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SUMMARY

This study systematically elucidated the microecological mechanisms underlying Atractylodes macroce-
phala geoherbalism via integrated transplantation experiments across China’s four major producing regions.
Data showed that soil from Pan’an significantly enhanced the accumulation of bioactive compounds in A.
macrocephala sourced from Bozhou. 16S rRNA gene sequencing revealed that geographic transplantation
significantly restructured the rhizosphere microbial community and markedly increased its a-diversity. Func-
tional metabolic analysis indicated that transplantation to Pan’an regulated various pathways and enhanced
secondary metabolism in the rhizosphere microbiome. Co-occurrence network analysis revealed 11 upregu-
lated keystone genera that potentially promoted secondary metabolism in A. macrocephala, and were posi-
tively correlated with root growth and bioactive compound accumulation. These results demonstrate that
direct soil nutrient supply, microbiome-mediated C/N metabolism remodeling, and resource reallocation
collectively drive A. macrocephala geo-authenticity. It will lay the groundwork for the use of microbiome bio-

fertilizers and the cross-regional eco-cultivation of geo-authentic herbs.

INTRODUCTION

Atractylodes macrocephala is a critically important medicinal
plant in traditional Chinese medicine (TCM) and is one of the
“Zhejiang Eight TCM Herbs.” Modern pharmacological research
has not only has validated its traditional efficacy in fortifying the
spleen, replenishing “Qi”, promoting diuresis, and resolving
dampness, but has also further revealed its multitarget mecha-
nisms of action, including antitumor effects, immunoregulatory
activities, and amelioration of metabolic syndrome.“4 With the
increasing global demand for natural medicines surging, the
cultivation area of A. macrocephala continues to expand. How-
ever, significant quality variations persist across different pro-
duction regions. The content of bioactive compounds, notably,
atractylenolides I-lll and polysaccharides in its rhizomes, directly
affects the clinical value and market competitiveness of the herb.
This geographical divergence is intrinsically linked to regional
heterogeneity in soil microecosystems.>™”

The soil ecosystem serves as the core interface for medicinal
plant-environment interactions, and the regional heterogeneity

™
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of its physicochemical properties can influence the secondary
metabolism of medicinal plants. Studies have shown that soil
mineral elements (sodium, zinc, barium, and titanium) signifi-
cantly affect the quality of Polygonum multiflorum medicinal ma-
terials by regulating the metabolism of stilbene glycosides and
anthraquinones, leading to geographical divergence.® Rosemary
essential oil yield is strongly correlated with parameters such as
soil pH, calcium carbonate content, and the nitrogen-to-phos-
phorus ratio.® Moreover, the regulatory role of microbial commu-
nities in the rhizosphere microecosystem should not be
neglected. As the “second genome” of plants, the rhizosphere
microbiome participates in the regulation of secondary meta-
bolism through pathways such as nutrient supply, signal trans-
duction, and horizontal gene transfer. For example, soil-dwelling
Burkholderia, which possesses plant symbiotic and stress-resis-
tant functions, is considered a potential microbial agent that can
indirectly influence medicinal material quality.'® In soil environ-
ments with relatively low nitrogen contents, plants can recruit
more nitrogen-fixing bacteria (such as Paenarthrobacter and
Sphingomonas) by secreting palmitic acid, alleviating soil
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nutrient deficiency and promoting plant growth."" Terpenoids
are the most diverse and chemically variable natural compounds
in plants and constitute active components of many medicinal
plants.'? Rhizosphere microbes activate terpene synthesis and
promote monoterpene accumulation through interactions with
the immune system of Citrus reticulata.'®

