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Introduction: The seeds of Amorphophallus muelleri represent a unique

category of herbaceous seeds that arise from triploid apomixis. They necessitate

an exceptionally protracted maturation phase of 8 months, followed by a

dormancy period of 4 months, before they can germinate and give rise to fully

formed new plants. Currently, the connection between endophytic microbial

communities in A. muelleri seeds and the host plant’s development is largely

unexplored.

Methods: Herein, we analyzed the temporal dynamics of the endophytic

bacterial and fungal communities from seed germination to seedling

establishment (seven stages) through amplicon sequencing.

Results and discussion: The results showed that plant developmental stage

explained the large variation in endophytic bacterial and fungal communities in

A. muelleri and that multiple microbial attributes (e.g., α, β-diversity, community

composition, and bacterial and fungal ecological networks) are driven by the

developmental state of A. muelleri. Metagenomic analyses further indicated that

the four stages after rooting have higher microbial functional diversity. Microbial

functional genes involved in cell wall/membrane/envelope biogenesis, inorganic

ion transport and metabolism, and carbon degradation were abundant in

A. muelleri seeds from Stage 1 to Stage 3 (before rooting). From Stage 4 to Stage

7 (after rooting), microbial functional genes involved in the carbon, nitrogen

and phosphorus cycles, starch and sucrose metabolism, and energy production

and conversion were more abundant. Coincidentally, more abundant

Proteobacteria, and Basidiomycota taxa related to carbon degradation were

found in stages 1-3, while more Allorhizobium-Neorhizobium-Pararhizobium-

Rhizobium and Stenotrophomonas taxa associated with nitrogen cycling and

plant growth promotion were observed in stages 4-7. These findings have

greatly improved our basic understanding of the assembly and functional

adaptability of the endophytic microbiome during A. muelleri plant development

and are helpful for the mining, development and utilization of functional

microbial resources.
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1 Introduction

Konjac species (Amorphophallus spp.) are unique in the world’s
plant kingdom for their abundant content of konjac glucomannan
(KGM). Due to its unique physical and chemical properties, KGM
is widely used in food, medicine and health care, chemical industry,
and other fields (Yang et al., 2024). At the same time, konjac is also
an important economic crop widely planted in southwestern China
and other regions (Yang et al., 2023; Li et al., 2023). Amorphophallus
muelleri, an important cultivated species of Amorphophallus, has
strong soft-rot disease resistance and rich KGM content. Most
importantly, A. muelleri also has a high reproduction coefficient
(Wei et al., 2022; Qi et al., 2023). After the flowering of
A. muelleri, it can produce mature seeds without pollination (with
the characteristics of triploid apomictic parthenogenesis). After
maturity, 300-900 seeds can be obtained per spike, which expands
the reproduction multiple of Amorphophallus from the traditional
4-6 times to 300-900 times. A. muelleri plants represent one of the
triumphant examples of large-scale propagation that harnesses the
power of triploid apomixis globally (Zhao et al., 2024). Presently,
the seeds of A. muelleri have gained extensive traction and are
extensively utilized in China (Yang et al., 2022). Therefore, as an
important reproductive material for A. muelleri, it has important
theoretical and practical significance to conduct in-depth research
on seed growth and development.

The seeds of A. muelleri exhibit a more protracted growth and
development cycle, coupled with an extended dormancy phase,
in contrast to conventional corn and wheat seeds. Typically,
these seeds necessitate a duration of approximately 8 months
to reach maturity. Once mature, they enter a dormancy phase
that can last for as long as 4 months before they are capable of
germination and the emergence of new plants (Zhao et al., 2024). In
previous research, we revealed the mechanisms of seed maturation
in A. muelleri by analyzing endophytic microbial communities,
transcriptomic, and metabolomic datasets (Zhao et al., 2024).
Our results emphasized that the composition and function of the
A. muelleri seed endophytic bacterial community are driven by the
seed maturation state (Yang et al., 2022). However, the changes
and functional adaptability of the endophytic microbial community
in A. muelleri seeds during further dormancy breaking and new
seedling establishment have not yet been explored.

All animal and plant species have complex associated microbial
communities both on surfaces and in their interiors (Poupin et al.,
2023). These microbes form a complex symbiotic relationship
with plants and play an important role in promoting the
productivity and health of plants in the natural environment
(Turner et al., 2013; Vandenkoornhuyse et al., 2015; Hassani
et al., 2018; Simon et al., 2019). Due to their location advantage,
endophytic microbes are considered to have important effects
on the growth and development of plants, for example, by
fixing nitrogen, producing auxin, promoting plant nutrient
acquisition, synthesizing antibacterial compounds, and enhancing
plant tolerance to environmental stresses (Liu et al., 2017; Kumar
et al., 2021). Some endophytes accompany plants throughout their
life cycle, from seed germination to development, growth and
fruiting (Truyens et al., 2015; Nelson, 2018). Understanding the
assembly, functional adaptability and temporal dynamics of the
plant endophytic microbiome at different developmental stages is

important for the development of microbiome-based solutions for
sustainable crop production systems (Singh et al., 2020; Xiong et al.,
2021a; D’Hondt et al., 2021).

