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Abstract

Plants and their endophytic microbiota form a functional holobiont, wherein host-
dependent endophytes (HDEs) are proposed to serve as persistent microbial components
associated with host continuity. Using long-term in vitro grapevine plantlets, we investi-
gated HDE redistribution and reassembly across successive agar-based subcultures and
during the transition to soil-based cultivation. Results showed that the initial tissue niche
(shoot-tip versus root-base) imprinted a persistent compositional signature on HDE com-
munities, with distinct cultivar-dependent effects. Numerous microbial amplicon sequence
variants (ASVs) remained shared across agar-based and soil-based habitats, demonstrating
high persistence of HDE-associated lineages. Bacterial communities exhibited marked plas-
ticity, with plant-associated bacterial lineages contributing substantially to soil community
assembly. Notably, 204 root-enriched bacterial ASVs, comprising 10.8–14.3% of the soil com-
munity, were recovered, revealing a robust “Root-Specific Legacy”. Bacterial HDEs showed
higher redistribution potential (43.3%), whereas fungal transfer was significantly lower
(10.4%). Functional profiling suggested habitat-associated functional patterns, with the
anaerobic phenotype enriched in soil and predicted enhancements in membrane transport,
nucleotide metabolism, glycan biosynthesis, and biosynthesis of secondary metabolites in
roots. Cladosporium and Fusarium remained dominant in the fungal core taxa, and habitat
transition altered their predicted trophic profiles. Our findings establish HDEs as a resilient
biological reservoir capable of niche-specific expansion, contributing to the ecological
reassembly of the plant holobiont.

Keywords: host-dependent endophytes (HDEs); niche-specific redistribution; grapevine;
habitat transition; core microbiome

1. Introduction
Plants and their endophytic microbiota form an intimately associated functional entity,

termed the holobiont [1,2]. Within this system, endophytes influence plant adaptation
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by regulating key physiological processes, including metabolism, nutrient acquisition,
and stress responses [3–6]. The mode of microbial transmission governs host-microbe
evolutionary relationships [7,8], with endophytes in certain plants classified as horizontally
transmitted endophytes or vertically transmitted endophytes [9]. In contrast to horizon-
tally acquired endophytes [10,11], which are typically recruited from the environment,
vertically transmitted endophytes are directly transferred to the next generation via seeds
or vegetative propagules [12–15], such as Pantoea [16,17] and other microbial taxa that
have been validated as vertically inherited symbionts. This vertical transmission ensures
the consistent inheritance of specific symbiotic lineages and enriches for host-dependent
endophytes (HDEs) [18]. HDEs show strong tissue specificity and, due to their reliance on
host conditions, are often difficult to culture in vitro [19]. This close association functions
analogously to a heritable trait of the plant [20].

Plantlets maintained under long-term in vitro culture represent a physically isolated
system that limits external microbial input [21,22]. As a vegetatively propagated perennial
crop, the grapevine provides an appropriate system for examining microbial persistence
across repeated subcultures [23]. Within this isolated system, stable microbial communities
are enriched in host-associated lineages [24]. However, the plant interior is not homoge-
neous [25]. Different tissue niches, with distinct physicochemical microenvironments, lead
to spatial segregation of HDEs [26–28]. Key questions remain about whether this spatial
pattern is maintained across multiple subculture generations and how the community
reassembles after the in vitro cultured plantlets are transferred to a soil cultivation system.
Addressing these questions is crucial for understanding the stability and host control of
plant-microbiota symbioses under microbe-limited conditions.

In this study, we analyzed the spatial distribution and persistence of vegetatively
transmitted endophytes in long-term subcultured grapevine. After transferring plantlets to
sterile soil, we assessed microbiota stability and community redistribution, quantified the
roles of host genotype and tissue niche in community reassembly, and examined endophytic
dispersal. This work advances the understanding of host-associated microbial continuity
in plants and may inform microbiome-based strategies for perennial crop improvement.

2. Materials and Methods
2.1. Plant Materials and Experimental Design for Habitat Transition

Two long-term subcultured grapevine cultivars were used in this study: Cabernet
Sauvignon (Vitis vinifera) (C) and Rose Honey (V. vinifera × V. labrusca) (R). The original
plant materials were obtained from the vineyard at Chenggong Campus, Yunnan University
(102.85◦ E, 24.83◦ N), Kunming, China. The plantlets had been maintained for over 10 gen-
erations. All plantlets were routinely cultured on Murashige and Skoog (MS) solid medium
supplemented with 0.4 mg/L indole-3-butyric acid (IBA), 0.1 mg/L 6-benzylaminopurine
(6-BA), 30 g/L sucrose, and 7.6 g/L agar, with the pH adjusted to 5.8 ± 0.1. The cultures
were incubated at 25 ± 2 ◦C under a 16 h light/8 h dark photoperiod and subcultured
every 28 days.

To investigate the spatial inheritance of host-dependent endophytes, two distinct
subculture pathways were established from the original plantlets: the Shoot-tip pathway
(S-pathway) and the Lateral-basal pathway (L-pathway). The S-pathway was initiated from
apical shoot tips (designated S1) and the L-pathway from basal stem segments containing
lateral buds (designated L1). Shoot tips from S1 plantlets were subcultured to generate
the S2 generation, and basal segments from L1 plantlets to generate the L2 generation.
This targeted subculture was repeated to produce the third generation (S3 and L3). All
the subcultures above were carried out in an agar-based culture system. Stem-leaf tissues
(agar-Shoot) from S3 plantlets were labeled Css (for Cabernet Sauvignon) and Rss (for
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Rose Honey), and from L3 plantlets as Cls and Rls, respectively. Root tissues (agar-Root)
from all S3 and L3 plantlets were collectively sampled and labeled CsR/RsR. Tissues from
three biological replicates (n = 3; one plantlet each) were subjected to high-throughput
sequencing. In parallel, the remaining middle stem segments (following the removal of S1
and L1 explants) were subjected to consecutive routine subculturing. Uniform plantlets
from this line were aseptically transplanted into sterilized soil (by autoclaving three times
at 121 ◦C for 20 min each time, with a 2-day interval) for a soil-based culture system [29],
in a controlled growth chamber. After a complete growth cycle, samples were collected,
including stem-leaf tissues (soil–Shoot: CStL/RStL), roots (soil–Root: CR/RR), and the
associated rhizosphere soil (Soil: CSo/RSo), each in three biological replicates. All samples
were immediately snap-frozen in liquid nitrogen and stored at −80 ◦C until analysis. The
complete experimental workflow, including the two subculture pathways and soil transfer,
is illustrated in Figure 1.

Figure 1. Experimental design flowchart. Two subculture pathways (S-pathway from shoot tips,
L-pathway from basal stem segments) were established from long-term in vitro grapevine plantlets.
Tissues from the third generation (S3 and L3) were sampled (agar-Shoot and agar-Root). Concurrently,
middle stem segments were subcultured and transplanted into sterilized soil, followed by sampling
of stem-leaf, root, and rhizosphere soil (soil–Shoot, soil–Root, and Soil).

