–23.

5.	 Almirón C, Caset L, Areco V, Ponso MA, Saparrat MCN, Chiocchio VM et al. 
Co-inoculation with dark septate endophytes improves root architecture, 
nutrient uptake, and growth in tomato (Solanum lycopersicum L.). J. Plant 
Nutr. 2025: 1–17.

6.	 Bonfante P, Genre A. Mechanisms underlying beneficial plant-fungus interac-
tions in mycorrhizal symbiosis. Nat Commun. 2010;1(1):48.

7.	 Ruotsalainen AL, Kauppinen M, Wäli PR, Saikkonen K, Helander M, Tuomi J. 
Dark septate endophytes: mutualism from by-products? Trends. Plant Sci. 
2022;27(3):247–54.

8.	 Garcia K, Delaux PM, Cope KR, Ané JM. Molecular signals required for the 
establishment and maintenance of ectomycorrhizal symbioses. New Phytol. 
2015;208(1):79–87.

9.	 Liu C, Dai Z, Cui M, Lu W, Sun H. Arbuscular mycorrhizal fungi alleviate Boron 
toxicity in Puccinellia tenuiflora under the combined stresses of salt and 
drought. Environ Pollut. 2018;240:557–65.

10.	 Su ZZ, Dai MD, Zhu JN, Liu XH, Li L, Zhu XM, et al. Dark septate endophyte 
Falciphora oryzae-assisted alleviation of cadmium in rice. J Hazard Mater. 
2021;419:126435.

11.	 Gao MY, Chen XW, Huang WX, Wu L, Yu ZS, Xiang L, et al. Cell wall modifica-
tion induced by an arbuscular mycorrhizal fungus enhanced cadmium 
fixation in rice root. J Hazard Mater. 2021;416:125894.

12.	 Lu X, He M, Ding J, Siemann E. Latitudinal variation in soil biota: testing the 
biotic interaction hypothesis with an invasive plant and a native congener. 
Isme J. 2018;12(12):2811–22.

13.	 Huang X, Liu S, Liu X, Zhang S. Plant pathological condition is associated with 
fungal community succession triggered by root exudates in the plant-soil 
system. Siol Biol Biochem. 2020;151:108046.

14.	 Šmilauer P, Košnar J, Kotilínek M, Pecháčková S, Šmilauerová M. Host age 
and surrounding vegetation affect the community and colonization rates 
of arbuscular mycorrhizal fungi in a temperate grassland. New Phytol. 
2021;232(1):290–302.

15.	 Kil YJ, Eo JK, Lee EH, Eom AH. Root age-dependent changes in arbuscular 
mycorrhizal fungal communities colonizing roots of Panax ginseng. Mycobiol-
ogy. 2014;42(4):416–21.

16.	 Bonito G, Reynolds H, Robeson MS, Nelson J, Hodkinson BP, Tuskan G, et al. 
Plant host and soil origin influence fungal and bacterial assemblages in the 
roots of Woody plants. Mol Ecol. 2014;23(13):3356–70.

17.	 Overy DP, Rämä T, Oosterhuis R, Walker AK, Pang KL. The neglected marine 
fungi, sensu stricto, and their isolation for natural products’ discovery. Mar 
Drugs. 2019;17(1):42.

18.	 Blau K, Jechalke S, Smalla K. Detection, isolation, and characterization of 
plasmids in the environment. Methods Mol Biol. 2020;2075:39–60.

19.	 Nilsson RH, Anslan S, Bahram M, Wurzbacher C, Baldrian P, Tedersoo L. Myco-
biome diversity: high-throughput sequencing and identification of fungi. Nat 
Rev Microbiol. 2019;17(2):95–109.

20.	 Najafi A, Moradinasab M, Seyedabadi M, Haghighi MA, Nabipour I. First 
molecular identification of symbiotic archaea in a sponge collected from the 
Persian gulf, Iran. Open Microbiol J. 2018;12:323–32.