As a reproductive organ, seeds are so important in the
life cycle of spermatophytes that they can remain dormant for
long periods of time until the growing conditions are suitable
for development into new plants (Ku niar et al., 2020). Seed
endophytes represent a unique niche microbiota and are of special
concern among seed-associated microbes (Nelson, 2018; Zhang
C. M. et al., 2022). The seeds of many crops, such as rice,
wheat, corn, and cotton, contain endophytes. Seed endophytes
and fungi promote seed germination or seedling morphogenesis
through the production of auxin, cytokinins, iron carriers, and
the mobilization of various nutrients (N, P, K, etc.) and directly
or indirectly improve the adaptability of developing plants by
producing antibacterial compounds and inducing or regulating the
expression of genes associated with plant growth, development
and defense (Gond et al., 2015; Mousa et al., 2016; Irizarry and
White, 2018). Seed-associated endophytic microbes play important
roles in nutrient uptake and the reduction in abiotic and biotic
stresses (Weyens et al., 2009; da Silveira et al., 2019). Recent
studies have emphasized that the seed microbiota represents the
starting point for the assembly of the microbial community in
new seedlings, as well as the end point of the assembly of the
community within the seed (Shade et al., 2017; Shahzad et al.,
2018). The coevolution of seed core endophytic microbes with their
hosts has resulted in a “continuation of the partnership” and led
to the formation of a powerful and efficient transmission strategy
between several generations (Truyens et al., 2015; Mousa et al.,
2016; Frank et al., 2017). At different developmental stages, the host
plant exerts a strong selection effect on its microbial communities
through the host immune system, genetic network and plant
secretions (Huang et al., 2019; Shakir et al., 2021). Meanwhile,
the composition and potential functions of the plant microbiome
also change dynamically during plant growth (Xiong et al.,
2021a). However, at present, the connection between endophytic
microbial communities in A. muelleri seeds and the host plant’s
development is largely unexplored. Therefore, in-depth analyses
of the composition of the core endophytic microbiota during
seed development not only helps researchers to systematically
understand the coevolution mechanisms of holozoans but also
helps in the mining, development and utilization of functional
microbial resources.

In this study, we hypothesized that different developmental
stages drive the assembly and stability of the endophytic microbial
community in A. muelleri seeds/seedlings. We used amplicon (16S
and ITS) and metagenomic sequencing technologies to analyze
the changes in the composition and function of microbiome
communities during the process from seed germination to seedling
establishment in A. muelleri (seven stages) and explored the
temporal dynamics of microbial networks and the ecological
functions of bacterial and fungal communities during plant
developmental stages. Our study results elucidate the connection
between endophytic microbial communities and host plant
phylogeny, which will be helpful for the mining, development and
utilization of functional microbial resources of A. muelleri seeds.
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2 Materials and methods

2.1 Experiment description and sample
collection

The seeds of A. muelleri used in this study were provided by the
Kunming University/Yunnan Key Laboratory of Konjac Biology.
All the seeds had the same genetic background (variety: Zhuyajin1).
In March 2023, A. muelleri seeds of the same size were selected
and planted in plug trays filled with peat soil. All the plug trays
were placed in plastic greenhouses at the Yunnan Key Laboratory
of Konjac Biology, and watered by spraying 3-4 times a week
without fertilization. According to tissue differentiation at different
developmental stages, we collected A. muelleri samples at seven key
time points, namely, the dormant period (Stage 1), the early bud
differentiation stage (Stage 2), the mid-bud differentiation stage
(Stage 3), the root tissue differentiation stage (Stage 4), the leaf
differentiation stage (Stage 5), the early stage of leaf expansion
(Stage 6), and the late stage of leaf expansion (Stage 7) (Figure 1a).
The samples were collected between March and June 2023.

At each sampling stage, the entire konjac seeds/seedlings were
removed from the peat soil and washed extensively with sterile
water to remove any adhering soil from the seeds/seedlings.
Then the seeds/seedlings materials were soaked with 75% ethanol
for 30 s, washed with sterile water for 5 min, soaked in a
3% sodium hypochlorite solution for 3 min, and finally washed
with sterile water 3 times, each time for 5 min. After surface
sterilization, the entire konjac seeds and seedlings (including both
roots and shoots) were cut into small pieces with an aseptic surgical
knife in the ultra-clean workbench and were mixed thoroughly.
The mixed samples were placed in 10 ml sterile conical tubes,
quickly frozen in liquid nitrogen, and then stored immediately
in a refrigerator at –80◦C for future use. Seven treatments
were implemented, with three replicates for each treatment, and
each replicate contained three independent seeds/seedlings. Each
replicate consisted of a composite sample obtained by mixing three
individual seeds/seedlings.

2.2 Amplicon sequencing

2.2.1 DNA extraction and Sequencing
Total DNA was extracted from the seeds and seedlings samples

with the FastDNA R© Spin Kit for Soil (MP Biomedicals, Southern
California, United States) according to the instructions. DNA
concentration and purity were examined using a NanoDrop 2000,
and DNA extraction quality was examined using 1% agarose
gel electrophoresis. The endophytic fungal diversity was analyzed
using the universal primers ITS1 F/ITS2 R. In the analysis
of bacterial communities, a two-step PCR amplification was
performed, with bacterial primers 799F/1392R and 799F/1193R
used for 16S rRNA gene amplification, respectively. The PCR
amplification conditions are shown in Supplementary Table 1
(Wang C. N. et al., 2021; Wang H. et al., 2021). The primer set
799F–1193R resulted in a lower co-amplification of chloroplast and
mitochondrial genes, and more taxa covered the bacterial structure
of the rhizosphere and endosphere (Wang et al., 2018). Amplicon

libraries were sequenced on the Illumina HiSeq 2500 platform in
Shanghai Majorbio Bio-Pharm Technology Co., Ltd.

