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ABSTRACT
This study reveals how the rare orchid Paphiopedilum purpuratum adapts to ex situ conservation. Although seed production 
was significantly increased, the plants incurred physiological costs: reduced photosynthesis and higher oxidative stress. 
Importantly, host physiology—particularly nitrogen metabolism—directly influenced root fungal communities. This drove two 
distinct adaptive strategies in the fungal community. Mycorrhizal fungi maintained stable communities by reorganizing their 
interaction networks into resilient multi‐cluster structures. In contrast, non‐mycorrhizal fungi exhibited high species turnover, 
shifting toward beneficial taxa that potentially suppress pathogens. These findings highlight that successful ex situ conservation 
must address both the plant physiological trade‐offs and its restructured root microbiomes. We propose that the orchid's 
resilience relies on a multi‐level microbial adaptation strategy, combining a reorganized yet stable mycorrhizal core with a 
dynamic, beneficial non‐mycorrhizal periphery. Our work offers a new framework for protecting rare orchids—one that pri
oritizes sustaining these complementary fungal partnerships to ensure long‐term survival.

1 | Introduction

In an era of accelerating biodiversity loss, ex situ conservation 
serves as a critical safeguard against species extinction. Yet 
traditional metrics of its success—notably survival and fecun
dity rates—suffer from fundamental limitations [1, 2]. These 
conventional metrics, however, focus primarily on short‐term 
survival and reproduction, failing to capture the underlying 
functional integrity essential for long‐term population viability 
and evolutionary potential [3]. For plants that depend heavily 
on complex biotic interactions—such as orchids—ex situ con
ditions often alleviate one set of constraints while introducing 
novel biotic or abiotic stressors. This can allow plants to achieve 

seemingly high reproductive success, yet at a hidden cost: 
physiological dysregulation and degradation of mutualistic 
networks [4, 5]. Given these challenges, conventional assess
ment tools are increasingly inadequate for meeting the scientific 
demands of contemporary ex situ conservation. Consequently, 
conservation biology urgently requires a new evaluation 
paradigm—one that moves beyond superficial metrics to di
agnose the systemic costs of adaptation [6, 7].

Orchids exemplify a life history of “dual dependence”: seed 
germination relies strictly on specific mycorrhizal fungi for car
bon and nutrient supply, whereas sexual reproduction depends 
on highly specialized pollinators [8, 9]. This intricate interaction 
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network predisposes orchids to a “flourishing yet maladaptive” 
dilemma under ex situ conditions. Studies show that many 
translocated orchids exhibit symptoms such as flowering failure, 
suppressed vegetative growth, reduced stress tolerance, and poor 
seedling establishment—outcomes often traced to disruptions or 
dysfunctions in their interaction networks [10–12]. The endan
gered slipper orchid Paphiopedilum purpuratum illustrates this 
challenge: its wild populations, critically vulnerable to habitat 
degradation, make ex situ conservation an essential intervention 
[13–17]. Current conservation practice faces two critical mech
anistic gaps. First, its specialized pollination system remains 
poorly understood, resulting in extremely low natural pollination 
efficiency [18, 19]. Second, under ex situ conditions, the func
tional status, assembly rules, and physiological coupling of its 
symbiotic fungal communities with the host plant remain largely 
unknown [20, 21]. This dual knowledge gap confines conserva
tion management to a “black‐box” approach—reliant on 
empirical practices without mechanistic insight—hindering the 
transition from merely keeping plants alive to ensuring their 
long‐term health and adaptability.

To move beyond this black‐box approach and diagnose systemic 
adaptation costs, a theoretical framework explicitly linking 
aboveground reproductive output with belowground function is 
required [22]. We propose the stress‐induced resource allocation 
trade‐off model as such a framework [23]. This model posits that 
under ex situ stress, plants face a critical allocation dilemma: 
limited internal resources (e.g., carbon, nitrogen) must be par
titioned between immediate reproductive effort and long‐term 
investments in physiological homeostasis and mutualistic sym
bioses [24, 25]. Consequently, increased investment in repro
duction may occur at the expense of physiological resilience and 
symbiotic network integrity. Thus, to comprehensively diagnose 
bottlenecks in ex situ adaptation, it is essential to simulta
neously evaluate reproductive success, host physiological state, 
and the structure and function of symbiotic communities [26].

This juxtaposition suggests a core hypothesis: ex situ stress trig
gers a resource allocation trade‐off, diverting limited resources 
from symbiotic and long‐term physiological investments toward 
securing immediate reproduction. To map the baseline patterns 
of this potential trade‐off, we conducted a synchronous multidi
mensional comparison of wild and ex situ populations of P. 
purpuratum, quantifying reproductive performance, root fungal 
community structure, and key host physiological indicators. Our 
study aimed to (1) quantify the impact of ex situ cultivation on 
reproductive output and (2) characterize the coupled response 
patterns between host physiology and fungal communities.

This work provides the first comprehensive phenotypic dataset 
on P. purpuratum's ex situ adaptation. Although it does not 

directly test causal mechanisms, the dataset establishes a critical 
empirical baseline for evaluating the resource trade‐off hy
pothesis and guiding the design of conservation strategies aimed 
at sustaining systemic plant health rather than mere survival.