Current research on the soil microbiota of A. macrocephala
predominantly relies on laboratory-controlled conditions or sin-
gle-production-region observations and fails to authentically
reflect the dynamic mechanisms of environmental-biological
factor interactions in agricultural ecosystems. Significant knowl-
edge gaps persist, particularly in terms of the following dimen-
sions: (1) how geographical isolation effects and soil factors syn-
ergistically drive spatial divergence patterns of microbial
diversity in geo-authentic (a core concept in traditional Chinese
medicine that describes the superior and consistent quality, spe-
cific chemical profile, and enhanced clinical efficacy of a medic-
inal material produced in a specific region, resulting from the
unique combination of local genotype, environmental condi-
tions, and cultivation practices) production regions; (2) whether
conserved functional microbial taxa exist across different eco-
types of geo-authentic production regions and their niche con-
servation characteristics; and (3) the structural features of
microbe-soil interaction networks in the root-rhizosphere micro-
zone and their regulatory pathways for the biosynthesis of atrac-
tylenolide bioactive compounds. To address this, in this study
selects four geo-authentic medicinal material production re-
gions, Pan’an and Tiantai in Zhejiang Province, Bozhou in Anhui
Province, and Enshiin Hubei Province were selected as research
objects. By integrating multidimensional soil factor analysis
and 16S rRNA amplicon sequencing, we constructed a coupled
analytical framework of “geographical environment-micro-
biome-medicinal components”. This approach will help eluci-
date how geographic divergence reshapes the rhizosphere
microecosystem structures and elucidate the ecological func-
tions of key microbial taxa in the accumulation of active medic-
inal components. Moreover, it willimprove the ecological cultiva-
tion of Chinese medicinal herbs and sustainable industrial
development.

RESULTS

Growth phenotype and active constituents of A.
macrocephala
We evaluated the growth phenotypes and active component
contents of A. macrocephala across seven treatment groups:
PA_ES (Enshi samples planted in the Pan’an common garden),
PA_BZ (Bozhou samples planted in the Pan’an common gar-
den), PA (Pan’an), ES (Enshi), BZ (Bozhou), and TT (Tiantai).
Figure 1 illustrates that Bozhou-origin A. macrocephala planted
in the Pan’an common garden (PA_BZ) exhibited the greatest
growth vigor. In terms of plant height, the PA_BZ group signifi-
cantly surpassed samples from other regions, except those
from the BZ group. Branch number data reflected similar varia-
tions in growth performance (Figure 1B). Regarding root growth,
both locally grown Bozhou samples and those transplanted into
Pan’an exhibited significantly greater fresh root weight and root
length compared to other treatment groups.
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The contents of Atractylenolides |, Il, and Ill, and Atractylon
differed significantly among the treatment groups. Tiantai A. mac-
rocephala contained higher levels of atractylenolide | and Il but
lower levels of atractylenolide Ill and Atractylon (Figure 2). Upon
transplantation to Pan’an, Bozhou-origin A. macrocephala
showed significant increases in all active components, marking
the best performance for active compound accumulation
(Figure 2).

Soil physicochemical properties across cultivation
regions

The soil in the Pan’an region contained relatively high levels of to-
tal phosphorus and total potassium (Table 1). The Enshi region
soil was slightly acidic and rich in organic matter and total nitro-
gen. In contrast, the Bozhou soil was near-neutral, with relatively
low contents of organic matter, total nitrogen, and total potas-
sium. The Tiantai soil, while similar in pH to the Pan’an soil, con-
tained lower levels of organic matter, total nitrogen, and total
potassium.

Diversity of rhizosphere and endophytic

microorganisms associated with A. macrocephala
Community structure of the associated microbiota
Geographical transplantation and environmental differences
significantly altered the taxonomic the structure of microbial
communities in the rhizosphere, tuberous roots, and bulk soil.

In the rhizosphere, Proteobacteria dominated in the Pan’an,
Enshi, and Tiantai groups (Figures 3D and 4A). The key genera
included Bradyrhizobium in Pan’an and the Burkholderia-Cabal-
leronia-Paraburkholderia complex in ES, which are associated
with nitrogen fixation and secondary metabolite synthesis,
respectively.'*'® In the Bozhou rhizosphere, the dominant phylum
Actinobacteria exhibited functional differentiation at the genus
level. Arthrobacter and Nocardioides cooperatively adapt to the
low organic matter environments. The former secretes plant
growth hormones and increases antioxidant enzyme activity to
alleviate oxidative stress, whereas the latter adsorbs heavy
metals, thereby improving the plant’s own detoxification capacity.
In the A. macrocephala transplantation groups PA_ES and
PA_BZ, the relative abundance of the phylum Acidobacteria
increased. The abundance of its core taxon, Candidatus Soli-
bacter, significantly increased in the relatively acidic environment,
which is likely correlated with the soil pH conditions in Pan’an
(Table 1).