2.2.2 Analysis of amplicon sequencing data
The raw sequencing reads were quality-controlled using Fastp

(v0.19.6) and then paired reads were merged into a single
sequence using FLASH software (v1.2.11) (Magoçago, 2011).
The processed high-quality sequencing reads were clustered
into operational taxonomic units (OTUs) by UPARSE software
(v11) (Edgar, 2013) based on a 97% similarity threshold. OTU
taxonomic annotation was performed using SILVA (v138) (Quast
et al., 2013) reference database and UNITE (v8.0) (Kõljalg
et al., 2005) database for bacteria and fungi, respectively. Alpha
diversity indices, including the Shannon and Chao 1 index,
were calculated by Mothur software (v1.30.2). Wilcoxon rank
sum test was used to analyze the differences in alpha diversity
among different groups. Bray–Curtis dissimilarity matrices were
calculated and visualized using non-metric multi-dimensional
scaling (NMDS) ordinations to examine the overall changes
in microbial community structure between samples, and the
permutational multivariate analysis of variance (PERMANOVA)
statistical tests were used to analyze whether the differences
in microbial community structure between sample groups were
significant (Oksanen et al., 2007). Co-occurrence network analysis
of bacterial and fungal communities was conducted using the
SparCC method (correlation coefficient > 0.75, P < 0.05) on the
integrated network analysis pipeline (iNAP)1 (Feng et al., 2022).
The networks were visualized using the interactive platform Gephi
(Bastian et al., 2009). Nodes represent the individual microbial
genera, and edges represent the pairwise correlations between the
nodes in the microbiome network.

2.3 Metagenomic sequencing and data
analysis

To further characterize the endophytic microbiome function
within A. muelleri seeds/seedlings, metagenomic sequencing was
performed on 21 DNA samples (7 stages × 3 replicates) using the
Illumina NovaSeq platform with a paired-end protocol (Majorbio
Bio-pharm Technology, Shanghai, China). The sequenced data
were analyzed on the Majorbio Cloud Platform2 (Ren et al., 2022;
Han et al., 2024). Specifically, raw sequences were quality-filtered
using Fastp (v0.23.0) (Chen et al., 2018), and sequences belonging
to A. muelleri genomes were removed by mapping the data to
A.muelleri reference genomes using BWA (v0.7.17). The remaining
reads were assembled using MEGAHIT (v1.1.2) (Li et al., 2015),
with genes predicted from the resulting contigs using Prodigal
(v2.6.3) (Hyatt et al., 2010). These genes were then clustered at
90% sequence identity and 90% coverage using CD-HIT (v4.6.1)
(Fu et al., 2012) to generate a non-redundant gene catalog. High-
quality reads were aligned to non-redundant gene catalogs to
calculate gene abundance with 95% identity using SOAPaligner
(Li et al., 2008). Representative sequences of the non-redundant

1 https://github.com/yedeng-lab/iNAP

2 www.majorbio.com
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FIGURE 1

The seeds development of A. muelleri and factors that affect the assembly of endophytic microbial communities in its seeds and seedlings. (a)
A. muelleri seeds maturation and different developmental stages. The mature seeds of A. muelleri turn completely red, then go through seven
developmental stages to grow into new seedlings. Stage 1: the dormant period; Stage 2: the early shoot differentiation stage; Stage 3: the mid-shoot
differentiation stage; Stage 4: the root tissue differentiation stage; Stage 5: the leaf differentiation stage; Stage 6: the early stage of leaf expansion. At
this time, the leaves are mainly brown-green. Stage 7: the late stage of leaf expansion, the leaves have turned completely green. (b) Non-metric
multi-dimensional scaling (NMDS) ordinations of Bray–Cutis dissimilarity matrices with permutational analysis of variance (PERMANOVA), showing
the composition of bacterial (up) and fungal (down) communities at different developmental stages. (c) Shannon and Chao1 diversity indices of
bacterial and fungal communities in different development stage of seeds and seedlings. (d) The number of unique, shared, and common bacterial
and fungal operational taxonomic units at different groups.
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gene catalog were aligned to the NR database (v20230830) with
an e-value cutoff of 1e−5 using Diamond (v2.0.13) (Buchfink
et al., 2015) for taxonomic annotations. The KEGG annotation and
cluster of orthologous groups of proteins (COG) annotation for the
representative sequences were performed using Diamond (v2.0.13)
against the Kyoto Encyclopedia of Genes and Genomes database
(v20230830) and COG database (v2020), with an e-value cutoff
of 1e−5. Carbohydrate-active enzyme annotation was conducted
using hmmscan against the CAZy database (v12) with an e-value
cutoff of 1e−5. A nonparametric statistical test (Kruskal-Wallis
test) was performed to evaluate differences in functions or gene
abundance among different groups.

3 Results and analysis

3.1 Diversity and community
composition of the microbial
communities in Amorphophallus muelleri
at different developmental stages