2 | Materials and Methods

2.1 | Plant Materials and Habitat Description

The materials used in this study were collected from Zijin 
County (Heyuan City, Guangdong Province, China). This region 
exhibits a southern subtropical monsoon climate with medium‐ 
low mountain and hill terrain (maximum altitude 1337 m) and 
native sandy yellow‐red soil. Local climate records indicate an 
annual mean temperature of 22.1°C, annual precipitation of 
3428.9 mm, relative humidity > 80%, annual sunshine duration 
of 1743.4 h, and a frost‐free period of 350 days, collectively 
creating a shaded understory habitat with high humidity and 
low light intensity. The original habitat of P. purpuratum is 
illustrated in Figure 1, Panels A‐1 and A‐2.

Ex situ conservation of P. purpuratum was established in an 
introduction greenhouse at the South China National Botanical 
Garden. Plants were maintained under simulated in situ habitat 
conditions with controlled temperature, humidity, and light 
intensity. The growth medium comprised a 1:1 (v/v) mixture of 
humus soil and pine bark. Inside the greenhouse, the mean 
annual temperature was maintained at 27°C and relative hu
midity was regulated between 65% and 70%. Irrigation was 
adjusted seasonally: during spring, summer, and autumn, plants 
were sprinkler‐irrigated for 5 min every 2 days, alongside a 
water‐curtain ventilation system to sustain optimal air humid
ity; in winter, irrigation frequency was reduced to once every 
3–4 days. Panels B‐1 and B‐2 of Figure 1 depict the ex situ 
conservation greenhouse established for this study.

2.2 | Sample Collection

P. purpuratum was sampled from its native habitat and an ex 
situ conservation nursery where plants had been acclimatized 
for at least 3 years old. All sampling in both the native habitat 
and the conservation greenhouse was conducted during the 
peak physiological activity period (April–June 2024). Healthy 
individuals were randomly selected. From each plant, 2–4 
mature leaves and 3–5 cm root segments were collected, trans
ported on ice to the laboratory, and all processing was 
completed within 24 h. Following surface sterilization (2 min in 
5% NaClO, 30 s in 75% ethanol, three rinses with sterile water, 
and drying on sterile filter paper), the roots were observed. 
Roots displaying mycelial clusters in segments and cross‐ 
sections (Figure 1C‐2) were classified as mycorrhizal, whereas 
those without (Figure 1C‐1) were classified as non‐mycorrhizal 
for subsequent analysis. Subsamples were allocated for different 
analyses: leaves for physiological assays; both leaves and roots 
for δ13C and δ15N isotope determination; and root segments for 
ITS2 amplicon sequencing to characterize the endophytic fungal 
community.

Highlights

• Under ex situ conservation, the endangered orchid 
Paphiopedilum purpuratum achieves reproductive suc
cess through stabilized mycorrhizal associations and 
optimized carbon‐nitrogen metabolism. However, 
insufficient photosynthetic adaptation remains a major 
constraint on its long‐term survival.
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A paired sampling design was adopted, with root and leaf tis
sues collected from the same individual to enable matched 
cross‐dimensional analyses of physiological traits, isotopic sig
natures, and microbiome composition. Plant selection followed 
a randomized approach within accessible wild and ex‐situ 
populations; individuals within each group were sampled 
from distinct ramets to minimize shared genetic background. To 
control for within‐plant variability, tissues were sampled from 
physiologically mature, sun‐exposed positions. Given the criti
cally endangered status of P. purpuratum and the limited 
number of healthy flowering individuals, the sample size was 
restricted to n = 3 biological replicates per condition 
(site × tissue). This sample size is suitable for the exploratory 
objective of identifying cross‐scale association patterns; the 
analysis focuses on individual‐level data and employs statistical 
methods robust to ecological heterogeneity, such as β‐diversity 
and ordination techniques.

2.3 | Determination of Breeding Biological 
Characteristics

Flowers from ten flowering individuals were selected for 
morphological observation. Key floral traits, such as flower co
lor, were recorded and photographed. For ultrastructural anal
ysis, pollen grains and stigmas were fixed in glutaraldehyde‐ 
paraformaldehyde, rinsed in phosphate buffer, dehydrated 
through a graded ethanol series, critical‐point dried, and sputter‐ 
coated with platinum prior to scanning electron microscopy 
(SEM). Pollen viability and stigma receptivity were assessed at 1, 
3, 5, 7, 9, and 11 days post‐anthesis using acetocarmine staining 
and the benzidine‐hydrogen peroxide method, respectively. Seed 
viability was examined based on the morphology of seeds 
collected from mature capsules and determined using the bro
mothymol blue (BTB) staining method (four replicates of 100 
seeds each). To evaluate pollination efficiency, 93 flower buds in 
the native habitat were assigned to three treatments: 56 flowers 

for artificial cross‐pollination, 26 for artificial self‐pollination, 
and 11 untreated controls. In the ex situ greenhouse, 67 flowers 
were used: 36 for cross‐pollination and 31 for self‐pollination. 
The seed set rate was calculated as the proportion of mature 
capsules obtained in each treatment group.