The tuberous roots exhibited high conservation of Proteobacte-
ria, represented primarily by the ubiquitous colonization of Pseu-
domonas. The unique presence of Firmicutes in PA_BZ, driven
by Lactobacillus, decreased after transplantation, suggesting
strict host selection of functional microbiota (Figures 3E and
4B). Proteobacteria and Actinobacteria dominated across all re-
gions in the bulk soil microorganism community, but the abun-
dance of Chloroflexi was significantly greater in the Tiantai group,
possibly because of its relatively barren soil (Figures 3E and 4B).

These findings indicate that following geographic transplan-
tation, the rhizosphere community of A. macrocephala was
governed primarily by soil physicochemical properties (e.g.,
pH and organic matter), leading to restructuring at the phylum
level. In contrast, the root endophytic community, which is
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Figure 1. Bozhou-sourced A. macrocephala exhibits superior phenotypic traits when cultivated in Pan’an

(A) Plant height.

(B) Branch number.
(C) Fresh root weight.
(D) Root length.

PA_ES, plants f transplanted from Enshi into Pan’an homogeneous garden; PA_BZ, plants transplanted from Bozhou into Pan’an homogeneous garden; ES,
Enshi; BZ, Bozhou; TT, Tiantai. Three biological replicates were established for each experimental group. Data were represented as mean + SEM, and analyzed
using one-way analysis of variance (ANOVA), and significant differences among means were further assessed with Duncan’s multiple range test at a significance
level of p < 0.05. Samples of A. macrocephala plants and tuberous roots were collected from (E) (Pan’an), (F) (Enshi), (G) (Bozhou), and (H) (Tiantai).

reliant on host metabolic regulation, maintained high conserva-
tion. Moreover, the bulk soil microbiota reflected a distinct tra-
jectory of co-evolution, shaped by long-term environmental
filtering and microbial functional adaptation, resulting in signif-
icant differences.

Intrinsic (alpha) diversity of the microbial communities
Geographic transplantation significantly affected rhizosphere
alpha diversity. Compared with those in the original production
areas, the Chao1 index, observed species number, Faith’s
phylogenetic diversity (Faith’s PD), and Shannon index were
significantly greater in the PA_ES and PA_BZ groups
(Figure 5A). The PA_BZ group displayed the highest species
richness and phylogenetic diversity. Simpson index analysis
showed no significant dominant taxa in Pan’an-related treat-
ment groups.

In contrast, the alpha diversity of the tuberous root endophytic
community did not shift significantly after transplantation
(Figure 5B). However, Bozhou-origin endophytic community
maintained significantly higher Simpson dominance, Shannon
diversity, and Pielou evenness than other groups. For bulk soil,
the Tiantai samples presented the lowest diversity values
(Figure 5C), while Enshi, Bozhou, and Pan’an showed compara-
ble levels.

Comparative (beta) diversity of microbial communities
Principal coordinate analysis (PCoA) and non-metric multidi-
mensional scaling (NMDS) analyses based on Bray-Curtis dis-
tance revealed that rhizosphere microbiomes of transplanted
groups (PA_ES and PA_B2Z) clustered closely with native Pan’an
soils, separating significantly from their original regions
(Figures 6A and 6D). The greatest dissimilarity occurred between
Bozhou and Pan’an samples. Hierarchical clustering (Figure 6G)
showed that the Pan’an transplantation groups had an even mi-
crobial distribution (Simpson dominance >0.99).

Beta diversity of tuberous root endophytes showed distinct
clustering, with 90% of samples grouping tightly, except for spe-
cific outliers in the PA_BZ and Tiantai groups characterized by a
surge in Streptomyces abundance (Figures 6B and 6E). Pseudo-
monas colonized the core community broadly (>40% relative
abundance in >50% of samples). Bulk soil microbiomes showed
complete separation among the four production areas
(Figure 6C), with Bozhou soil displaying the distinct diver-
gence (d > 0.98).

Correlations between rhizosphere microbes and
phenotypes

To investigate changes in the rhizosphere microbial community
of A. macrocephala across different geographic environments,
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Figure 2. Bozhou-sourced A. macrocephala achieves the highest accumulation of active compounds when cultivated in Pan’an

(A) Atractylenolide I, (B) atractylenolide II, (C) atractylenolide Ill, (D) atractylon.