A total of 12,04,705 effective bacterial sequences and 10,94,749
effective fungal sequences were obtained from 21 plant samples,
with average lengths of 376 and 233 bp, respectively. Taxonomic
annotation was performed on the valid reads at the 97%
sequence similarity level, and a total of 1,207 bacterial and 1,039
fungal operational taxa were recovered from all 21 samples.
Non-metric multidimensional scaling (NMDS) ordination and
permutational multivariate ANOVA (PERMANOVA) showed
that plant developmental stages explained greater changes in
the bacterial and fungal communities, especially the microbial
community compositions before rooting and after rooting, which
were significantly different (R2 = 0.869 for bacteria and R2 = 0.847
for fungi, P = < 0.001 for both) (Figure 1b). Analysis of the diversity
and richness of the bacterial and fungal communities revealed
that the plant developmental stage also affected the diversity of
the microbial community and that the diversity and richness of
the microbial communities in the A. muelleri tissues increased
as the seeds germinated (Figure 1c). After seminal root tissue
differentiation (Stage 4, Stage 5, Stage 6 and Stage 7), the Shannon
index and Chao1 index values for the bacterial community in
A.muelleri tissue were both greater than those before rooting (Stage
1, Stage 2 and Stage 3) (P < 0.05), and the diversity and richness
of the bacterial communities was the highest in the Stage 7 group.
Similarly to that in the bacterial community, the Chao1 index values
for the fungal communities in the Stage 4, Stage 5, Stage 6, and
Stage 7 groups were significantly higher than those in the Stage 1,
Stage 2, and Stage 3 groups (P < 0.05); the diversity and richness
of the fungal communities were also highest in the Stage 7 group.
No significant differences were found in the Shannon and Chao1
indices of the direct bacterial and fungal communities among the
Stage 1, Stage 2, and Stage 3 groups (P > 0.05).

A Venn diagram further demonstrated the effect of plant
developmental stage on the composition of the bacterial and fungal
communities. We identified 70 core bacterial taxa and 58 core
fungal taxa that coexisted in A. muelleri tissue samples at different
developmental stages (Figure 1d). We noted that the Stage 7 group

had the greatest number of unique bacterial and fungal OTUs,
followed by the Stage 6 group.

3.2 Species composition of the microbial
communities in Amorphophallus muelleri
at different developmental stages

Next, we analyzed the species composition at different
developmental stages at different taxonomic levels. At the
phylum level, before rooting (Stage 1, Stage 2, and Stage 3),
Proteobacteria, Bacteroidota, and Firmicutes were the most
dominant bacterial phyla in the konjac tissues, and Ascomycota
and Basidiomycota were the most dominant fungal phyla
(Supplementary Figures 1a,b). Among them, the relative
abundance of Proteobacteria in the Stage 2 (83.79%) samples
was significantly higher than that in the Stage 1 (71.64%) and
Stage 3 (73.14%) samples (P < 0.05) (Supplementary Table 2);
the relative abundance of Basidiomycota in the Stage 2 (9.78%)
and Stage 3 (10.76%) samples was significantly higher than
that in the Stage 1 (3.07%) samples (P < 0.05) (Supplementary
Table 3). In contrast, after rooting (Stage 4, Stage 5, Stage 6,
and Stage 7), Proteobacteria, Bacteroidota,and Actinobacteria
were the most dominant bacterial phyla, and Ascomycota,
Rozellomycota and Basidiomycota were the most dominant fungal
phyla (Supplementary Figures 1a,b). Compared with the three
treatments before root emergence, we observed that the relative
abundances of Firmicutes and Ascomycota in the four treatments
after root emergence were significantly decreased, while the relative
abundance of Rozellomycota was significantly increased (P < 0.05)
(Supplementary Tables 2, 3).

We used a community heatmap to show the species
composition of the top 50 abundant species in the bacterial and
fungal communities at the genus level (Figures 2, 3). The samples
from different treatment groups were primarily divided into two
major branches. The samples from the before rooting stage (Stage
1, Stage 2, and Stage 3) clustered together, while those from
the after rooting stage (Stage 4, Stage 5, Stage 6, and Stage 7)
formed another cluster, further suggesting the differences in the
composition of bacterial and fungal communities in A. muelleri
tissues before and after rooting (Figures 2a, 3a). Among the top
50 bacterial genera in relative abundance, the relative abundance
of Pseudomonas in the samples before rooting was higher than
that in the samples after rooting. With increasing development
time, the relative abundance of Pseudomonas gradually decreased
from Stage 4 to Stage 7, with the relative abundance being the
lowest in the Stage 7 samples. Acidovorax and Devosia species were
significantly enriched in all samples after rooting (Stage 4, Stage 5,
Stage 6, and Stage 7) (P < 0.05), while Flavobacterium species were
significantly enriched in samples after leaf development (Stage 5,
Stage 6, and Stage 7) (P < 0.05) (Supplementary Figure 2). Among
the top 50 fungal genera in relative abundance, compared with
those in the Stage 1 samples, the abundances of Neocosmospora and
Fusariumwere significantly lower in the Stage 2 and Stage 3 samples
(P < 0.05), and the abundance of Candida was also significantly
lower in the samples at different developmental stages (P < 0.05)
(Supplementary Figure 3). Species of the genera Chaetomium,
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FIGURE 2

Composition of bacterial community in different developmental stages of seeds and seedlings at the genus level. (a) The community heatmap
shows the composition of the top 50 with relatively rich bacterial community genera in different groups. Here: The abundance changes of different
species in the samples are displayed through the color gradient of the color blocks, with the gradient bar on the right of the figure representing the
numerical values corresponding to the color gradient. (b) The Student’s t-test shows the differences in the average relative abundances of the same
bacterial genus between the Stage 3 and Stage 4. Here: ∗Stands for P < 0.05, ∗∗stands for P < 0.01, and ∗∗∗stands for P < 0.001.