2.4 | Measurement of Photosynthetic and 
Physiological Parameters

Photosynthetic parameters were measured using an LI‐6400/XT 
portable photosynthesis system on healthy, fully expanded 
leaves from both wild and ex situ greenhouse conditions. 
Recorded parameters included net photosynthetic rate (A), 
intercellular CO2 concentration (Ci), transpiration rate (E), 
stomatal conductance (gsw), leaf temperature (Tleaf), leaf‐to‐air 
vapor pressure deficit (VPDleaf), chamber relative humidity 
(RHcham), and absorbed photosynthetically active radiation 
(Rabs). Each leaf was measured 10 times, with the mean value 
used for analysis. For biochemical assays, uniform leaf samples 
were homogenized in ice‐cold extraction buffer, centrifuged, 
and the supernatant was collected as the crude enzyme extract. 
The following indices were measured in triplicate: glutathione 
reductase (GR; microassay), catalase (CAT; JL‐T0900 kit), sol
uble sugar (SS; anthrone colorimetry), total antioxidant capacity 
(T‐AOC; FRAP method), superoxide dismutase (SOD; WST‐8 
method), soluble protein (SP; Coomassie brilliant blue G‐250 
method), thiobarbituric acid (TBA; enzymatic colorimetry), 
malondialdehyde (MDA; TBA method), peroxidase (POD; 
guaiacol colorimetry), and chlorophyll (Chl; ethanol extraction 
spectrophotometry).

2.5 | Stable Isotope Analysis of Carbon and 
Nitrogen

Root and leaf samples were collected from native and ex situ 
habitats. A full factorial experimental design with three 

FIGURE 1 | P. purpuratum under in situ and ex situ conservation. (A‐1) Original habitat of the species; (A‐2) Plant individuals under in situ 
conservation; (B‐1) Environment of the ex situ conservation greenhouse; (B‐2) Plants transplanted in flower pots under ex situ conditions; (C‐1) 
Non‐mycorrhizal roots, showing a translucent surface and absence of hyphae in cross‐section; (C‐2) Mycorrhizal roots, exhibiting a darker surface 
color and presence of hyphae in cross‐section.
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replicates per tissue‐habitat combination yielded 12 sample 
groups. Samples were vacuum‐dried at 60°C, ground, and sieved 
through a 200‐mesh sieve. Carbon (δ13C) and nitrogen (δ15N) 
isotope ratios were determined using an elemental analyzer 
coupled with an isotope‐ratio mass spectrometer (EA‐IRMS). 
Powdered samples were combusted at 1020°C, and isotope ra
tios were calibrated against the Vienna Pee Dee Belemnite 

VPDB standard (for δ13C) and atmospheric N2 (for δ15N). Values 
were calculated using standard equations:

δ13C = (R standard / R sample−1) × 103 (‰,VPDB)

δ15N = (R standard / R sample−1) × 103 (‰,Air−N2)

FIGURE 2 | Reproductive traits of P. purpuratum. (A‐1–A‐4) Flower development from bud to anthesis (Bud Stage 1, Bud Stage 2, Early Flowering 
Stage 1, Early Flowering Stage 2). (A‐5) Fully opened flower with floral structures labeled: (A) dorsal sepal, (B) petal, (C) synsepal, (D) labellum, 
(E) column‐related structure, (F) ovary. (A‐6) Late flowering stage. (A‐7) Senescent stage. (B‐1) Scanning electron micrograph of pollen grains. 
(B‐2) Acetocarmine‐stained pollen at 5 days post‐anthesis; (g) aborted pollen; (h) viable pollen. (C‐1) SEM image of the stigma surface. (C‐2) 
Stigma receptivity tested using the benzidine–hydrogen peroxide method; bubble formation indicates receptivity (5 days post‐anthesis). (D‐1) Seed 
morphology: embryonated versus non‐embryonated seeds. (D‐2) Seed viability assessed using BTB staining: (k) non‐viable seed; (i) viable seed. 
(E) Dynamics of pollen viability and stigma receptivity (+: weak; ++: moderate; +++: strong; ++++: very strong; –: no data). (F) Seed‐set rates 
under different pollination treatments between in situ and ex situ conservation.
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where R represents the ratio of 13 C/12C or 15 N/14N. Isotopic 
values were compared with published data from ecologically 
similar orchid species [27, 28]. All analytical procedures com
plied with the ISO/IEC 17025 laboratory quality management 
standard, with measurement uncertainties maintained below 
0.15‰ for δ13C and 0.3‰ for δ15N.