2.2. DNA Extraction, PCR Amplification, and Sequencing

Total genomic DNA was extracted from 500 mg of tissue or 250 mg of soil samples us-
ing the Bacterial Genomic DNA Extraction Kit DP302-02 (TIANGEN; Beijing, China). DNA
concentration was accurately quantified using a Qubit fluorometer (Waltham, MA, USA).
For the characterization of bacteria in the samples, the V3–V4 hypervariable region of
the 16S rRNA gene was amplified with primers 341F (5′-CCTACGGGNGGCWGCAG-
3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′) [30]. For fungi, the ITS region
was amplified using primers ITS1FI2 (5′-GTGARTCATCGAATCTTTG-3′) and ITS2
(5′-TCCTCCGCTTATTGATATGC-3′) [31]. PCR amplification was carried out in a 25 µL
reaction mixture containing 12.5 µL of Phusion Hot Start Flex 2 × Master Mix, 2.5 µL of
each forward and reverse primer, 50 ng of template DNA, and ddH2O to adjust the final
volume. The thermal cycling conditions were as follows: initial denaturation at 95 ◦C for
30 s, followed by 32 cycles of denaturation at 95 ◦C for 10 s, annealing at 52 ◦C for 30 s,
and extension at 72 ◦C for 45 s. The PCR products were purified using AMPure XT Beads
(Beckman Coulter Genomics, Danvers, MA, USA) and quantified again using the Qubit sys-
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tem. The quality and concentration of the purified libraries were assessed with an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Paired-end sequencing
(2 × 250 bp) was performed on an Illumina NovaSeq 6000 platform. All amplification and
high-throughput sequencing procedures were conducted by LC-Bio Technology Co., Ltd.
(Hangzhou, China).

2.3. Bioinformatics and Statistical Analysis

Raw paired-end sequencing reads were first demultiplexed based on their barcode
sequences, followed by adapter and barcode trimming. Quality filtering, denoising, and
Amplicon Sequence Variant (ASV) inference were performed using the DADA2 algo-
rithm [32] via the qiime dada2 denoise-paired command in QIIME 2 (version 2022.2) [33].
Bacterial 16S sequences were taxonomically classified against the SILVA reference database
(release 138), and fungal ITS sequences were classified against the UNITE dynamic database
(version 8.2), both at a confidence threshold of 0.7. To ensure data quality, singleton ASVs
(those with a total count of 1 across all samples) were removed. Furthermore, ASVs clas-
sified as non-microbial origin (e.g., host plant sequences), chloroplasts, or mitochondria
were also filtered out. The generation of the final ASV abundance table and subsequent
functional predictions (bacterial metabolic pathways via PICRUSt2 with KEGG [34], bacte-
rial phenotypes via BugBase [35], and fungal functional guilds via FUNGuild [36]) were
performed using the OmicStudio cloud platform (https://www.omicstudio.cn/tool, ac-
cessed on 2 March 2026). All other advanced bioinformatic and statistical analyses were
implemented in Python (version 3.12.10) within the Visual Studio Code (version 1.131.0)
environment. This included the calculation of alpha diversity (Chao1 and Shannon in-
dices) and beta diversity (PCoA based on Hellinger distances; multi-factor PERMANOVA
was used to partition community variation, complemented by PERMDISP), the quan-
tification of microbial inheritance and recruitment via Source Tracker with plant tissues
from agar-grown plantlets defined as the primary candidate source under the controlled
microbe-limited system, and the identification of the Core Microbiome (occupancy ≥ 80%,
relative abundance > 0.01%). Differential abundance analysis was performed using LEfSe
(LDA > 3.0, p < 0.05).

3. Results
3.1. Cultivation System and Tissue Niche Drive the Diversity and Niche-Specific Dispersal of
Grapevine HDEs in a Closed-Subculture System

Analysis of the grapevine endophytic microbiota across cultivation systems (agar vs.
soil) and tissues (roots vs. shoots) revealed distinct community patterns (Figure 2), with
sequencing depth verified as adequate by rarefaction curves (Figure A1). Alpha diversity
responses to soil transfer diverged between bacteria and fungi. In bacterial communities,
Shannon diversity showed significant pairwise differences after FDR correction, with
rhizosphere soil exhibiting higher values than both agar-Shoot (p < 0.001) and agar-Root
(p = 0.006), and soil–Root higher than agar-Root (p = 0.006). In fungal communities, Chao1
richness was higher in agar-Shoot than soil–Shoot (p = 0.019) and rhizosphere soil (p = 0.019)
(Figure 2A).
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   Figure 2. Diversity and niche-specific dispersal of grapevine HDEs in a closed-cultivation system.
(A) Alpha diversity (Chao1 and Shannon indices) across cultivation systems and tissues for
both bacteria and fungi. Boxplots display medians and interquartile ranges; significance determined
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by Mann–Whitney U tests with Benjamini–Hochberg FDR correction (* p < 0.05, ** p < 0.01,
*** p < 0.001). (B) Principal coordinate analysis (PCoA) of bacterial and fungal communities based
on Hellinger distances. Symbol shapes denote tissues (circle, shoot; triangle, root) and border colors
indicate cultivars (black, Cabernet Sauvignon; white, Rose Honey). Ellipses represent 95% confi-
dence intervals; PERMANOVA statistics for cultivation, tissue, and cultivar effects are indicated.
(C) Relative abundance of dominant bacterial and fungal taxa at the phylum and genus levels. Dashed
vertical lines separate sample groups by cultivation system and tissue as defined in (A).

PCoA based on Hellinger distances showed that cultivation condition was the primary
determinant of community structure, with PCo1 explaining 50.6% of the variance for
bacteria and 28.0% for fungi. PERMANOVA identified cultivation as the primary driver of
bacterial communities (R2 = 0.365, p = 0.001) and cultivar as the primary driver of fungal
communities (R2 = 0.196, p = 0.001), with tissue compartment showing smaller effects in
both kingdoms (bacteria: R2 = 0.048, p = 0.088; fungi: R2 = 0.053, p = 0.097) (Figure 2B).
Significant two-way and three-way interactions were detected between cultivation, tissue,
and cultivar in both bacterial and fungal communities, with total explained variance
reaching 66.2% and 52.7%, respectively (Figure A2). Soil-cultivated samples (soil–Shoot,
soil–Root, and rhizosphere soil) formed a distinct cluster separate from all agar-grown
samples (agar-Shoot and agar-Root). In contrast, fungal communities exhibited greater
structural overlap; while habitat remained a significant factor, group separation was less
distinct, and the tissue effect was less pronounced (p = 0.097) (Figure 2B).

Microbial communities were dominated by core phyla (Figure 2C). Pseudomonadota
overwhelmingly dominated bacterial communities (90.65%), followed by Bacillota (7.81%),
Bacteroidota, and Actinomycetota, while Ascomycota prevailed among fungi, with Ba-
sidiomycota subdominant. Genus-level compositions exhibited habitat-specificity. Pseu-
domonas enriched soil-associated compartments (soil–Root: 44.40%; soil–Shoot: 44.34%;
rhizosphere soil: 39.84%) relative to agar-cultivated counterparts (agar-Shoot: 12.04%;
agar-Root: 7.94%). Conversely, Acinetobacter dominated agar niches (agar-Shoot: 71.36%;
agar-Root: 47.07%), while Roseomonas peaked in agar-Root (41.89%). Bacillus favored
soil-cultivated shoots (soil–Shoot vs. agar-Shoot: 7.39% vs. 0.25%). Fungal genera dis-
played analogous compartment-specificity. Chaetomium enriched soil habitats (soil–Root:
20.97%; rhizosphere soil: 15.22%; soil–Shoot: 13.81%), whereas Alternaria dominated in
agar-Shoot (14.41%) and Fusarium in agar-Root (15.92%). Cladosporium preferred soil-
cultivated tissues (soil–Shoot: 11.27%; soil–Root: 10.73%) (Figure 2C). Community structure
remained consistent between cultivars, suggesting strong selection by environmental and
tissue-level factors.