FIGURE 3

Composition of fungal community in different developmental stages of seeds and seedlings at the genus level. (a) The community heatmap shows
the composition of the top 50 with relatively rich fungal community genera in different groups. Here: The abundance changes of different species in
the samples are displayed through the color gradient of the color blocks, with the gradient bar on the right of the figure representing the numerical
values corresponding to the color gradient. (b) The Student’s t-test shows the differences in the average relative abundances of the same fungal
genus between the Stage 3 and Stage 4. Here: ∗Stands for P < 0.05, ∗∗stands for P < 0.01, and ∗∗∗stands for P < 0.001.
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Ramophialophora, Byssochlamys, Cephalotrichum, and Cercophora
were enriched in all samples after rooting (Stage 4 to Stage 7)
compared to samples before rooting. The relative abundances
of Papiliotrema, Stagonosporopsis, Sampaiozyma, Cladosporium,
Ascobolus, Plectosphaerella, andRhodotorulawere the highest in the
Stage 7 samples (Figure 3a).

We further analyzed the differences in bacterial and
fungal communities between Stage 3 and Stage 4. The results
showed that the relative abundances of bacterial genera such
as Pseudomonas, Enterococcus, Klebsiella, Chryseobacterium,
Acinetobacter and fungal genera such as Aspergillus, Microascus,
Wallemia, Auxarthron, Acremonium, Penicillium in Stage 4
samples were significantly lower than those in Stage 3 samples
(P < 0.05) (Figures 2b, 3b); conversely, the relative abundances of
bacterial genera such as Devosia, Allorhizobium- Neorhizobium-
Pararhizobium-Rhizobium, Stenotrophomonas and fungal
genera such as Chaetomium, Cephalotrichum, Neocosmospora,
Ramophialophora, Byssochlamys, Fusarium were significantly
increased compared with those in Stage 3 (P < 0.05) (Figures 2b,
3b).

3.3 Co-occurrence network of microbial
communities in Amorphophallus muelleri
at different developmental stages

To study the co-occurrence patterns of A. muelleri microbial
communities at different developmental stages, we analyzed the
bacteria-bacteria and fungi-fungi intrakingdom networks and
bacteria-fungi interkingdom network in A. muelleri at different
developmental stages (Figures 4, 5). Intradomain network analysis
revealed that bacteria and fungi played different network roles
during the development of A. muelleri. During the seven
developmental stages, the fungal taxa always had higher network
connectivity than the bacterial taxa (i.e., average degree, bacteria:
7.455-49.605; fungi: 22.296-75.5) (Supplementary Table 4). In the
A. muelleri tissues, before rooting (Stages 1–3), the complexity of
the bacterial network was lower than that of the fungal network,
and both the number of nodes and edges in the fungal network
were higher than those in the bacterial network (Figures 4a,b
and Supplementary Table 4). After root growth, the number of
nodes and edges and the average degree of the bacterial network
increased compared with those before rooting. Compared with the
fungal network, the bacterial network had more nodes but a lower
average connectivity (Figures 5a,b and Supplementary Table 4).
During different developmental stages, network correlations within
both the bacterial and fungal intrakingdom networks were mainly
positive (Figures 4a,b, 5a,b and Supplementary Table 4).

Similarly, the ecological network analysis between the bacteria
and the fungi showed that the number of nodes and edges in
the interdomain network before rooting was lower than that after
rooting. After the roots grew, both the number of nodes and edges
and the average degree of the interdomain network increased,
with the highest number of nodes and edges observed at stage 7
(Figures 4c, 5c). The interdomain network correlation was mainly
negative in the Stage 1 group, and the interdomain correlation in
the Stage 2 and Stage 3 groups was mainly positive (Figure 4c
and Supplementary Table 4). The correlations of the interdomain

network in the Stage 4 and Stage 5 groups were mainly negative; in
the Stage 6 and Stage 7 groups, the interdomain networks tended to
be stable, and there was no significant difference in the proportion
of positive and negative correlations (close to 50%, respectively)
(Figure 5c and Supplementary Table 4).

3.4 Functional composition of microbial
communities in Amorphophallus muelleri
at different developmental stages

We used metagenomic sequencing to explore the functional
transformation of A. muelleri-associated microbial communities
at different developmental stages. We performed metagenomic
sequencing on 21 samples. Following quality control, the 21
samples yielded an average of approximately 87,989,508 clean
reads. After filtering out host-derived sequences, we retained an
average of 53,473,380 high-quality reads, which were subsequently
assembled into an average of 606,730 contigs (Supplementary
Table 5). NMDS ordination analysis revealed that the functional
composition of the microbiome (i.e., KO, eggNOG, and CAZy)
was affected by the A. muelleri developmental stages. In particular,
there were significant differences in the functional composition
of the microbiome before and after rooting (R2: KO = 0.939,
eggNOG = 0.939, CAZy = 0.945; P < 0.01) (Figure 6a). In
addition to the functional composition, the functional diversity
of the endophytic microbiome of A. muelleri was also affected
by developmental stage. Compared with before rooting, the four
stages after rooting had higher microbiome functional diversity
(i.e., the richness of Chao1 based on KO, eggNOG, and CAZy),
but no significant difference was observed among the four stages.
In the three stages before rooting, the functional diversity of the
endophytic microbiota in Stage 3 was significantly lower than that
in Stage 1 and Stage 2 (P < 0.05) (Figure 6b).

To determine the functional characteristics of the microbiomes
of endophytes of A. muelleri at different developmental stages, we
performed differential abundance analysis. Some carbon, nitrogen,
and phosphorus cycle- and sucrose and starch metabolism-
related genes exhibited different abundance patterns at different
developmental stages (Figure 6c). Compared with those before and
after rooting, carbon, nitrogen and phosphorus cycle-related genes
were more abundant in the four stages after rooting. Among the
three stages before rooting, Stage 3 generally showed lower relative
abundance of genes related to carbon, nitrogen, and phosphorus
cycling compared to Stage 1 and Stage 2. Similarly, genes associated
with sucrose and starch metabolism were more abundant across the
four stages after rooting, with Stage 3 exhibiting the lowest relative
abundance (Figure 6d).