2.6 | High‐Throughput Sequencing of Root 
Endophytic Fungi

Root samples (including mycorrhizal and non‐mycorrhizal 
segments) were collected from native and ex situ habitats 
(three replicates per condition, total 12 samples). Genomic DNA 
was extracted using the CTAB method and purified with an 
Omega Bio‐Tek E.Z.N.A. kit. The ITS2 region was amplified 
(Phusion High‐Fidelity PCR Master Mix; 0.2 μM primers, 10 ng 
DNA) under the following PCR protocol: 98°C for 1 min; 30 
cycles of 98°C/10 s, 55°C/30 s, and 72°C/30 s; final extension 
72°C/5 min. Amplicons were verified on 1.5% agarose gels, 
purified with AMPure XP beads, and quantified with a Qubit 4.0 
fluorometer. Libraries were constructed using the NEB Next 
Ultra II FS DNA Library Prep Kit and sequenced on an Illumina 
NovaSeq 6000 platform (paired‐end 250 bp, PE250) after quality 
assessment on an Agilent 2100 Bioanalyzer. Raw reads were 
filtered with Trimmomatic v0.39 (Q < 20). Operational taxo
nomic units OTUs were clustered at 97% similarity via 
USEARCH v11 (Uparse), and taxonomic assignment was per
formed by BLASTn against UNITE v8.2 and NCBI nt databases 
(e‐value ≤ 1 × 10−5).

2.7 | Statistical Analysis

Data were analyzed using GraphPad Prism 10.1 and R (v4.3.0). 
Group comparisons of physiological and isotopic data were 
performed using two‐way ANOVA. Microbial community di
versity, structure (PCoA based on Bray‐Curtis distance), and 
differential abundance were analyzed using standard packages 
(vegan, DESeq2). Community assembly processes were inferred 
using βNTI and RC‐Bray metrics. Associations between host 
traits and fungal communities were examined using redundancy 
analysis (RDA, with variable screening by VIF), random forest, 
Mantel tests, and within‐group correlations. Fungal co‐ 
occurrence networks were constructed and their topological 
properties were analyzed (igraph); network robustness was 
assessed using node/edge removal simulations.

3 | Results and Analysis

3.1 | Reproductive Traits of P. purpuratum

The flowers of P. purpuratum are purple‐maroon with distinct 
dark purple venation and spotting, featuring a helmet‐shaped 
labellum of the same color (Figure 2A). Under ex situ green
house conditions, floral buds began to form in September and 
senesced by November. Pollen grains exhibited smooth surfaces 
and retained detectable viability starting from the first day post‐ 
anthesis, with peak viability observed on day 5 (Figure 2B–2,2E). 

The stigma exhibited a textured, wrinkled surface and reached 
its maximum receptivity on day 5 post‐anthesis (Figure 
2C–2,2E). Seeds were classified into embryonated (with em
bryos) and non‐embryonated types (Figure 2D1). After three 
months of dry storage, seed viability remained high at 
88 ± 0.82% (Mean ± SD; Figure 2D‐2). The species exhibited 
both self‐pollination and cross‐pollination capacities, with ex 
situ conservation leading to a significant 52% increase in seed‐set 
rate compared with natural (in situ) conditions (Figure 2F).

3.2 | Species Composition and Diversity of Root‐ 
Inhabiting Fungi

Following ex situ transfer, non‐mycorrhizal fungal communities 
underwent pronounced restructuring, characterized by signifi
cant shifts in the relative abundances of Mortierellomycota and 
Rozellomycota, and significant alterations in dominant OTU 
composition (Figure 3A,B). In contrast, mycorrhizal fungal 
communities maintained compositional and structural stability, 
exhibiting no notable changes in dominant OTUs between in 
situ and ex situ conservation. Differential abundance analysis 
further highlighted this divergence, revealing substantial shifts 
in enriched OTUs within non‐mycorrhizal communities, 
whereas mycorrhizal communities displayed only minor fluc
tuations (Figure 3C). The species richness of non‐mycorrhizal 
fungi increased significantly post‐transplantation, whereas the 
Shannon index remained stable—indicating community reor
ganization without loss of overall diversity. Mycorrhizal com
munities, however, showed no significant variation in either 
observed species or the Shannon index, reflecting preserved 
diversity and structural integrity (Figure 3D). Principal Co
ordinates Analysis (PCoA) corroborated these patterns: non‐ 
mycorrhizal communities showed clear separation along the 
PCo1 axis, consistent with habitat‐driven restructuring, whereas 
mycorrhizal communities exhibited partial overlap along the 
same axis and a markedly lower separation distance— 
highlighting their greater resilience to environmental change 
under ex situ conditions (Figure 3E).

3.3 | Assembly Mechanisms of Fungal 
Communities Under Ex Situ Conservation

Analysis of species abundance distributions, βNTI—RC‐Bray 
relationships, and ecological process contributions revealed key 
assembly mechanisms. All groups exhibited log‐normal abun
dance patterns, supporting a key role of ecological drift 
(Figure 4A). After ex situ transfer, high‐abundance species 
increased by 3.62% in non‐mycorrhizal communities but 
decreased by only 1.52% in mycorrhizal communities, suggest
ing mycorrhizal networks buffer abundance shifts. Both com
munity types exhibited improved goodness‐of‐fit of abundance 
distributions and larger metacommunity sizes under ex situ 
conditions, indicating reduced deterministic control. Non‐ 
mycorrhizal communities exhibited marginally higher βNTI 
values under ex situ conditions, implying stronger deterministic 
filtering. In contrast, mycorrhizal communities maintained 
βNTI values within |2| and low RC‐Bray dispersion, under
scoring stochastic dominance and structural stability 
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(Figure 4B). Post‐transfer, dispersal limitation was more prom
inent in non‐mycorrhizal community assembly, whereas ho
mogenizing dispersal more strongly shaped mycorrhizal 
communities (Figure 4C).