3.2. Impact of Subculture Pathways on Microbial Inheritance

To evaluate the influence of the initial tissue source, endophytic communities from the
shoot tip-derived (S) and base-derived (L) pathways were compared over successive subcul-
tures. Analysis of intra-group Bray–Curtis similarity, calculated from pairwise similarities
among biological replicates for each cultivar and pathway combination, revealed that the
subculture pathway shaped community homogeneity in a host-genotype-dependent man-
ner (Figure 3A). Specifically, in ‘Rose Honey’, the bacterial community in the L-pathway
showed significantly higher intra-group similarity than that in the S-pathway (Wilcoxon
rank-sum test, p < 0.05), which reflected greater compositional uniformity. In contrast,
bacterial communities of ‘Cabernet Sauvignon’ exhibited comparable stability in both
pathways. Fungal community homogeneity displayed a cultivar-specific pattern that di-
verged from bacterial trends; while both kingdoms showed higher homogeneity in the
L-pathway for ‘Rose Honey’, ‘Cabernet Sauvignon’ exhibited higher fungal homogeneity
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in the S-pathway (p < 0.05). These results partially reflect cultivar-dependent differences in
endophyte transmission rates during host growth in agar-grown grapevine plantlets.

 

   Figure 3. Community similarity and biomarkers across subculture pathways. (A) Intra-group Bray–
Curtis similarity (based on TSS-normalized ASV data) for bacterial and fungal communities in the
S-pathway and L-pathway. Statistical comparisons were performed using the Wilcoxon rank-sum
test per cultivar. Asterisks indicate p < 0.05. (B) Heatmap of row-standardized relative abundance
(Z-score) for pathway-enriched taxa. Columns represent individual replicates.

Biomarker analysis identified distinct taxonomic profiles for each pathway (Figure 3B).
For the S-pathway, fungal taxa such as Meyerozyma, Steccherinum, and Mortierella showed
higher abundance, while the L-pathway was associated with fungal taxa including Tricho-
derma, Malassezia, and Schizophyllum, along with bacterial taxa such as Methylobacterium.
Although these taxonomic markers did not reach statistical significance after multiple
testing correction, these preliminary observations suggest pathway-specific community
differentiation, without any difference in ASV richness between pathways (Figure A3).
These results demonstrate that the initial explant source establishes distinct microbial
assemblages that persist across subcultures, underscoring the influence of tissue origin on
endophyte structure under in vitro conditions.

3.3. Outward Migration of Grapevine HDEs During Habitat Transition

To quantify microbial dispersal following transfer to pre-sterilized soil, source tracking
and Sankey flux analyses were performed. Under these microbe-limited conditions, the
plantlet served as the major potential source of soil-associated microbiota. Source tracking
analysis revealed that the microbial community in the rhizosphere soil was primarily com-
posed of ASVs shared with the plant holobiont, though the contribution of specific tissue
niches differed between bacteria and fungi (Figure 4A). For bacteria, the soil community
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was dominated by a “Universal Core” of taxa present in both shoots and roots, constituting
79.2–79.9% of the community, while root-specific legacy taxa made a significant secondary
contribution (10.8–14.3%) compared to the minimal input from shoot-specific lineages
(1.6–2.5%). In contrast, fungal distribution showed greater heterogeneity and a higher
reliance on tissue-specific migrants. While the Universal Core was the primary source in
CSo (71.9%), both Shoot-Specific Legacy (43.0%) and Universal Core (29.5%) contributed
substantially to RSo, indicating more compartmentalized source contributions in fungi
compared to bacteria and distinct redistribution patterns between soil compartments.

 

   Figure 4. Outward migration of vine HDEs from plantlet to soil. (A) Proportional contributions of
four source categories to the microbiota in presterilized soil. The Universal Core comprises taxa present
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in both shoots and roots (30–70% per tissue), whereas Shoot-Specific Legacy and Root-Specific Legacy
denote taxa predominantly derived from shoots or roots (>70% in respective tissue), respectively.
(B) Sankey diagrams showing flux of key bacterial (Top 15) and fungal (Top 10) genera from source
compartments (Shoots, Roots) to the soil sink. All percentages are normalized to total plant tissue
reads (genus reads in each compartment/total tissue reads × 100%). Soil detected values represent
the cumulative soil abundance of displayed genera as a proportion of the total tissue microbiome.
(C) Root proportion and soil detection of root-specific bacterial ASVs. Root-specific ASVs were
defined as ASVs with >98% proportion in roots, detectable in soil, and negligible presence in shoots
(n = 204 ASVs).

Further sequence flux analysis estimated the relative contribution of dominant micro-
bial taxa from plant tissues to soil samples (Figure 4B). Bacterial transfer was extensive,
with 43.3% of tissue-associated sequences detected in soil, driven largely by generalist
genera like Pseudomonas (42.7%) and Acinetobacter (22.0%). Notably, 204 root-enriched
ASVs (root proportion > 98%, shoot < 2%), dominated by Paenibacillus, were consistently
recovered from soil (Figure 4C). Fungal detection was significantly lower, with only 10.4%
of tissue-associated sequences detected in the soil. Although root tissues contributed a
higher proportion of the total fungal flux (32.4% of the Top 10 genera) compared to shoots
(13.9%), this did not translate into high soil detection rates. Collectively, these results
demonstrate that tissue-associated bacterial sequences redistribute to a greater extent into
soil than fungal sequences under the controlled cultivation conditions.

3.4. Maintenance of Core Microbiomes Across Different Grape Cultivars

The selective effect of host genetics was assessed by identifying the core endophytic
ASVs and genera that persisted across all four habitat groups (Sub-S, Sub-L, Soil–Shoot,
and Soil–Root). A taxon was included in the core microbiome if it exhibited a prevalence ≥
80% within each group. The bacterial and fungal core communities exhibited differential
conservation between cultivars. The bacterial core was largely conserved, with shared ASVs
comprising 84.4% and 90.7% of the total core abundance in ‘Cabernet’ and ‘Rose Honey’,
respectively (Figure 5A). In contrast, the fungal core displayed pronounced genotype
specificity. Although shared fungal taxa were present (14.8% in ‘Cabernet’ and 34.7% in
‘Rose Honey’), ASVs unique to ‘Cabernet’ contributed substantially (42.8%) to its fungal core
abundance, whereas no unique core fungi were identified in ‘Rose Honey’. These results
indicate that the bacterial microbiome retains a highly conserved core across genotypes,
while the fungal microbiome demonstrates marked host-genotype dependence.