21.	 Xu J, Yang B, Li M, Li Z, Tu Y, Tang L, et al. Research on germplasm diver-
sity of Amomum villosum lour. In genuine producing area. PLoS ONE. 
2022;17(8):e0268246.

22.	 Yue J, Zhang S, Zheng B, Raza F, Luo Z, Li X, et al. Efficacy and mechanism of 
active fractions in fruit of Amomum villosum lour. For gastric cancer. J Cancer. 
2021;12(20):5991–8.

23.	 Imran S, Bibi Y, Yang LE, Qayyum A, He W, Yang J, et al. Health-promoting 
compounds in Amomum villosum Lour and Amomum tsao-ko: fruit essential 
oil exhibiting great potential for human health. Heliyon. 2024;10(5):e27492.

24.	 Wang B, Lu Y, Li W, He S, Lin R, Qu P, et al. Effects of the continuous crop-
ping of Amomum villosum on rhizosphere soil physicochemical properties, 
enzyme activities, and microbial communities. Agronomy. 2022;12(10):2548.

25.	 Wu Z, Su Q, Cui Y, He H, Wang J, Zhang Y, et al. Temporal and Spatial pattern 
of endophytic fungi diversity of Camellia sinensis (cv. Shu Cha Zao). BMC 
Microbiol. 2020;20:1–11.

26.	 Toju H, Tanabe AS, Yamamoto S, Sato H. High-coverage ITS primers for the 
DNA-based identification of ascomycetes and basidiomycetes in environ-
mental samples. PLoS ONE. 2012;7(7):e40863.

27.	 Mohsen A, Park J, Chen YA, Kawashima H, Mizuguchi K. Impact of quality 
trimming on the efficiency of reads joining and diversity analysis of illumina 
paired-end reads in the context of QIIME1 and QIIME2 Microbiome analysis 
frameworks. BMC Bioinform. 2019;20:1–10.

https://doi.org/10.1186/s12866-025-04332-6
https://doi.org/10.1186/s12866-025-04332-6


Page 10 of 10Li et al. BMC Microbiology          (2025) 25:550 

28.	 Kõljalg U, Nilsson RH, Abarenkov K, Tedersoo L, Taylor AF, Bahram M et al. 
Towards a unified paradigm for sequence-based identification of fungi. Mol 
Ecol. 2013: 5271–7.

29.	 Prodan A, Tremaroli V, Brolin H, Zwinderman AH, Nieuwdorp M, Levin E. Com-
paring bioinformatic pipelines for microbial 16S rRNA amplicon sequencing. 
PLoS ONE. 2020;15(1):e0227434.

30.	 Edgar RC. Search and clustering orders of magnitude faster than BLAST. 
Bioinformatics. 2010;26(19):2460–1.

31.	 Faith DPJBC. Conservation evaluation and phylogenetic diversity. Biol Con-
serv. 1992;61(1):1–10.

32.	 Lozupone C, Lladser ME, Knights D, Stombaugh J, Knight R. UniFrac: an 
effective distance metric for microbial community comparison. Isme J. 
2011;5(2):169–72.

33.	 Della Mónica IF, Saparrat MCN, Godeas AM, Scervino JM. The co-existence 
between DSE and AMF symbionts affects plant P pools through P mineraliza-
tion and solubilization processes. Fungal Ecol. 2015;17:10–7.

34.	 Lugo MA, Menoyo E, Allione LR, Negritto MA, Henning JA, Anton AM. Arbus-
cular mycorrhizas and dark septate endophytes associated with grasses from 
the Argentine Puna. Mycologia. 2018;110(4):654–65.

35.	 Li WJ, Li JH, Knops JM, Wang G, Jia JJ, Qin YY. Plant communities, soil 
carbon, and soil nitrogen properties in a successional gradient of sub-
alpine meadows on the Eastern Tibetan plateau of China. Environ Manage. 
2009;44:755–65.