In the COG functional categories, we observed that genes
related to carbohydrate transport and metabolism (COG_G), cell
wall/membrane/envelope biogenesis (COG_M), transcription
(COG_K), inorganic ion transport and metabolism (COG_P), and
translation, ribosomal structure, and biogenesis (COG_J) exhibited
higher relative abundance in the three stages before rooting. In
contrast, genes associated with energy production and conversion
(COG_C), lipid transport and metabolism (COG_I), coenzyme
transport and metabolism (COG_H), and posttranslational
modification, protein turnover, chaperones (COG_O) showed
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FIGURE 4

Co-occurrence network of microbial communities in three stages before tissue differentiation in the root (Stage 1, Stage 2, and Stage 3). (a) The
bacterial intradomain networks show a lower number of nodes and edges at Stage 2 and Stage 3 compared to Stage 1. (b) The fungal intradomain
networks show more nodes and edges in Stage 2 compared to Stage 1. However, there are more nodes in Stage 3 than in Stage 1, but with fewer
edges. (c) Interdomain networks between bacteria and fungi show a higher number of nodes and edges at Stage 2 compared to Stage 1 and Stage 3.
The interdomain network correlation was mainly negative in Stage 1, and the interdomain correlation in Stage 3 and Stage 2 was mainly positive. The
nodes are colored based on bacterial phyla and fungal classes, and edge color represents positive (red) and negative (green) correlations.

higher relative abundance in the four stages after rooting. Notably,
among all seven stages, cell wall/membrane/envelope biogenesis
(COG_M) and inorganic ion transport and metabolism (COG_P)
reached their highest relative abundance in Stage 2 (Figure 7a).

The bar chart shows the top 15 CAZy functions (based on
Family) in relative abundance that have significant differences
among different groups. The relative abundances of CE1 family,
GH1 family, GH2 family, and AA3 family were significantly higher
in the three stages before rooting than in the four stages after
rooting (P < 0.05). In contrast, the relative abundances of GT41
family, AA7 family, GH177 family, GT83 family, GT51 family,
CE4 family, and CE9 family were significantly lower in the before
rooting stages compared to the after rooting stages (P < 0.05).
Among all seven stages, the CE1 family and GT4 family reached
their highest relative abundance in Stage 2 (Figure 7b).

4 Discussion

4.1 Effect of developmental stage on the
assembly of endophytic microbiota in
Amorphophallus muelleri

The assembly of the plant microbiome starts shortly after
sowing and continues to evolve as plants grow and develop
(Bulgarelli et al., 2013; Müller et al., 2016). In addition to the
genetic and vertical transmission of microorganisms from seeds
(Müller et al., 2016; Abdelfattah et al., 2021), microbes can also
colonize different plant compartments through soil, air, and the
diffusion of nearby plants and then form dynamic communities
under the comprehensive action of host and environmental factors
(Vandenkoornhuyse et al., 2015; Vorholt et al., 2017; Hassani et al.,
2018; Compant et al., 2021). The healthy growth of plants depends
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FIGURE 5

Co-occurrence network of microbial communities in four stages after tissue differentiation in the root (Stage 4, Stage 5, Stage 6, and Stage 7). (a)
The bacterial intradomain networks show a higher number of nodes and edges at Stage 5, Stage 6, and Stage 7 compared to Stage 4. (b) The fungal
intradomain networks show the number of nodes and edges in Stage 7 is higher than in the other three stages. (c) Interdomain networks between
bacteria and fungi show that Stage 7 has the highest number of nodes and edges among the four stages, and there are more edges in Stage 5 and
Stage 6 than in Stage 4. The correlations of the interdomain network in Stage 4 and Stage 5 were dominated by negative correlations. During Stage
6 and Stage 7, the interdomain networks tended to be stable, and there was no significant difference in the proportion of positive and negative
correlations (approximately 50%, respectively).

on homeostasis, which is largely maintained by three factors: the
environment, host genetics and the microbiome (Trivedi et al.,
2020). The elucidation of the ecological principles and processes
underpinning the assembly and developmental dynamics of plant
microbiomes is critical for advancing the basic understanding of
coevolution and the application of crop microbiomes in the future
sustainable improvements in agricultural productivity (Singh and
Trivedi, 2017; Sessitsch et al., 2019; Singh et al., 2020; Trivedi et al.,
2020).

Herein, we first evaluated the effects of seven developmental
stages on the assembly of the endophytic microbiota of A. muelleri.
The results showed that plant developmental stage explained the
large variation in the endophytic bacterial and fungal communities
of A. muelleri and that a variety of microbial attributes (such as α-
diversity, β-diversity, community composition, and the ecological
network of bacteria and fungi) were all driven by the developmental
status of A. muelleri. The NMDS ordination results showed that
the differentiation and formation of A. muelleri tissues (especially
root development and differentiation) significantly affected the
assembly of the endophytic microbiota of A. muelleri in the
three stages before rooting and in the four stages after rooting,
with a clear difference in distribution along the NMDS1 axis,
indicating that the endophytic microbial community structure

of A. muelleri significantly differed before and after rooting. In
addition, compared with those in the stages before rooting, the
bacterial and fungal communities in the four stages after rooting
had higher diversity and richness, while the microbial community
composition and diversity in the Stage 1, Stage 2, and Stage 3
before rooting were not significantly different. The Heatmap of
the bacterial and fungal communities at the genus level shows
that the samples before and after rooting are divided into two
distinct branches, further suggesting that root development and
differentiation have a significant impact on the composition of
endophytic microbiota in A. muelleri. Based on these results,
we speculate that soil may be one of the important sources of
endophytic microbiota in A. muelleri. These findings are consistent
with previous studies, which indicated that the influences of plant
developmental stages on the microbiome include the influence of
environmental factors; soil, air, rainwater, etc., are also important
sources of the endophytic microbiome (Lindow and Brandl, 2003;
Vacher et al., 2016; Xiong et al., 2021a).