Genus-level analysis confirmed the stability of these core taxa throughout the habitat
transition (Figure 5B). Bacterial generalists, including Acinetobacter, Pseudomonas, and
Roseomonas, displayed high and consistent presence frequency across all habitats and
cultivars, thereby forming a habitat-invariant community backbone. Despite this broad
conservation, cultivar-specific signatures were evident. ‘Rose Honey’ uniquely harbored
core bacteria such as Halomonas, whereas ‘Cabernet’ specifically harbored Neisseria among
bacteria and showed a higher abundance of unclassified fungal ASVs in the Cabernet-
unique category. These persistent core members, being resilient to both environmental
and subculture perturbations, may contribute to functional continuity for the host across
disparate niches. It is worth noting that the Shoot Specific Legacy taxa observed in Rose
Honey (Figure 4A) did not qualify as core members across all four habitats, consistent with
the stricter occupancy threshold (≥80% prevalence in each habitat) used for core definition.

https://doi.org/10.3390/microorganisms14081780

https://doi.org/10.3390/microorganisms14081780


Microorganisms 2026, 14, 1780 10 of 19

 

   Figure 5. Distribution and persistence of core microbiomes across cultivars. (A) Cultivar-specific core
ASV distribution. Bars represent relative abundance, and lines indicate the proportion of shared vs.
unique core ASVs. (B) Mirrored bar plots showing the relative abundance of persistent core bacterial
and fungal genera across the four defined habitats (Sub-S, Sub-L, Soil–Shoot, Soil–Root).

3.5. Hierarchical Identification and Functional Succession of Core Microbiota

A hierarchical core microbiome, defined across seven analytical partitions, was ana-
lyzed to integrate the drivers of the endophytic community and predict functional shifts
(Figure 6A). Structural analysis under a stringent occupancy threshold ≥ 80%) revealed a
stable backbone of 11 bacterial and 8 fungal ASVs that were present in all seven core sets,
constituting a “Universal Core.” Bacterial cores showed pronounced niche specificity, with
the root niche core comprising 33 ASVs and the shoot niche core comprising 11 ASVs. The
Cabernet cultivar core contained 32 specific bacterial ASVs, whereas the ‘Rose Honey’ culti-
var core harbored a comparable bacterial cultivar core (15 ASVs), indicating asymmetric
genotype-level selection. Fungal cultivar-specific cores showed a different pattern, with 21
ASVs in Cabernet and 20 ASVs in ‘Rose Honey’. System-specific comparisons revealed that
soil cultivation expanded the bacterial core (26 ASVs) but reduced the fungal core (12 ASVs)
relative to agar conditions (16 and 16 ASVs, respectively), reflecting differential responses
to environmental transitions. Although soil transfer reduced overall bacterial diversity
(Figure 2A), the expansion of core ASV richness suggests a convergence towards a more
uniformly selected community. Fungal cores exhibited greater combinatorial diversity
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overall, with more non-empty intersection sets compared to bacteria, reflecting a more
flexible colonization strategy.

 

   Figure 6. Hierarchical core microbiota and functional niche adaptation. (A) Upset plots showing in-
tersections of core ASVs across seven ecological levels, including Universal (UC), System (ASC/SSC),
Cultivar (CCC/RCC), and Niche (RNC/SNC) cores. Vertical bars indicate the size of each unique
intersection. (B) Radar charts of predicted functional profiles for the UC, ASC, and SSC groups.
Bacterial functional traits (KEGG level 2) were predicted using PICRUSt2. Fungal ecological traits
(guilds) were assigned using the FUNGuild database.

Functional analysis revealed compartment-associated functional trends (Figure 6B).
While core bacterial metabolic functions remained relatively stable across habitats, with
conserved carbohydrate and amino acid metabolism dominating all cores, subtle differences
were observed in signal transduction pathways (higher in SSC: 6.4% vs. ASC: 5.3%). Fungal
adaptation occurred through trophic shifts. Specifically, undefined saprotrophs dominated
in the Agar-grown System Core (16.0%), whereas the Soil-grown System Core showed a
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broader trophic profile that included pathotrophy (5.6%) and plant pathogenicity (4.5%),
reflecting increased functional diversity in soil environments.

The core microbiota responds to habitat transitions through differential patterns be-
tween bacteria and fungi, whereby bacteria stabilize through conserved metabolic functions,
whereas fungi adapt via trophic mode shifts and expanded ecological versatility. Each
core set contributed >50% of the abundance in its corresponding group (Figure A4). This
hierarchical yet adaptive core ensures the functional continuity of the grapevine endophytic
system across different environments.

To elucidate the potential functional consequences of microbial migration, functional
predictions were performed for bacterial and fungal communities across three defined com-
partments: Soil–Shoot (CStL/RStL), Soil–Root (CR/RR), and rhizosphere Soil (CSo/RSo)
(Figure 7). Phenotypic analysis revealed that the anaerobic phenotype was significantly
enriched in rhizosphere Soil compared to Soil–Shoot (p < 0.001) and Soil–Root (p < 0.001).
All other tested traits, including aerobic, facultatively anaerobic, stress-tolerant, potentially
pathogenic, and mobile elements, remained stable, indicating their conservation across
niches (Figure 7A).

 

   Figure 7. Functional differentiation and ecological assembly of the microbiome during habitat
transition. (A) Predicted bacterial phenotypic functions via BugBase across three compartments (SS:
Soil–Shoot, SR: Soil–Root, S: rhizosphere Soil). Bars represent the mean relative abundance, and error
bars indicate the SD. *** p < 0.001. (B) Heatmap showing the Z-score normalized enrichment of KEGG
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Level 2 metabolic pathways across the three niches. (C) Relative abundance of fungal trophic modes
(FUNGuild) across the grapevine-soil system, shown as a stacked bar chart.

KEGG analysis revealed functional partitioning among compartments (Figure 7B).
Although no pathway reached statistical significance (p > 0.05), the Z-score normalized
heatmap revealed distinct functional trends. Soil–Shoot appeared to have relatively higher
metabolism of cofactors and vitamins, and metabolism of terpenoids and polyketides.
Soil–Root tended to show elevated levels of membrane transport, nucleotide metabolism,
glycan biosynthesis, and biosynthesis of secondary metabolites. Rhizosphere Soil displayed
relatively higher xenobiotic biodegradation. These results suggest potential metabolic
functional differentiation of microbiota across the three niches.

Fungal functional profiles shifted progressively from soil to plant compartments. Taxa
annotated as animal pathogens and plant pathogens were most represented in Soil–Shoot
(41.1% and 38.2%, respectively). Endophyte-associated complexes and dung saprotrophs
showed higher abundance in Soil–Root (27.2% and 21.4%, respectively). Ectomycorrhizal
fungi were enriched in rhizosphere Soil (11.7%) (Figure 7C). Notably, ectomycorrhizal
fungi were absent from plant compartments, consistent with their introduction into the
sterile soil via the plant. This spatial stratification indicates compartment-specific functional
partitioning in predicted trophic profiles, with soil favoring saprotrophs and mutualists
and host tissues supporting pathogens and endophytes.