3.4 | Differential Network Responses to 
Conservation Modes

Analysis of the top 100 OTUs showed a slight decrease in negative 
correlations in non‐mycorrhizal networks but a marked increase 
in mycorrhizal networks, indicating heightened resource 
competition in the latter (Figure 5A). Non‐mycorrhizal networks 
retained more taxa with higher stability, whereas mycorrhizal 
networks contained fewer taxa and higher structural variability 
(Figure 5B). Topologically, non‐mycorrhizal networks main
tained a core–periphery structure; mycorrhizal networks shifted 
from single‐core to multi‐small‐cluster forms (Figure 5C). No 
significant global topological differences emerged between sub‐ 
networks following ex situ conservation (Figure 5D). Robust
ness analysis revealed greater core‐node resistance but higher 
edge vulnerability in non‐mycorrhizal networks, whereas 
mycorrhizal networks exhibited stronger edge tolerance, and in 
situ mycorrhizal networks were highly sensitive to core‐node 
deletion (Figure 5E). Post‐conservation structural simplification 

occurred: non‐mycorrhizal networks retained aggregated mod
ules with reduced complexity, whereas mycorrhizal networks 
developed sparser connectivity (Figure 5F).

3.5 | Host Physiological and Metabolic Adaptation 
Under Ex Situ Conservation

P. purpuratum showed intermediate δ13C/δ15N signatures 
(Figure S1A1‐2). Post‐conservation increases in leaf/root δ13C 
(Figure S1A‐3,A‐5) and decreases δ15N (Figure S1A‐7,A‐9) 
indicated metabolic shifts, supported by elevated root nitrogen 
(Figure S1A‐10). Physiologically, reduced light intensity 
decreased photosynthesis (Figure S1B‐1,B‐8). A drier, cooler 
microenvironment increased water loss (Figure S1B‐2~ 4,S1B‐ 
6), whereas stomatal adjustments helped sustain CO2 uptake 
under stress (Figure S1B‐5,B‐7). Stress tolerance was charac
terized by low oxidative damage (Figure S1C‐1~2), elevated 
antioxidants (Figure S1C‐2,S1C‐7~8), and soluble sugar accu
mulation (Figure S1C‐10). Photosynthetic function persisted 
despite lower chlorophyll content, as evidenced by a stable Chl 
a/b ratio (Figure S1C‐4), whereas soluble proteins showed no 
significant change (Figure S1C‐9). These physiological and 
metabolic responses reflect coordinated adaptation to ex situ 
conservation conditions.

FIGURE 3 | Effects of ex situ conservation on mycorrhizal and non‐mycorrhizal fungal communities in P. purpuratum. (A) Relative abundance of 
fungal taxa across groups (ExNonM: ex situ non‐mycorrhizal; InNonM: in situ non‐mycorrhizal; InM: in situ mycorrhizal; ExM: ex situ mycorrhizal). 
**p < 0.01 indicates extremely significant differences. (B) Heatmap of dominant OTUs. (C) Volcano plots showing differentially enriched OTUs in 
non‐mycorrhizal (left) and mycorrhizal (right) communities between in situ and ex situ conditions. (D) α‐Diversity indices (observed species and 
Shannon index). *p < 0.05 indicates significant differences; ns: not significant (p > 0.05). (E) Principal Coordinates Analysis (PCoA) based on 
Bray–Curtis distances, showing structural differentiation among fungal communities.
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3.6 | Reconfiguration of Host Phenotype and 
Fungal Community Associations Driven by 
Conservation Regimes

Integrated analyses (RDA, random forest, Mantel tests) 
demonstrated that conservation regimes reshape the host– 
fungus system. Although preceding analyses distinguished 
fungal communities by their symbiotic lifestyle (mycorrhizal vs. 
non‐mycorrhizal), here we assessed how the conservation 
environment (in situ vs. ex situ) as a whole reconfigures the 
association network between host phenotype and the entire root 
fungal assemblage. RDA and random forest identified distinct 
host profiles: in situ was linked to enhanced osmotic adjustment 
(SS), antioxidant capacity (SOD), and nitrogen signature (δ15N); 
ex situ was associated with higher water‐use efficiency (δ13C) 
and lipid peroxidation (MDA) (Figure 6A–B). Key fungal taxa 
significantly covaried with these traits. Mantel tests confirmed 
that host phenotype drives community structure (R = 0.71, 
p = 0.06), with leaf δ15N as the strongest driver (p < 0.01), 
implicating nitrogen metabolism in fungal divergence 
(Figure 6C). Grouped correlation analysis revealed reversed 
correlations: total chlorophyll content (TCC) and Simpson di
versity correlated positively in situ but negatively ex situ 
(Figure 6D). This directional shift indicates that ex situ con
servation not only modifies host physiology and fungal com
munity structure but also reprograms their interaction ecology.