36.	 Huang R, Chen P, Wang X, Li H, Zuo L, Zhang Y, et al. Structural variability and 
niche differentiation of the rhizosphere and endosphere fungal Microbiome 
of Casuarina equisetifolia at different ages. Braz J Microbiol. 2020;51:1873–84.

37.	 Veresoglou SD, Chen B, Fischer MM, Helgason T, Mamolos AP, Rillig MC, et al. 
Latitudinal constraints in responsiveness of plants to arbuscular mycorrhiza: 
the ‘sun-worshipper’ hypothesis. New Phytol. 2019;224(2):552–6.

38.	 Zhang Z, Ge S, Fan LC, Guo S, Hu Q, Ahammed GJ, et al. Diversity in rhizo-
spheric microbial communities in tea varieties at different locations and tap-
ping potential beneficial microorganisms. Front Microbiol. 2022;13:1027444.

39.	 Jin L, Gu Y, Xiao M, Chen J, Li B. The history of Solidago Canadensis invasion 
and the development of its mycorrhizal associations in newly-reclaimed land. 
Funct Plant Biol. 2004;31(10):979–86.

40.	 Huo L, Gao R, Hou X, Yu X, Yang X. Arbuscular mycorrhizal and dark 
septate endophyte colonization in Artemisia roots responds differently to 
environmental gradients in Eastern and central China. Sci Total Environ. 
2021;795:148808.

41.	 Ranelli LB, Hendricks WQ, Lynn JS, Kivlin SN, Rudgers JAJD. Biotic and abiotic 
predictors of fungal colonization in grasses of the Colorado Rockies. Divers 
Distrib. 2015;21(8):962–76.

42.	 Tang M, Liu J, Hou W, Stubbendieck RM, Xiong H, Jin J, Gong J et al. Structural 
variability in the bulk soil, rhizosphere, and root endophyte fungal com-
munities of themeda Japonica plants under different grades of karst Rocky 
desertification. Plant Soil. 2021: 1–18.

43.	 Mantzoukas S, Daskalaki E, Kitsiou F, Papantzikos V, Servis D, Bitivanos S, 
et al. Dual action of Beauveria Bassiana (Hypocreales; Cordycipitaceae) 
endophytic stains as biocontrol agents against sucking pests and plant 
growth biostimulants on melon and strawberry field plants. Microorganisms. 
2022;10(11):2306.

44.	 Hamayun M, Afzal Khan S, Ahmad N, Kang SM, Na CI, Sohn EY. Cladosporium 
sphaerospermum as a new plant growth-promoting endophyte from the 
roots of Glycine max (L.) Merr. World J Microb Biot. 2009;25:627–32.

45.	 Kepler RM, Maul JE, Rehner SA. Managing the plant Microbiome for biocon-
trol fungi: examples from hypocreales. Curr Opin Microbiol. 2017;37:48–53.

46.	 Torres DE, Rojas-Martínez RI, Zavaleta-Mejía E, Guevara-Fefer P, Márquez-
Guzmán GJ, Pérez-Martínez C. Cladosporium cladosporioides and cladospori-
umpseudocladosporioides as potential new fungal antagonists of Puccinia 
Horiana henn., the causal agent of chrysanthemum white rust. PLoS ONE. 
2017;12(1):e0170782.

47.	 Caruso DJ, Palombo EA, Moulton SE, Zaferanloo B. Exploring the promise of 
endophytic fungi: A review of novel antimicrobial compounds. Microorgan-
isms. 2022;10(10):1990.

48.	 Du W, Yao Z, Li J, Sun C, Xia J, Wang B, et al. Diversity and antimicrobial activity 
of endophytic fungi isolated from Securinega suffruticosa in the yellow river 
delta. PLoS ONE. 2020;15(3):e0229589.

49.	 Barelli L, Moonjely S, Behie SW, Bidochka MJ. Fungi with multifunctional 
lifestyles: endophytic insect pathogenic fungi. Plant Mol Biol. 2016;90:657–64.