4. Discussion
4.1. Persistence and High Dispersal Efficiency of Host-Dependent Endophytes (HDEs)

This study suggests that HDEs maintain structural stability during in vitro propaga-
tion and possess the capacity for habitat expansion upon soil transfer [37]. Our findings
support an endogenously driven assembly model wherein the plant holobiont acts as the
primary source of the rhizosphere microbiota under conditions of limited environmental
input. Within this controlled system, the observed compositional continuity suggests that
a subset of HDEs persists during prolonged in vitro propagation and remains detectable
after habitat transition. The observed disparity in dispersal efficiency is consistent with
known differences in microbial establishment strategies. Bacterial-associated sequences
displayed a higher relative contribution to soil communities (43.3%) than fungal-associated
sequences (10.4%) after soil transfer. This disparity likely reflects fundamental differences
in colonization strategies, wherein the high motility and adaptability of bacteria contrast
with the growth constraints and substrate dependency of fungi [38,39]. Early-colonizing
bacterial HDEs may facilitate subsequent community assembly by rapidly establishing in
newly available niches [40].

Taxonomically, the high relative abundance contribution rates of Pseudomonas and
Acinetobacter corroborate their roles as generalists [41,42]. Their broad metabolic plastic-
ity and efficient motility likely facilitate transitions from restricted endophytic niches to
complex soil habitats. This high bacterial dispersal is further supported by source-tracking
analysis, which revealed that soil bacterial communities were predominantly sustained
by taxa shared between shoots and roots; notably, the Universal Core alone contributed
approximately 80% of the total soil bacterial community composition. Conversely, the
limited fungal migration efficiency reflects divergent life history strategies and specialized
symbiotic requirements, as fungi retained a stronger dependence on tissue-specific legacies,
which may restrict their independent dispersal in the absence of a living host substrate.

4.2. Spatial Inheritance and Tissue-Specific Imprints of HDEs

The initial anatomical location establishes a persistent spatial signature that influences
microbial assembly following repeated subculture. This process is governed by host-driven
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selection imposed by internal physiological gradients, including variations in oxygen,
nutrient availability, and plant hormones [43]. Data indicate that bacterial communities in
the L-pathway maintained higher homogeneity compared to the S-pathway, particularly in
‘Rose Honey’. This disparity is consistent with the niche restriction hypothesis, as the more
mature and metabolically stable base tissue may present a more consistent niche than the
actively growing, meristematic shoot tip [44].

Crucially, cultivar-dependent effects modulate these imprints, with host genotype
exerting a more pronounced filtering role on fungal communities than on bacterial ones.
Notably, this cultivar effect was pathway-specific; ‘Rose Honey’ exhibited higher bacterial
homogeneity via the L-pathway, whereas ‘Cabernet Sauvignon’ showed higher fungal
homogeneity via the S-pathway, underscoring interactive effects between host genetics and
explant source. While specific biomarkers (e.g., Methylobacterium in the L-pathway) require
further validation, their enrichment from amplicon sequencing data suggests a structured
transmission pattern maintained during agar propagation. This pattern indicates that the
initial tissue niche contributes to maintaining compartment-specific microbial assemblages
during repeated subculture [45].

4.3. Dominance of the Universal Core and Establishment of the Root-Specific Legacy

The assembly of the rhizosphere microbiome was predominantly driven by the inter-
nal plant microbiota, suggesting an endogenous successional trajectory. The Universal Core,
comprising 11 bacterial and 8 fungal ASVs, served as the structural backbone, contribut-
ing approximately 80% of the soil bacterial community. This dominance aligns with the
principle of functional redundancy [46,47], wherein conserved metabolic pathways likely
ensure community stability despite environmental fluctuations. The greater conservation
of bacterial core taxa across the two cultivars than fungi further suggests that bacterial
community composition was less affected by host genotype under the present experimental
conditions, whereas fungal communities exhibited stronger cultivar specificity. The stability
of core bacterial metabolic functions is consistent with these taxa contributing to nutrient
cycling and host-associated processes. In addition to the Universal Core, the delineation of
the Root-Specific Legacy accounting for 10.8–14.3% of the soil bacterial community likely
represents a specialized bacterial reservoir activated by the transition to soil. The recovery
of 204 root-enriched ASVs, dominated by Paenibacillus, from soil supports this interpreta-
tion. The persistence of these root-associated ASVs after soil transfer suggests that root
tissues represent an important reservoir of bacterial diversity during habitat transition [48].
Together, the Universal Core and Root-Specific Legacy indicate a hierarchical organiza-
tion of host-associated bacterial communities, in which conserved taxa provide a stable
microbial foundation while niche-associated members contribute additional community
variation following environmental change.

4.4. Functional Reconfiguration and Ecological Strategy Shifts During Habitat Transition

Functional predictions derived from PICRUSt2, BugBase, and FUNGuild provided
insights into the potential ecological roles of HDEs during habitat transition. Conserved
metabolic profiles of the bacterial core suggested functional continuity across habitats,
while enrichment of membrane transport, nucleotide metabolism, glycan biosynthesis, and
secondary metabolite biosynthesis in the Soil–Root community indicated that Root-Specific
Legacy taxa may possess metabolic potentials relevant to nutrient exchange, environmental
adaptation, and plant–microbe interactions [49,50]. In fungi, the expanded diversity of
predicted trophic categories after soil transfer reflected broader ecological differentiation
relative to the controlled agar system. Collectively, these findings suggest that bacterial
HDEs may rely on conserved and adaptive metabolic potentials, whereas fungal HDEs
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may respond via ecological strategy shifts. Although these interpretations are based on
amplicon-derived predictions, they offer a conceptual framework for further validation
through metagenomic, metatranscriptomic, and physiological approaches.

Building on these functional insights, the identification of Universal Core taxa and the
Root-Specific Legacy offers insights into how host-associated microbial reservoirs may con-
tribute to plant microbe interactions and provides a basis for exploring microbiome-based
strategies in perennial crops. Focusing on two grapevine cultivars within a controlled
in vitro-to-soil transition system, this study provides a targeted framework for dissecting
microbial persistence and redistribution. Extending this framework to additional geno-
types and complex environmental conditions will help assess the broader applicability of
these patterns.
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Abbreviation
The following abbreviations are used in this manuscript:

Css Cabernet Sauvignon Shoot-tip Shoot
Rss Rose Honey Shoot-tip Shoot
Cls Cabernet Sauvignon Lateral-basal Shoot
Rls Rose Honey Lateral-basal Shoot
CsR Cabernet Sauvignon Shoot-tip Root
RsR Rose Honey Shoot-tip Root
CStL Cabernet Sauvignon Soil Tissue Leaf (shoot)
RStL Rose Honey Soil Tissue Leaf (shoot)
CR Cabernet Sauvignon Root
RR Rose Honey Root
CSo Cabernet Sauvignon Soil Origin
RSo Rose Honey Soil Origin
IBA Indole-3-butyric acid
6-BA 6-benzylaminopurine
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Appendix A

 

   Figure A1. Rarefaction curves of bacterial and fungal communities. (A) Bacterial rarefaction curves.
(B) Fungal rarefaction curves. Solid lines represent observed ASVs as a function of sequencing depth,
with shaded areas indicating 95% confidence intervals. 