4 | Discussion

4.1 | Reproductive Advantages Coexist With 
Inherent Constraints

Ex situ conservation has conferred significant reproductive 
benefits on P. purpuratum. Within the stable greenhouse 
microenvironment, its seed‐set rate increased to 80%, substan
tially exceeding the 3% observed under natural pollination and 
30% with artificial supplementary pollination in the wild 
[29–31]. This confirms that protected cultivation effectively al
leviates reproductive bottlenecks caused by pollinator limitation 
and environmental stochasticity. However, core constraints 
persist despite this reproductive success. First, reproduction 
involves a “dual dependency”: successful fertilization depends 
on unidentified effective pollinators, while seed germination 
requires specific mycorrhizal fungi [32, 33]. Second, the plant 
exhibits clear trade‐offs at both physiological and symbiotic 
levels: reduced net photosynthetic rate and chlorophyll content 
limit carbon gain [34–36]; meanwhile, the mycorrhizal fungal 
network has become more variable, exhibiting a topological 
shift toward multiple small clusters. Although the non‐ 
mycorrhizal fungal community shifted toward beneficial taxa, 
its assembly process remains unstable [37]. This duality—high 
reproductive success coupled with multilevel adaptive 
challenges—clearly indicates that conservation strategies must 

FIGURE 4 | Assembly processes of root‐associated fungal communities in P. purpuratum. (A) Species abundance distributions (SADs) across 
treatments, showing proportions of low‐, medium‐, and high‐abundance taxa, with fitted parameters R2 (goodness of fit) and Nm (number of 
taxa). (B) Relationship between βNTI and RC‐Bray across different comparison groups. (C) Relative contributions of ecological processes 
(dispersal limitation, homogenizing dispersal, ecological drift) to fungal community assembly under different treatments (upper panel) and 
comparison groups (lower panel).
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be further optimized. The focus should shift from merely 
securing reproductive output to comprehensively optimizing the 
plant's physiological, symbiotic, and environmental adaptability.

4.2 | Rewiring of Host–Fungus Interaction 
Ecology by Conservation Practices

Ex situ conservation fundamentally has reshaped the under
ground ecological network of P. purpuratum, altering both 
fungal community composition [38, 39] and key host functional 
traits [40, 41]. When comparing the two habitats using redun
dancy analysis (RDA) and random forest models (Figure 6A–B), 
an interesting pattern emerges. In the native habitat, plants 
exhibit a classic “stress‐response” physiological profile: high 

osmotic adjustment (SS), strong antioxidant capacity (SOD), and 
a distinct δ15N signature [42–44]. Interestingly, this physiolog
ical state correlates positively with the presence of certain 
beneficial fungi, (e.g., Ramicandelaber sp. [45]), as the plants 
appear to associate with these microbial partners to cope with 
environmental challenges. In the ex situ habitat, the host 
phenotypic profile was reconfigured. Enhanced water‐use effi
ciency (δ13C) was accompanied by increased oxidative stress 
(MDA) [46, 47], a pattern likely stemming from the stable 
microclimate that imperfectly replicates the native light‐ 
temperature regime. Concurrently, this altered environment 
has selected for both mutualistic and pathogenic interactions: 
the host's association with stress‐mitigating fungi (e.g., Penicil
lium sp. [48]) has strengthened, whereas the influence of po
tential pathogens (e.g., Fusarium oxysporum [49]) has been 

FIGURE 5 | Effects of ex situ conservation on fungal network topology in P. purpuratum. (A) Proportion of negative correlations among the top 
100 OTUs. (B) Taxon retention rate as nodes are progressively removed. (C) Abundance‐based subnetworks of the top 100 OTUs (nodes colored by 
phylum, sized by degree), showing node count, edge number, and average degree; p < 0.05 for in situ versus ex situ mycorrhizal groups; p > 0.05 for 
non‐mycorrhizal comparisons. (D) Topological parameters including scale‐free fit, betweenness centrality, and modularity; different lowercase letters 
indicate significant differences (p < 0.05). (E) Robustness tests under random and targeted removal of edges and nodes. (F) Subnetworks constructed 
from all OTUs (nodes colored by phylum, sized by degree).

54 Biological Diversity, 2026



modulated [50, 51]. These parallel shifts underscore how envi
ronmental conditions systemically reshape host‐microbe in
teractions. Mantel tests confirmed host phenotype as the key 
driver of fungal community assembly (R = 0.71, p = 0.06) [52, 
53]. Among host traits, leaf δ15N stands out as the strongest 
predictor (p < 0.01) [54], suggesting that the plant's nitrogen 
metabolism may be actively selecting its microbial partners 
[55–57]. The correlation between total chlorophyll content and 
fungal diversity (Shannon index) reversed from positive in situ 
to negative ex situ (Figure 6D). Moreover, synchronized shifts in 
the Shannon and Simpson indices indicated a more even species 
distribution and a decline in previously dominant taxa, 
including key mycorrhizal fungi [58]. Collectively, these pat
terns differ from those typical of stable, healthy ecosystems [59]. 
These findings support an intriguing hypothesis: when a plant 
prioritizes allocating limited resources to photosynthesis, its 
capacity to maintain a high‐diversity, mutually beneficial fungal 
network through “carbon investment” becomes constrained 
[60]. In other words, plants under ex situ conservation may 
exhibit a resource‐allocation trade‐off: securing their own 
photosynthetic function while simplifying their underground 