Studies have shown that the composition and potential function
of the plant microbiome dynamically change during plant growth
(Conn et al., 2008; Lee et al., 2021; Xiong et al., 2021a), but
some core microbes involved in seed dispersal coevolved with
their hosts and are present throughout the entire life cycle of
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FIGURE 6

Functional profiles of microbiomes in different developmental stages of seeds and seedlings. (a) NMDS ordinations of functional genes based on
Bray-Curtis distance matrices of KO, COG, and CAZy functional genes show the distinct microbial communities’ function in seeds and seedlings at
different developmental stages. (b) The boxplot shows the functional diversity (including KO, COG, and CAZy) of the microbiomes of seeds and
seedlings across seven developmental stages. (c) Heatmap exhibiting the relative abundance of functional genes (based on KO) involved in C, N, and
P cycling which varied among seven developmental stages. (d) Heatmap exhibiting the relative abundance of functional genes (based on KO)
involved in starch and sucrose metabolism which varied among seven developmental stages.

the plant (Truyens et al., 2015; Zhang C. M. et al., 2022). Based
on a limited understanding of the plant microbiome, it has been
proposed that the dynamics of plant microbiome composition
reflect the current needs of the host plant (Coyte et al., 2015;
Fitzpatrick et al., 2020) and represent the result of subtle changes
in the microbial selection strategy imposed by the host during
plant development (Martin et al., 2017; Morella et al., 2019; Finkel
et al., 2020; Xiong et al., 2021b). In this dynamic process, host
plants mainly use "central microbes" to regulate the interactions
between microbes and change host fitness to selectively affect

the structure of their associated microbiota (Agler et al., 2016;
Toju et al., 2018; Roman-Reyn et al., 2019). In this study, we
found that 70 and 58 core bacterial and fungal taxa coexisted in
A. muelleri tissue samples at different developmental stages. From
seed germination to tissue differentiation, the number of OTUs
unique to different developmental stages of A. muelleri showed an
increasing trend, with the last completely green leaf stage (Stage 7)
having the largest number of bacterial and fungal OTUs and the
highest microbial diversity and richness. The microbial network
analysis results showed that bacteria and fungi play different
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FIGURE 7

Differential abundance analysis of COG (a) and CAZy (b) functional genes of the microbiomes of seeds and seedlings across seven developmental
stages. The vertical axis represents the gene name, the horizontal a certain gene abundance in the horizontal axis represents the percentage of a
certain gene abundance in the sample, and different colors represent different groups. p < = 0.05*, 0.001, < p < = 0.01**.

network roles during A. muelleri seed development. During the
seven developmental stages, fungal taxa always had higher network
connectivity than did bacterial taxa, especially before rooting (Stage
1, Stage 2, and Stage 3). The number of nodes and edges in
the fungal network in A. muelleri tissues was higher than that
in the bacterial network, suggesting the ecological importance of
fungal taxa in A. muelleri seed development. We further found
that the proportion of positive edges, representing the bacteria-
fungi interdomain correlation, gradually increased from Stage 1 to
Stage 2 and then to Stage 3. A positive interaction meant that the
competition between bacteria and fungi weakened. In the Stage 4,
the development of the A. muelleri root tissue was complete, and
a large number of exogenous microbes may have entered the plant
body through the roots. At this stage, the microbial communities
of A. muelleri began to show large differences, and the proportion
of negative edges in the bacteria-fungus interdomain correlation
reached 69.0%. The competition among bacteria and fungi has
increased significantly. Studies have shown that mutual negative
interactions (i.e., ecological competition) can improve the stability
of microbial communities by inhibiting the destabilizing effect
of cooperation (Coyte et al., 2015; Santolini and Barabasi, 2018).
A host may benefit from microbe competition, thereby improving
resistance to external stress (Wagg et al., 2019). Our results also
showed that with increasing developmental stage of A. muelleri, the
proportion of negative edges between bacteria and fungi in Stage

4 to Stage 7 gradually decreased, and the interdomain network
gradually stabilized. In conclusion, our research results provide
important evidence for the assembly of the endophytic microbiome
of A. muelleri driven by the plant developmental stage.

4.2 Composition and functional
adaptation of endophytic microbiota in
Amorphophallus muelleri at different
developmental stages

The ecological functions of plants are implemented through
the synergy of the plant microbiota. Our analyses revealed
distinct functional profiles (KO/COG/CAZy) between the three
stages before rooting and the four stages after rooting samples,
demonstrating clear segregation along the NMDS1 axis (P < 0.01).
This indicates significant functional divergence in endophytic
microbial communities before versus after rooting. Compared with
the stages before rooting, the four stages after rooting had higher
functional diversity of microorganisms. Microbial functional
genes involved in carbohydrate transport and metabolism; cell
wall/membrane/envelope biogenesis; transcription; inorganic ion
transport and metabolism; translation, and ribosome structure and
biogenesis were abundant in A. muelleri seeds from Stage 1 to Stage
3. From Stage 4 to Stage 7, microbial functional genes involved
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in the carbon, nitrogen and phosphorus cycles, starch and sucrose
metabolism, energy production and conversion, lipid transport and
metabolism, and coenzyme transport and metabolism were more
abundant. These changes further provided important evidence that
the function of the microbial community is closely related to the
developmental stage of A. muelleri seeds.