 

   
Figure A2. PERMANOVA and PERMDISP results for bacterial and fungal communities. (A) Multi-
factor PERMANOVA based on Hellinger distances, showing the proportion of variance explained
(R2, Type I) by cultivation, tissue, cultivar, and their interactions. (B) PERMDISP results showing
F-statistics for multivariate dispersion homogeneity. The dotted horizontal line denotes the null
expectation (F = 1). All tests were based on 999 permutations (* p < 0.05; ** p < 0.01; *** p < 0.001). 

 

   Figure A3. Comparison of observed ASVs between S-Pathway and L-Pathway. (A) Bacterial observed
ASVs. (B) Fungal observed ASVs. Observed ASVs were calculated after rarefaction to equal sequenc-
ing depth. Statistical significance was assessed using Mann–Whitney U test (n.s., not significant,
p > 0.05).
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Figure A4. Cumulative relative abundance of core ASVs across hierarchical levels. (A) Bacterial core
ASVs. (B) Fungal core ASVs. Core ASVs were defined at ≥80% prevalence threshold within each
hierarchical group.

References
1. Hassani, M.A.; Durán, P.; Hacquard, S. Microbial interactions within the plant holobiont. Microbiome 2018, 6, 58. [CrossRef]

[PubMed]
2. Bettenfeld, P.; Canals, J.C.I.; Jacquens, L.; Fernandez, O.; Fontaine, F.; van Schaik, E.; Courty, P.-E.; Trouvelot, S. The microbiota of

the grapevine holobiont: A key component of plant health. J. Adv. Res. 2022, 40, 1–15. [CrossRef] [PubMed]
3. Boorboori, M.R.; Zhang, H.-Y. The role of Serendipita indica (Piriformospora indica) in improving plant resistance to drought and

salinity stresses. Biology 2022, 11, 952. [CrossRef] [PubMed]
4. Riseh, R.S.; Fathi, F.; Vazvani, M.G.; Tarkka, M.T. Plant colonization by biocontrol bacteria and improved plant health: A review.

Front. Biosci.-Landmark 2025, 30, 23223. [CrossRef] [PubMed]
5. Raja, B.-L.; Ait-El-Mokhtar, M.; Abdelilah, M.; Marouane, B. Nodule–microbiome dynamics: Deciphering the complexities of

nodule symbiosis and the root microbiome. Int. J. Mol. Sci. 2026, 27, 1487. [CrossRef] [PubMed]
6. Orozco-Mosqueda, M.d.C.; Glick, B.R.; Santoyo, G. Cross-talk within plant niches: Endophytic and arbuscular mycorrhizal fungi

for sustainable crop production. FEMS Microbiol. Rev. 2026, 50, fuaf063. [CrossRef] [PubMed]
7. Chiquito-Contreras, C.J.; Meza-Menchaca, T.; Guzmán-López, O.; Vásquez, E.C.; Ricaño-Rodríguez, J. Molecular insights into

plant–microbe interactions: A comprehensive review of key mechanisms. Front. Biosci.-Elite 2024, 16, 9. [CrossRef] [PubMed]
8. Sharp, C.; Foster, K.R. Host control and the evolution of cooperation in host microbiomes. Nat. Commun. 2022, 13, 3567. [CrossRef]

[PubMed]
9. Chen, C.-X.; Guo, L.-R.; Wang, Y.-T.; Wen, Y.; Li, Y.; Lu, C.-X.; Zhou, P.; Huang, S.-Y.; Li, Y.-Q.; Pan, X.-X.; et al. Targeted

Manipulation of Vertically Transmitted Endophytes to Confer Beneficial Traits in Grapevines. Horticulturae 2024, 10, 607.
[CrossRef]

10. Tiwari, P.; Bae, H. Horizontal gene transfer and endophytes: An implication for the acquisition of novel traits. Plants 2020, 9, 305.
[CrossRef] [PubMed]

11. de Sousa, J.M.; Lourenco, M.; Gordo, I. Horizontal gene transfer among host-associated microbes. Cell Host Microbe 2023, 31,
513–527. [CrossRef] [PubMed]

12. Truyens, S.; Weyens, N.; Cuypers, A.; Vangronsveld, J. Bacterial seed endophytes: Genera, vertical transmission and interaction
with plants. Environ. Microbiol. Rep. 2015, 7, 40–50. [CrossRef]

13. Zeng, Q.; Zhao, Y.; Shen, W.; Han, D.; Yang, M. Seed-to-seed: Plant core vertically transmitted microbiota. J. Agric. Food Chem.
2023, 71, 19255–19264. [CrossRef] [PubMed]

14. Bruijning, M.; Henry, L.P.; Forsberg, S.K.; Metcalf, C.J.E.; Ayroles, J.F. Natural selection for imprecise vertical transmission in
host–microbiota systems. Nat. Ecol. Evol. 2022, 6, 77–87. Erratum in: Nat. Ecol. Evol. 2022, 6, 482. [CrossRef] [PubMed]

15. Murphy, K.M.; Le, S.M.; Wilson, A.E.; Warner, D.A. The microbiome as a maternal effect: A systematic review on vertical
transmission of microbiota. Integr. Comp. Biol. 2023, 63, 597–609. [CrossRef] [PubMed]

16. Sanz-Puente, I.; Redondo-Salvo, S.; Torres-Cortés, G.; de Toro, M.; Fernandes, S.; Börner, A.; Lorenzo, Ó.; de la Cruz, F.; Robledo,
M. Vertical transmission of core endophytes through the seeds. bioRxiv 2025. [CrossRef]

17. Sanz-Puente, I.; Redondo-Salvo, S.; Torres-Cortés, G.; de Toro, M.; Fernandes, S.; Börner, A.; Lorenzo, Ó.; de la Cruz, F.; Robledo,
M. Seed-mediated vertical transmission of Pantoea core endophytes. ISME J. 2025, 19, wraf192. [CrossRef] [PubMed]

https://doi.org/10.3390/microorganisms14081780

https://doi.org/10.1186/s40168-018-0445-0
https://www.ncbi.nlm.nih.gov/pubmed/29587885
https://doi.org/10.1016/j.jare.2021.12.008
https://www.ncbi.nlm.nih.gov/pubmed/36100319
https://doi.org/10.3390/biology11070952
https://www.ncbi.nlm.nih.gov/pubmed/36101333
https://doi.org/10.31083/fbl23223
https://www.ncbi.nlm.nih.gov/pubmed/39862070
https://doi.org/10.3390/ijms27031487
https://www.ncbi.nlm.nih.gov/pubmed/41683908
https://doi.org/10.1093/femsre/fuaf063
https://www.ncbi.nlm.nih.gov/pubmed/41388904
https://doi.org/10.31083/j.fbe1601009
https://www.ncbi.nlm.nih.gov/pubmed/38538528
https://doi.org/10.1038/s41467-022-30971-8
https://www.ncbi.nlm.nih.gov/pubmed/35732630
https://doi.org/10.3390/horticulturae10060607
https://doi.org/10.3390/plants9030305
https://www.ncbi.nlm.nih.gov/pubmed/32121565
https://doi.org/10.1016/j.chom.2023.03.017
https://www.ncbi.nlm.nih.gov/pubmed/37054673
https://doi.org/10.1111/1758-2229.12181
https://doi.org/10.1021/acs.jafc.3c07092
https://www.ncbi.nlm.nih.gov/pubmed/38044571
https://doi.org/10.1038/s41559-021-01593-y
https://www.ncbi.nlm.nih.gov/pubmed/34949814
https://doi.org/10.1093/icb/icad031
https://www.ncbi.nlm.nih.gov/pubmed/37218690
https://doi.org/10.1101/2025.01.06.628327
https://doi.org/10.1093/ismejo/wraf192
https://www.ncbi.nlm.nih.gov/pubmed/40874546
https://doi.org/10.3390/microorganisms14081780