symbiotic network. In summary, ex situ conservation represents 
more than a mere change of location; rather, it triggers a sys
temic reshaping of host‐fungal interaction dynamics. Under
standing this resource‐allocation‐driven mechanism provides an 
important logical foundation for our subsequent investigations 
into how mycorrhizal fungi coordinate functions within 
simplified networks (Section 4.3) and how non‐mycorrhizal 
fungi provide essential auxiliary functions (Section 4.4).

4.3 | Multi‐System Coordination Driven by 
Mycorrhizal Symbiosis

Amid the systemic reshaping triggered by ex situ conservation 
(see Section 4.2), the mycorrhizal fungal community exhibited a 
distinct response pattern relative to its non‐mycorrhizal coun
terpart, laying the foundation for its role as a core stabilizer of 
the symbiotic system [61]. Key evidence demonstrated that the 
mycorrhizal community maintained high compositional, di
versity, and structural stability following translocation: its 
dominant OTUs and alpha diversity showed no significant 

FIGURE 6 | Association characteristics between host phenotype and fungal communities under in situ/ex situ conservation. (A) RDA of host 
indicators and conservation groups. Points represent in situ (green) and ex situ (red) samples; arrows show VIF‐screened host indicators. The 
permutation test p value is 0.1; (B) Correlation heatmap of the top 10 fungal taxa, host indicators, and conservation groups. Rows/columns 
include random‐forest‐selected taxa, host indicators, and group. Color denotes correlation coefficients (green: negative; red: positive). (C) Mantel 
test between host phenotypic and fungal community distances. Scatter plot shows Bray–Curtis versus host‐phenotypic distances (R = 0.71, 
p = 0.06). Right heatmap displays Mantel r values for single indicators against Group (darker color: stronger association; e.g., leaf δ15N, p < 0.01). 
(D) Within‐group correlations between host indicators and fungal diversity. Green/red blocks correspond to in situ/ex situ groups. Color intensity 
shows Spearman's correlation coefficient; asterisks (*) indicate p < 0.05. A reversal in correlation direction (e.g., for total chlorophyll content) is 
evident between groups.
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changes, and it exhibited a smaller inter‐habitat separation 
distance in PCoA analysis (Figure 3A–E) [62, 63]. Analysis of 
community assembly mechanisms further revealed that as
sembly was consistently dominated by stochastic processes, with 
an increased contribution from homogenizing dispersal— 
consistent with its high structural stability (Figure 4) [64, 65]. 
This stability did not imply rigidity but is accompanied by 
pronounced topological restructuring of the mycorrhizal 
network. Network analysis showed that the mycorrhizal 
network transitioned from a “single‐core” to a “multi‐small‐ 
cluster” structure, while negative correlations (putatively 
reflecting competitive interactions) within the network 
increased significantly (Figure 5A,C) [66]. This shift likely rep
resents a strategy to enhance system resilience: by distributing 
functions across multiple relatively independent yet internally 
competitive sub‐modules, reliance on any single keystone taxon 
is reduced, thereby preserving functional redundancy and sta
bility of core functions amid environmental fluctuations [67]. 
Despite resource‐allocation trade‐offs (as discussed in Sec
tion 4.2), this stable yet restructured nature of the mycorrhizal 
network may act as a reliable “cornerstone” for the host to 
maintain basic nutrient acquisition under ex situ conditions 
[68], collectively supporting the adaptive hypothesis of “priori
tizing core symbiotic functions under global resource con
straints” [69–71].

4.4 | Auxiliary Adaptive Mechanisms of Non‐ 
Mycorrhizal Fungi and Photosynthetic Physiology

In sharp contrast to the stable mycorrhizal core described above, 
the non‐mycorrhizal fungal community exhibited high plasticity 
in response to environmental changes, functioning as a dynamic 
auxiliary layer in the host's adaptation process [72]. Following 
translocation, this community exhibited significantly increased 
species richness, underwent substantial compositional turnover, 
and its dominant taxa shifted from potential pathogens to 
groups with biocontrol potential (Figure 3A–D) [73]. Its as
sembly mechanism was more strongly influenced by deter
ministic environmental filtering and dispersal limitation 
(Figure 4B–C) [74], indicating that its assembly is more strongly 
driven by specific abiotic and biotic factors of the ex situ envi
ronment [75]. This intense community turnover may fulfill 
rapid environmental sensing and buffering functions; for 
instance, it alleviates pathogen pressure through mechanisms 
such as nutrient competition [76], thereby providing the host 
with a rapidly responsive external buffer zone [77].