PA_ES, plants transplanted from Enshi into Pan’an homogeneous garden; PA_BZ, plants transplanted from Bozhou into Pan’an homogeneous garden; PA,
Pan’an; ES, Enshi; BZ, Bozhou; TT, Tiantai. Three biological replicates were established for each experimental group. Data were represented as mean + SEM, and
analyzed using one-way analysis of variance (ANOVA), and significant differences among means were further assessed with Duncan’s multiple range test at a

significance level of p < 0.05.

a comparative analysis was conducted between samples from
the native Bozhou site and Bozhou-sourced A. macrocephala
transplanted to the Pan’an site. Using the random forest algo-
rithm, genus-level microbial composition data were analyzed
to identify microbial taxa with significant discriminatory power.
Unclassified taxa were excluded, and the results were visualized
alongside relative abundance changes (Figure S1).

The Random Forest model revealed that several microbial
taxa significantly contributed to the classification between the
native habitat group (BZ_RS) and the transplanted group
(PA_BZ_RS). Among them, Anaeromyxobacter, Armatimona-
dales, and Bauldia presented relatively high Mean Decrease
Gini values in the transplanted samples. Conversely, the use of
genera such as Kribbella, OM190, and Actinoplanes had greater
discriminatory power and significantly contributed to the model
classification in the native habitat group. Further relative abun-
dance analysis confirmed these findings, with statistically signif-
icant differences observed for these genera between the two
groups. For instance, Anaeromyxobacter was significantly en-
riched in the transplanted group, whereas Kribbella was more
abundant in the native habitat group.

We subsequently performed a Mantel analysis to evaluate the
correlations between the differential bacterial genera (excluding
unclassified taxa) identified via random forest analysis and the
following variables: (1) key agronomic traits of A. macrocephala
(plant height, branch number, root fresh weight, and root length),

(2) characteristic secondary metabolites (atractylenolide I, I, Ill,
and atractylon), and (3) soil physicochemical properties (pH,
organic matter content, and available nitrogen, phosphorus,
and potassium levels).

A Pearson correlation heatmap (Figure 8) revealed widespread
positive correlations among the agronomic traits, particularly a
greater degree of coupling between root length and both plant
height and branch number, indicating a consistent growth trend
in the plants post-transplantation. Conversely, most secondary
metabolites were negatively correlated with growth traits, espe-
cially atractylenolide |, whose expression was inversely related to
plant height and root length. The analysis of soil properties re-
vealed a positive correlation between pH and plant growth, but a
negative correlation with the accumulation of secondary metabo-
lites. In contrast, organic matter content and the levels of nitrogen,
phosphorus, and potassium showed opposite trends to pH, exhib-
iting positive correlations with the accumulation of active
compounds.

As shown in Figure 8, several bacterial genera were correlated
trends with either the morphogenesis or the accumulation of
bioactive compounds in A. macrocephala. Among the significantly
upregulated genera in the Pan’an environment compared with
those in the Bozhou environment, Anaeromyxobacter, Armatimo-
nadales, Sphingomonas, Sulfuritalea, Tahibacter, and Tardiphaga
demonstrated strong positive correlations with multiple trait indi-
cators. However, Mantel test analysis revealed an intriguing

Table 1. Soil pH, total organic matter, and inorganic element content of Atractylodes albicans

Region pH Total organic matter (g/kg) Total nitrogen (mg/kg) Total phosphorus (mg/kg) Total potassium (mg/kg)
Pan’an 5.13 + 0.06b 33 +1.01b 335.33 + 28.49d 1,050 + 65.57a 28,733.33 + 676.59a
Enshi 4.76 + 0.07c 75.63 + 1.69a 3,636.67 + 36.67a 737.67 + 105.52b 22,666.67 + 1791.03b
Bozhou 7.87 + 0.09a 16.83 + 0.13d 992.33 + 34.48¢c 619 + 36.56b 11,733.33 + 1865.77¢
Tiantai 4.52 + 0.05days 26.87 + 0.44c 1,230 + 26.46b 711.67 + 52.26b 19,900 + 152.75b

Three biological replicates were established for each experimental group. Data were represented as mean + SEM, and analyzed using one-way anal-
ysis of variance (ANOVA), and significant differences among means were further assessed with Duncan’s multiple range test at a significance level of
p < 0.05.
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Figure 3. Species composition analysis (taxonomic unit count, taxonomic composition analysis

(A-C) Taxonomic unit count for rhizosphere (RS), tuberous roots (TR), and bulk soil (S), respectively.