Microorganisms 2026, 14, 1780 18 of 19

18. Zhang, Y.-N.; Hu, H.-Y.; Li, Y.; Geng, S.-C.; Tang, J.-X.; Pan, X.-X.; Yang, M.-Z. Identifying the Physiological Traits of Host-
Dependent Endophytes in Grapevines, Using Callus as the Host Material. Microorganisms 2025, 13, 2791. [CrossRef] [PubMed]

19. Lopez Fernandez, J. Molecular Ecological Interactions of Bacterial Endophytes with Their Host Vitis vinifera (L). Ph.D. Thesis,
Technische Universität Braunschweig, Braunschweig, Germany, 2017.

20. Kenny, D.J.; Balskus, E.P. Engineering chemical interactions in microbial communities. Chem. Soc. Rev. 2018, 47, 1705–1729.
[CrossRef] [PubMed]

21. Orlikowska, T.; Nowak, K.; Reed, B. Bacteria in the plant tissue culture environment. Plant Cell Tissue Organ Cult. (PCTOC) 2017,
128, 487–508. [CrossRef]

22. Cassells, A.C. Pathogen and biological contamination management in plant tissue culture: Phytopathogens, vitro pathogens, and
vitro pests. In Plant Cell Culture Protocols; Springer: Berlin/Heidelberg, Germany, 2012; pp. 57–80.

23. Arab, A.; Alizadeh, M.; Seifi, E. Enhancing grapevine (Vitis vinifera L.) mass propagation: Single-node cuttings vs. traditional
approaches. J. Appl. Hortic. 2025, 27, 254–259. [CrossRef]

24. Ozyigit, I.I.; Dogan, I.; Hocaoglu-Ozyigit, A.; Yalcin, B.; Erdogan, A.; Yalcin, I.E.; Cabi, E.; Kaya, Y. Production of secondary
metabolites using tissue culture-based biotechnological applications. Front. Plant Sci. 2023, 14, 1132555. [CrossRef] [PubMed]

25. Harrison, J.G.; Griffin, E.A. The diversity and distribution of endophytes across biomes, plant phylogeny and host tissues: How
far have we come and where do we go from here? Environ. Microbiol. 2020, 22, 2107–2123. [CrossRef] [PubMed]

26. McCully, M.E. Niches for bacterial endophytes in crop plants: A plant biologist’s view. Aust. J. Plant Physiol. 2001, 28, 983–990.
[CrossRef]

27. Robinson, R.J.; Fraaije, B.A.; Clark, I.M.; Jackson, R.W.; Hirsch, P.R.; Mauchline, T.H. Endophytic bacterial community composition
in wheat (Triticum aestivum) is determined by plant tissue type, developmental stage and soil nutrient availability. Plant Soil 2016,
405, 381–396. [CrossRef]

28. Dong, L.; Cheng, R.; Xiao, L.; Wei, F.; Wei, G.; Xu, J.; Wang, Y.; Guo, X.; Chen, Z.; Chen, S. Diversity and composition of bacterial
endophytes among plant parts of Panax notoginseng. Chin. Med. 2018, 13, 41. [CrossRef] [PubMed]

29. Babu, G.A.; Mosa Christas, K.; Kowsalya, E.; Ramesh, M.; Sohn, S.-I.; Pandian, S. Improved sterilization techniques for successful
in vitro micropropagation. In Commercial Scale Tissue Culture for Horticulture and Plantation Crops; Springer: Berlin/Heidelberg,
Germany, 2022; pp. 1–21.

30. Logue, J.B.; Stedmon, C.A.; Kellerman, A.M.; Nielsen, N.J.; Andersson, A.F.; Laudon, H.; Lindström, E.S.; Kritzberg, E.S.
Experimental insights into the importance of aquatic bacterial community composition to the degradation of dissolved organic
matter. ISME J. 2016, 10, 533–545. [CrossRef] [PubMed]

31. Karlsson, I.; Friberg, H.; Steinberg, C.; Persson, P. Fungicide effects on fungal community composition in the wheat phyllosphere.
PLoS ONE 2014, 9, e111786. [CrossRef] [PubMed]

32. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [CrossRef] [PubMed]

33. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F.; et al. QIIME 2: Reproducible, interactive, scalable, and extensible microbiome data science. Nat. Biotechnol. 2019, 37,
852–857. [CrossRef] [PubMed]

34. Douglas, G.M.; Maffei, V.J.; Zaneveld, J.R.; Yurgel, S.N.; Brown, J.R.; Taylor, C.M.; Huttenhower, C.; Langille, M.G. PICRUSt2 for
prediction of metagenome functions. Nat. Biotechnol. 2020, 38, 685–688. [CrossRef] [PubMed]

35. Ward, T.; Larson, J.; Meulemans, J.; Hillmann, B.; Lynch, J.; Sidiropoulos, D.; Spear, J.R.; Caporaso, G.; Blekhman, R.; Knight, R.
BugBase predicts organism-level microbiome phenotypes. bioRxiv 2017, bioRxiv, 133462. [CrossRef]

36. Nguyen, N.H.; Song, Z.; Bates, S.T.; Branco, S.; Tedersoo, L.; Menke, J.; Schilling, J.S.; Kennedy, P.G. FUNGuild: An open
annotation tool for parsing fungal community datasets by ecological guild. Fungal Ecol. 2016, 20, 241–248. [CrossRef]

37. Xiang, S.-Y.; Wang, Y.-T.; Chen, C.-X.; Liao, C.-M.; Li, T.; Pan, X.-X.; Zhu, S.-S.; Yang, M.-Z. Dominated “inheritance” of endophytes
in grapevines from stock plants via in vitro-cultured plantlets: The dawn of plant endophytic modifications. Horticulturae 2023, 9,
180. [CrossRef]

38. Hardoim, P.R.; Van Overbeek, L.S.; Berg, G.; Pirttilä, A.M.; Compant, S.; Campisano, A.; Döring, M.; Sessitsch, A. The hidden
world within plants: Ecological and evolutionary considerations for defining functioning of microbial endophytes. Microbiol. Mol.
Biol. Rev. 2015, 79, 293–320. [CrossRef] [PubMed]

39. Wang, C.; Kuzyakov, Y. Mechanisms and implications of bacterial–fungal competition for soil resources. ISME J. 2024, 18, wrae073.
[CrossRef] [PubMed]

40. Rolli, E.; Marasco, R.; Fusi, M.; Scaglia, B.; Schubotz, F.; Mapelli, F.; Ciccazzo, S.; Brusetti, L.; Trombino, L.; Tambone, F.; et al.
Environmental micro-niche filtering shapes bacterial pioneer communities during primary colonization of a Himalayas’ glacier
forefield. Environ. Microbiol. 2022, 24, 5998–6016. [CrossRef] [PubMed]