In summary, the adaptation strategy of P. purpuratum under ex 
situ conservation exhibits a clear division of labor: a structurally 
reorganized yet dynamically stable mycorrhizal core is respon
sible for maintaining the foundational and reliable frame
work of symbiotic mutualism [71]; a high‐turnover, strongly 
environment‐responsive non‐mycorrhizal community, in cont
rast, constitutes the dynamic auxiliary layer for coping with 
external stress fluctuations [78]. This integrated “stable core 
framework and dynamic peripheral response” model may be the 
key to its successful adaptation to the novel ex situ environ
ment [79].

4.5 | Integrated Optimization Pathways and 
Research Prospects

Building on these findings, the ex situ conservation of P. pur
puratum should evolve from simple environmental manipula
tion to integrated multisystem optimization. Progress can be 
made on three fronts:

First, maintain core symbiotic function. This requires contin
uous artificial inoculation with compatible mycorrhizal fungi 
and optimization of the soil ammonium‐to‐nitrate ratio to 
reduce resource competition [80, 81]. Implementing dynamic 
monitoring of fungal communities is also critical to regularly 
assess the stability of the symbiotic system.

Second, implement precise microenvironmental regulation. The 
focus should be on simulating natural light and humidity cycles 
and constraining the range of temperature fluctuations [82, 83]. 
Notably, the soluble sugar accumulation pattern observed in 
this study resembles a cold‐stress response [82, 83], suggesting 
that current temperature settings in protective facilities may 
need further refinement.

Third, address reproductive dependencies. Efforts are needed to 
identify effective pollinators and to pre‐inoculate compatible 
fungi during sterile sowing to improve seedling mycorrhization 
colonization success [32, 33, 37, 84]. This study has several 
limitations, two of which are particularly critical. First, the 
specific identities of effective pollinators and key functional 
fungi remain unresolved, hindering the construction of a com
plete interaction network. Second, the absence of long‐term 
dynamic data makes it difficult to determine whether the 
observed phenotypic and symbiotic shifts represent a transient 
transitional state or a stable adaptive equilibrium.

Therefore, future conservation practices and research must be 
tightly integrated. While implmenting the optimization strate
gies outlined above, priority should be given to (1) applying 
metagenomic sequencing to identify key mycorrhizal taxa and 
decipher pollination‐symbiosis coupling relationships; (2) 
implementing longitudinal monitoring for at least 5 years; and 
(3) developing a precision conservation framework that in
tegrates pollination management and symbiosis regulation. 
Only through such sustained feedback between research and 
practice can we more effectively promote the survival and sus
tainable growth of P. purpuratum in ex situ conditions.

5 | Conclusions

This integrated study demonstrates that ex situ conservation of 
P. purpuratum triggers a system‐level adaptation shaped by 
resource allocation trade‐offs. While achieving high reproduc
tive success, the host prioritizes photosynthetic function, which 
in turn leads to a simplified mycorrhizal network with a 
restructured multi‐cluster topology—one that ensures stable 
nutrient acquisition. Concurrently, non‐mycorrhizal fungi form 
a dynamic, environment‐responsive peripheral layer enriched 
with beneficial taxa. The mycorrhizal symbiosis centrally 
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coordinates this adaptative process across the host's reproduc
tive and metabolic systems. These findings advocate for a shift 
in conservation strategies: moving from merely ensuring host 
survival to actively managing the reconstructed host‐ 
microbiome system through integrated symbiont inoculation, 
physiology‐informed microenvironment regulation, and resolu
tion of reproductive dependencies resolution.
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porting Information section.
Figure S1: Intergroup differences in isotopic and physiological in
dicators of P. purpuratum under ex situ versus in situ conservation 
conditions. (A‐1, A‐2) δ13C and δ15N values of autotrophic plants, P. 
purpuratum, and heterotrophic plants. Leaf traits of P. purpuratum: (A‐ 
3) δ13C; (A‐7) δ15N; (A‐4) carbon content (C%); (A‐8) nitrogen content 
(N%). Root traits of P. purpuratum: (A‐5) δ13C; (A‐9) δ15N; (A‐6) carbon 
content (C%); (A‐10) nitrogen content (N%). (B‐1) Absorbed radiation 
(Rabs); (B‐2) Transpiration rate (E); (B‐3) Chamber relative humidity 
(RHcham); (B‐4) Leaf vapor pressure deficit (VPDleaf); (B‐5) Stomatal 
conductance (gs_w); (B‐6) Leaf temperature (Tleaf Cnd); (B‐7) Inter
cellular CO2 concentration (Ci); (B‐8) Net photosynthetic rate (A); (C‐1) 
Malondialdehyde (MDA) content; (C‐2) Thiobarbituric acid reactive 
substances (TBA); (C‐3) Total chlorophyll content (TCC); (C‐4) Chlo
rophyll a/b ratio (Chl a/b Ratio); (C‐5) Superoxide dismutase (SOD); (C‐ 
6) Antioxidant capacity (AOC); (C‐7): Catalase (CAT); (C‐8) Peroxidase 
(POD); (C‐9) Soluble protein (SP); (C‐10) Soluble sugar (SS). Data are 
presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001; ns: not significant.
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