(D-F) Taxonomic composition analysis for rhizosphere, tuberous roots, and bulk soil, respectively. (PA_ES, Enshi samples planted in the Pan’an common garden;
PA_BZ, Bozhou samples planted in the Pan’an common garden; PA, Pan’an; ES, Enshi; BZ, Bozhou; TT, Tiantai).

phenomenon: the abundance of certain bacterial genera (such as
Actinoplanes, Glycomyces, and Saccharopolyspora) significantly
decreased in the PA environment despite their reduced abun-
dance and exhibited positive correlations with the accumulation
of multiple bioactive compounds in A. macrocephala. Notably,
the actual contents of these compounds generally increased in
Pan’an-transplanted plants.

Microbial metabolic pathways

Finally, we predicted microbial metabolic pathways to elucidate
the metabolic functional restructuring of rhizosphere, tuberous
root, and bulk soil microorganisms following the transplantation

of A. macrocephala from its geo-authentic production area to
Pan’an (Figure 8). Post-transplantation samples showed a gen-
eral increase in biosynthetic pathway activity. Amino acid
biosynthesis exhibited the greatest activity across all the sam-
ples. Carbohydrate and nucleotide degradation varied between
groups; the TCA cycle maintained high overall activity, while
glycolysis showed niche specificity. The rhizosphere community
displayed the highest metabolic activity, particularly in aromatic
compound degradation and oxidative phosphorylation. Bulk soil
communities showed the highest fermentation activity but the
lowest fatty acid and lipid synthesis. Tuberous root communities
showed enhanced butyrate fermentation and methylglyoxal
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Figure 4. Heatmap of the species composition of soil and rhizosphere soil microorganisms of Atractylodes macrocephala in different re-

gions

(A-C) Heatmaps of species composition for RS, TR, and S, respectively. RS, rhizosphere; TR, tuberous roots; S, bulk soil; PA_ES, Enshi samples planted in the
Pan’an common garden; PA_BZ, Bozhou samples planted in the Pan’an common garden; PA, Pan’an; ES, Enshi; BZ, Bozhou; TT, Tiantai.

iScience 29, 116350, July 17, 2026 5




¢? CellPress

OPEN ACCESS

iScience

A Chao1 400 Faith_pd Goods_coverage Observed_species
5000+ 0.988 1
150 é 4500
45001 0.984 1 ,
_ = w M o
&) 4000+ 0.9804
= 250 $ 3500
© 35001 | 0.9764
k-] ﬁ ﬁ
£ p=0.01 2001 p =0.0078 p=0.22 30009 p =0.01
>
'%; Pielou_e Shannon Simpson & 01' & & Q;L <
s Cial g
= 0.900 = 1.0 -
5 ==
o 0.995+ Group
< 0.8751 10.5 . PA_ES_RS
< PA_BZ_RS
0.8501 10.0 E PA_RS
09901 ES_RS
0.8251 95 BZ_RS
=0.013 =0.014 =0.0084 Ed TT_Rs
0.8004P J P 0.085.2
(/,/%?’bqvéoébé 3?3;\'@@@1«.{\ 3533;1«@,(9@1'4\
FI¥ Ciala Cial\a
B Chao1 Faith_pd Goods_coverage Observed_species
20004 1.000 — —
1500
15001 100 0.995+
1000
¢ 10001
e 0.9904
% 500 50 500
°
£ 0 P=043) = p— p=0.71 == == | 0.9854 p=0.26 0L P=032 wn .
>
'%; Pielou_e Shannon Simpson (’f" 01' & Q? 01’ <
by ¥
> 0.6
5 6
© 051 0.751 Group
s PA_ES_TR
< 4 4 PA_BZ_TR
0 0.501 E PATR
’ @ ES_TR
J 2 |
0.2 0.251 $ BZ_TR
oq =018 $ p=0.19 ] p=0417 C B TT_TR
3,‘*’3,’”&'«?’@1'4‘ 3,6?1«Qv~©6@1z<\ ,59?1/‘2?@%@1«.(&
ial\a Nalki\s Dial\a
C Chao1 Faith_pd Goods_coverage Observed_species
0.9904 4000
4000 Q I;’ I?
2501 © 0985 1 3500 >
3500+
o 0.980- 3000
= 3000+ 200
3 QJ
2500
c ]
- 25007 p=0.066 p =0.099 0.975 p =0.066 p =0.082
2
(4 Pielou_e Shannon Simpson & & 01’ <
< .o 0.999] ____
T = ==
g 0.9004 0.998 4
S 10.5
< 0875 0.997 1 Group
’ 1 PA_S
10.0 X 0.996 1 ES_S
0.850- $ $ BZ_S
p=0.019 9.5 P=0016 s 09951 1 _0.019 B TT_s
F & & < F & & < F & & <