In the initial stage of seed germination, seeds mainly rely
on stored organic substances (such as starch, fat, protein) as
substrates for respiration to provide energy and intermediate
products, so as to support growth activities such as cell division
and differentiation. The decomposition and oxidation of these
stored substances constitute important components of the carbon
cycle (Weitbrecht et al., 2011). The results of our metagenomic
sequencing revealed that C degradation-related genes, such
as alpha-amylase (amyA) and vanillate monooxygenase (vanA)
(Xiong et al., 2021a), exhibited higher relative abundance in
the Stage 1 (pre-germination) and Stage 2 (early germination)
compared to Stage 3. Furthermore, we observed significant
enrichment of Proteobacteria and Basidiomycota taxa specifically
during Stage 2. Proteobacteria can utilize refractory C sources
by secreting hydrolytic enzymes (Verzeaux et al., 2016; Wei
et al., 2018). Basidiomycota are also important decomposers in
the carbon cycle, and they can secrete digestive enzymes to
decompose organic substances (such as cellulose, lignocellulose)
into smaller molecules (Sharma-Poudyal et al., 2017). Therefore, we
hypothesize that the significant enrichment of Proteobacteria and
Basidiomycota during Stage 2 may be linked to their involvement
in carbon cycling, thereby providing energy for seed development.
Our results also revealed that the C-fixation-related gene ribulose-
bisphosphate carboxylase large chain (cbbL) was significantly
enriched at the four stages from Stage 4 to Stage 7. Starting
from Stage 4, plant photosynthesis is enhanced, and C fixation-
related genes are significantly enriched, which helps plants fix
atmospheric carbon dioxide, providing energy and carbon sources
for plant growth and metabolism. Research has demonstrated that
the photosynthesis process in quinoa becomes significantly more
active following the stage of hypocotyl elongation during seed
germination (Hao et al., 2022).

In addition, we also found that after the formation of
A. muelleri root tissue, the functional genes of microorganisms
participating in the N cycle were significantly enriched in the four
stages from Stage 4 to Stage 7 in A. muelleri; additionally, their
relative abundance was significantly greater than that in the three
stages before rooting. When root and leaf tissues differentiate,
the N cycle within plants usually intensifies. The N cycle
plays an indispensable role in plant development by influencing
nitrogen uptake and transport, promoting plant protein synthesis,
supporting leaf growth, and facilitating plant hormone biosynthesis
(Zayed et al., 2023). Coincidentally, microbial taxa related to
the N cycle, such as Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium and Stenotrophomonas, are also enriched to varying
degrees at the stage after rooting. The significant enrichment of
microorganisms and functional genes involved in the N cycle
after the differentiation of A. muelleri root tissue further reflects
the functional adaptability of endophytic microorganisms in
A. muelleri.

Phosphorus cycling and transformation are also very important
in the process of seed germination. Phosphorus is a component
of biomolecules such as nucleic acids, proteins and phospholipids

and plays a key role in seed cell division, DNA replication, protein
synthesis and cell wall synthesis. Phosphorus also participates in
the synthesis and degradation of ATP molecules and provides
the necessary energy to support seed germination and growth
(Malhotra et al., 2018; Khan et al., 2023). In this study, the relative
abundance of phosphorus cycling-related genes (pstA, pstB, pstC,
pstS, and phoU) in Stage 1 and Stage 2 samples was higher than
that in Stage 3. Meanwhile, we observed that the relative abundance
of Pseudomonas was higher in the samples of Stage 1, Stage 2,
and Stage 3, but significantly decreased in the samples after Stage
4. As one of the dominant bacterial genera in common habitats,
Pseudomonas is widely present in soil and within animals and
plants. It is an important decomposer in the P cycle (Oteino et al.,
2015; Anuroopa et al., 2021). Moreover, many strains within this
genus are plant growth-promoting rhizobacteria (PGPR), and these
strains colonize the plant rhizosphere and help plants resist diseases
and promote plant growth (Zhang X. et al., 2022). Wen et al. (2023)
reported that bacterial suspensions of the salt-tolerant bacteria
Pseudomonas koreensis and P. veronii from rhizosphere saline soil
promoted the growth of radicles and germination of oilseed rape.
Whether the Pseudomonas species in this study is related to the
promotion of A. muelleri seed germination remains to be further
studied.

5 Conclusion

By studying the temporal dynamics of the endophytic bacterial
and fungal communities of A. muelleri seeds during the period
from germination to seedling establishment (seven stages), we
have provided a systematic understanding of the assembly and
functional adaptation of the endophytic microbiota during the
development of A. muelleri. Our results showed that plant
developmental stage explained the large variation in endophytic
bacterial and fungal communities in A. muelleri and that multiple
microbial attributes (e.g., α-diversity, β-diversity, community
composition, and bacterial and fungal ecological networks) are
driven by the developmental state of A. muelleri. These results
further confirm that during the process from germination to
seedling establishment, the changes in the composition and
potential functional dynamics of the plant endophytic microbiota
play an important role in promoting plant development and
nutrient cycling. These findings have greatly improved our
basic understanding of the connection between endophytic
microbial communities and the developmental stage of host
plants; have helped the mining, development, and utilization
of functional microbial resources; and are important for the
development of microbiome-based solutions for sustainable crop
production systems.
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