50.	 Dang H, Zhang T, Wang Z, Li G, Zhao W, et al. Succession of endophytic fungi 
and arbuscular mycorrhizal fungi associated with the growth of plant and 
their correlation with secondary metabolites in the roots of plants. BMC Plant 
Biol. 2021;21:165.

51.	 Luo Y, Wang Z, He Y, Li G, Lv X, Zhuang L. High-throughput sequencing analy-
sis of the rhizosphere arbuscular mycorrhizal fungi (AMF) community com-
position associated with ferula sinkiangensis. BMC Microbiol. 2020;20:1–14.

52.	 Mishra A, Gond SK, Kumar A, Sharma VK, Verma SK, Kharwar RN, et al. 
Season and tissue type affect fungal endophyte communities of the Indian 
medicinal plant Tinospora cordifolia more strongly than geographic location. 
Microb Ecol. 2012;64:388–98.

53.	 Liao C, Doilom M, Jeewon R, Hyde KD, Manawasinghe IS, Thilini Chethana KW, 
et al. Challenges and update on fungal endophytes: classification, definition, 
diversity, ecology, evolution and functions. Fungal Divers. 2025;131:301–67.

54.	 Koczorski P, Furtado BU, Gołębiewski M, Hulisz P, Baum C, Weih M, et al. The 
effects of host plant genotype and environmental conditions on fungal com-
munity composition and phosphorus solubilization in Willow short rotation 
coppice. Front Plant Sci. 2021;12:647709.

55.	 Pärtel M, Öpik M, Moora M, Tedersoo L, Szava-Kovats R, Rosendahl S, et al. His-
torical biome distribution and recent human disturbance shape the diversity 
of arbuscular mycorrhizal fungi. New Phytol. 2017;216(1):227–38.

56.	 Zhong F, Fan X, Ji W, Hai Z, Hu N, Li X, et al. Soil fungal community composi-
tion and diversity of culturable endophytic fungi from plant roots in the 
reclaimed area of the Eastern Coast of China. J Fungi. 2022;8(2):124.

57.	 Wang Y, Wang M, Li Y, Wu A, Huang J. Effects of arbuscular mycorrhizal fungi 
on growth and nitrogen uptake of Chrysanthemum morifolium under salt 
stress. PLoS ONE. 2018;13(4):e0196408.

58.	 Han S, Li X, Amombo E, Fu J, Xie Y. Cadmium tolerance of perennial ryegrass 
induced by Aspergillus aculeatus. Front Microbiol. 2018;9:1579.

59.	 Jiang L, Lee MH, Kim CY, Kim SW, Kim PI, Min SR, et al. Plant growth promo-
tion by two volatile organic compounds emitted from the fungus Cladospo-
rium halotolerans NGPF1. Front. Plant Sci. 2021;12:794349.

60.	 Chepsergon J, Moleleki LN. Rhizosphere bacterial interactions and impact on 
plant health. Curr Opin Microbiol. 2023;73:102297.

61.	 Korenblum E, Massalha H, Aharoni A. Plant-microbe interactions in the rhizo-
sphere via a circular metabolic economy. Plant Cell. 2022;34(9):3168–82.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Diversity and dynamics of fungal endophytes in the roots of ﻿Amomum villosum﻿ lour. Under different areas and growth ages
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Sample collection
	﻿Assessment of fungal colonization
	﻿DNA extraction, PCR amplification, and sequencing
	﻿Library construction and sequencing
	﻿Data processing and community composition analysis

	﻿Results
	﻿Colonization rates of AMF and DSEs in ﻿A. villosum﻿ roots
	﻿Sequencing results
	﻿Composition of endophytic fungal communities
	﻿The response of the alpha diversity of root EF to Temporal space
	﻿Response of beta diversity of root EF to Temporal space
	﻿Differences in fungal communities

	﻿Discussion
	﻿Conclusions
	﻿References