6 iScience 29, 116350, July 17, 2026

(legend on next page)



iScience

degradation pathways (METHGLYUT-PWY). Additionally, the
enterobactin biosynthesis pathway (ENTBACSYN-PWY) was
strongly upregulated in the Pan’an environment.

DISCUSSION

Soil conditions and microbial adaptation drive growth
Our results demonstrate that the growth and chemical composi-
tion of A. macrocephala depend heavily on local soil conditions.
The robust growth observed in the PA_BZ group (Figure 1) cor-
relates directly with the optimal soil pH and high phosphorus/po-
tassium levels in the Pan’an region (Table 1). In contrast, the
restricted growth in the ES group corresponds to limiting envi-
ronmental factors, likely water and nutrient availability. The supe-
rior root development in Bozhou varieties indicates an inherent
genetic advantage, which the favorable Pan’an soil conditions
further amplified.

The soil environment is a key determinant of microbial com-
munity structure. Geographic transplantation disrupts the orig-
inal ecological balance, resulting in a significant increase in
rhizosphere alpha diversity (Figure 5A). The PA_BZ group
showed the highest species richness, and its low Simpson
dominance index indicates a shift toward a more balanced,
multi-species coexistence. This equilibrium facilitates func-
tional complementarity, thereby improving ecosystem stability
in response to environmental fluctuations. The dominance of
Candidatus Solibacter in Pan’an-transplanted groups corre-
lates with soil acidity (Table 1).'® Furthermore, the functional
differentiation observed in the Bozhou rhizosphere —domi-
nated by Arthrobacter and Nocardioides—reflects an adapta-
tion to low organic matter environments. Arthrobacter secretes
growth hormones to mitigate oxidative stress, while Nocar-
dioides contributes to heavy metal detoxification'”'® Changes
in bulk soil microbiota confirm that long-term environmental
filtering shapes these communities, whereas the stability of
root endophytes suggests strict host selection to maintain
core functions despite environmental variation. These findings
support the hypothesis that the “post-transplantation recon-
structed” microbial community promotes the growth of A. mac-
rocephala in new environments, aligning with the established
theory of “geographic adaptation through microbial community
reconstruction.”"®

Microbially mediated the growth and secondary
metabolism of A. macrocephala

Plants prioritize energy for tissue construction over secondary
metabolite synthesis under favorable ecological conditions.?%"
The structural remodeling of the rhizosphere microbiome drives
this allocation. We observed that upregulated genera in the
Pan’an environment (Anaeromyxobacter, Sphingomonas, and
Sulfuritalea) positively correlate with growth traits. Anaeromyxo-
bacter, known for its nitrogen fixation and iron reduction capabil-
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ities, may indirectly promote plant metabolism by improving
rhizosphere redox status and soil nitrogen availability.?*%*
Sphingomonas is widely recognized as a plant growth-promot-
ing genus, its members participate in aromatic compound
degradation and may modulate plant hormones, potentially
regulating secondary metabolic pathways and stimulating root
growth.”**° Sulfuritalea contributes to the sulfur cycle, where
sulfur-oxidation activities help maintain sulfur balance and influ-
ence sulfur utilization by other organisms.® Its enrichment may
optimize soil sulfur nutrition or affect the synthesis of sulfur-con-
taining amino acids, providing precursors for secondary
metabolic pathways and thereby indirectly influencing plant sec-
ondary metabolism. Other upregulated genera, such as Bauldia,
FCPS473, Tardiphaga, and JG30a-KF-32, also showed positive
correlations with plant height, root length, and specific metabo-
lites. These genera possess diverse functional potentials: Baul-
dia may improve plant growth through metabolite regulation,
FCPS473 may be associated with nitrogen-source utilization in
low-nitrogen environments, and Tardiphaga has been reported
to exhibit heavy-metal tolerance and potential phosphorus-
related enzyme synthesis.?’*° Collectively, after transplantation
to Pan’an, the upregulated rhizosphere bacterial genera likely
promoted plant growth by participating in nitrogen, sulfur, and
phosphorus cycling, as well as hormone-regulation pathways,
serving as key drivers of improved agronomic traits in A.
macrocephala.