41. Martins, S.; Brito, C.; Baltazar, M.; Dinis, L.-T.; Pereira, S. Exploring the Role of Root Exudates in Shaping Plant–Soil–Microbe
Interactions to Support Agroecosystem Resilience. Horticulturae 2026, 12, 90. [CrossRef]

https://doi.org/10.3390/microorganisms14081780

https://doi.org/10.3390/microorganisms13122791
https://www.ncbi.nlm.nih.gov/pubmed/41471994
https://doi.org/10.1039/c7cs00664k
https://www.ncbi.nlm.nih.gov/pubmed/29210396
https://doi.org/10.1007/s11240-016-1144-9
https://doi.org/10.37855/jah.2025.v27i02.47
https://doi.org/10.3389/fpls.2023.1132555
https://www.ncbi.nlm.nih.gov/pubmed/37457343
https://doi.org/10.1111/1462-2920.14968
https://www.ncbi.nlm.nih.gov/pubmed/32115818
https://doi.org/10.1071/pp01101
https://doi.org/10.1007/s11104-015-2495-4
https://doi.org/10.1186/s13020-018-0198-5
https://www.ncbi.nlm.nih.gov/pubmed/30127840
https://doi.org/10.1038/ismej.2015.131
https://www.ncbi.nlm.nih.gov/pubmed/26296065
https://doi.org/10.1371/journal.pone.0111786
https://www.ncbi.nlm.nih.gov/pubmed/25369054
https://doi.org/10.1038/nmeth.3869
https://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.1038/s41587-019-0209-9
https://www.ncbi.nlm.nih.gov/pubmed/31341288
https://doi.org/10.1038/s41587-020-0548-6
https://www.ncbi.nlm.nih.gov/pubmed/32483366
https://doi.org/10.1101/133462
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.3390/horticulturae9020180
https://doi.org/10.1128/mmbr.00050-14
https://www.ncbi.nlm.nih.gov/pubmed/26136581
https://doi.org/10.1093/ismejo/wrae073
https://www.ncbi.nlm.nih.gov/pubmed/38691428
https://doi.org/10.1111/1462-2920.16268
https://www.ncbi.nlm.nih.gov/pubmed/36325730
https://doi.org/10.3390/horticulturae12010090
https://doi.org/10.3390/microorganisms14081780


Microorganisms 2026, 14, 1780 19 of 19

42. Dini-Andreote, F.; Wells, D.M.; Atkinson, J.A.; Atkinson, B.S.; Finkel, O.M.; Castrillo, G. Microbial drivers of root plasticity. New
Phytol. 2025, 248, 52–67. [CrossRef] [PubMed]

43. Jones, P.; Garcia, B.J.; Furches, A.; Tuskan, G.A.; Jacobson, D. Plant host-associated mechanisms for microbial selection. Front.
Plant Sci. 2019, 10, 452782. [CrossRef] [PubMed]

44. Moroenyane, I.; Mendes, L.; Tremblay, J.; Tripathi, B.; Yergeau, É. Plant compartments and developmental stages modulate the
balance between niche-based and neutral processes in soybean microbiome. Microb. Ecol. 2021, 82, 416–428. [CrossRef] [PubMed]

45. Ait Si Mhand, K.; Mouhib, S.; Radouane, N.; khatour, I.; Aliyat, F.-Z.; Hijri, M. Compartment-Specific Assembly and Functional
Potential of the Bacteriome of Citrullus colocynthis in a Semi-Arid Ecosystem. bioRxiv 2026. [CrossRef]

46. Yu, J.; Whalen, J.K. A new perspective on functional redundancy and phylogenetic niche conservatism in soil microbial
communities. Pedosphere 2020, 30, 18–24. [CrossRef]

47. Louca, S.; Polz, M.F.; Mazel, F.; Albright, M.B.; Huber, J.A.; O’Connor, M.I.; Ackermann, M.; Hahn, A.S.; Srivastava, D.S.; Crowe,
S.A.; et al. Function and functional redundancy in microbial systems. Nat. Ecol. Evol. 2018, 2, 936–943. [CrossRef] [PubMed]

48. Zhang, C.; Li, H.; Li, M.; Su, S.; Xiao, H.; Zhang, X.; Zhang, Q. Contrasting Assembly and Network Roles of Abundant and Rare
Bacteria in Reservoir and Soil Habitats. Biology 2025, 14, 1291. [CrossRef] [PubMed]

49. Zhong, Y.; Xun, W.; Wang, X.; Tian, S.; Zhang, Y.; Li, D.; Zhou, Y.; Qin, Y.; Zhang, B.; Zhao, G.; et al. Root-secreted bitter triterpene
modulates the rhizosphere microbiota to improve plant fitness. Nat. Plants 2022, 8, 887–896. [CrossRef] [PubMed]

50. Yuan, L.; Jiang, H.; Jiang, X.; Li, T.; Lu, P.; Yin, X.; Wei, Y. Comparative genomic and functional analyses of Paenibacillus peoriae
ZBSF16 with biocontrol potential against grapevine diseases, provide insights into its genes related to plant growth-promoting
and biocontrol mechanisms. Front. Microbiol. 2022, 13, 975344. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/microorganisms14081780

https://doi.org/10.1111/nph.70371
https://www.ncbi.nlm.nih.gov/pubmed/40686438
https://doi.org/10.3389/fpls.2019.00862
https://www.ncbi.nlm.nih.gov/pubmed/31333701
https://doi.org/10.1007/s00248-021-01688-w
https://www.ncbi.nlm.nih.gov/pubmed/33462700
https://doi.org/10.64898/2026.06.05.730417
https://doi.org/10.1016/s1002-0160(19)60826-x
https://doi.org/10.1038/s41559-018-0519-1
https://www.ncbi.nlm.nih.gov/pubmed/29662222
https://doi.org/10.3390/biology14091291
https://www.ncbi.nlm.nih.gov/pubmed/41007435
https://doi.org/10.1038/s41477-022-01201-2
https://www.ncbi.nlm.nih.gov/pubmed/35915145
https://doi.org/10.3389/fmicb.2022.975344
https://www.ncbi.nlm.nih.gov/pubmed/36160187
https://doi.org/10.3390/microorganisms14081780

	Introduction 
	Materials and Methods 
	Plant Materials and Experimental Design for Habitat Transition 
	DNA Extraction, PCR Amplification, and Sequencing 
	Bioinformatics and Statistical Analysis 

	Results 
	Cultivation System and Tissue Niche Drive the Diversity and Niche-Specific Dispersal of Grapevine HDEs in a Closed-Subculture System 
	Impact of Subculture Pathways on Microbial Inheritance 
	Outward Migration of Grapevine HDEs During Habitat Transition 
	Maintenance of Core Microbiomes Across Different Grape Cultivars 
	Hierarchical Identification and Functional Succession of Core Microbiota 

	Discussion 
	Persistence and High Dispersal Efficiency of Host-Dependent Endophytes (HDEs) 
	Spatial Inheritance and Tissue-Specific Imprints of HDEs 
	Dominance of the Universal Core and Establishment of the Root-Specific Legacy 
	Functional Reconfiguration and Ecological Strategy Shifts During Habitat Transition 

	Appendix A
	References