In contrast, downregulated genera predominantly belonged to
the phylum Actinobacteria (Actinoplanes, Glycomyces, and Sac-
charopolyspora), which are typically recognized for their poten-
tial to produce antibiotics, degrade complex organic matter, or
promote plant growth.®'~* In the original habitat (Bozhou), these
genera may have established balanced or beneficial interactions
with A. macrocephala, for instance by providing bioactive sub-
stances (e.g., plant-hormone analogs or other inducing factors),
participating in key nutrient transformations, or indirectly
enhancing plant resistance, thereby contributing to the basal
accumulation of secondary metabolites.** "

Following transplantation to Pan’an, however, the unique soil
environment (including its physicochemical properties and
native microbiome) may no longer support or require the original
functions of these genera. Their presence could even lead to
competition or functional conflict with the locally adapted,
growth-promoting microorganisms. Consequently, these origi-
nally beneficial genera were largely replaced by more efficient,
Pan’an-adapted microbes that provide superior growth
conditions, resulting in a marked decline in their abundance.
The association between their reduced abundance and higher
bioactive-compound levels in Pan’an-grown A. macrocephala
likely reflects the overall superior functionality of the Pan’an-
native dominant microbial community, rather than a direct inhib-
itory effect of the downregulated genera themselves. This shift
represents an ecological niche replacement and functional

Figure 5. Alpha diversity of soil and rhizosphere soil microorganisms of Atractylodes macrocephala in different regions

All the experiments were performed with three replicates. Differences between groups were assessed for significance using the Kruskal-Wallis test (for multiple
groups) or the Wilcoxon rank-sum test (for two groups). (A) rhizosphere soil (RS) microorganisms; (B) tuberous root (TR) microorganisms; (C) bulk soil
(S) microorganisms; PA_ES, Enshi samples planted in the Pan’an common garden; PA_BZ, Bozhou samples planted in the Pan’an common garden; PA, Pan’an;

ES, Enshi; BZ, Bozhou; TT, Tiantai.
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optimization, wherein the Pan’an environment selected a more
adapted and efficient microbial consortium to support plant
growth and metabolism.

In summary, significant correlations exist between key rhizo-
sphere bacterial genera and the phenotypic traits/medicinal
components of A. macrocephala after transplantation to Pan’an.
These findings highlight the crucial role of rhizosphere microbial
community functional optimization and niche replacement in
plant adaptation to new environments. Although further
experimental validation of the specific mechanisms is needed,
preliminary evidence supports the hypothesis that structural
remodeling is a key ecological factor through which the
rhizosphere microbiome participates in regulating post-trans-
plantation growth improvement and quality formation in A.
macrocephala. This phenomenon of microbial community re-
structuring driving plant phenotypic changes has also been re-
ported in studies of other medicinal plants. For example, Zhang
et al.®® investigated changes in rhizosphere bacterial commu-
nities in tomatoes transplanted into different cultivation
substrates and reported that post-transplantation bacterial com-
munity structure and abundance converged toward the charac-
teristics of the soil community, with functional differences
observed across environments. Bziuk et al.>° reported that
changes in the rhizosphere microbiome significantly enhanced
powdery mildew resistance in greenhouse-cultivated barley,
reducing lesion numbers and activating defense genes. In the
new environment, significant microbial community turnover oc-
curs, enriching bacterial groups that are more beneficial to plant
growth and metabolism while reducing the proportion of some
members from the original habitat community. This ultimately
results in the formation of a rhizosphere ecosystem that is
more conducive to the growth and metabolic advantages of A.

macrocephala in PA. Importantly, this microbial structural shift
is not only evident at the diversity level (Figures 5 and 6) but
also manifests more profoundly as changes in functional micro-
bial components. Functions related to nutrient cycling (sulfur, ni-
trogen, iron, and carbon), hormone regulation, and signaling
molecule metabolism are enhanced (Figures 7 and 8).

Metabolic reprogramming supports environmental
adaptation

The metabolic restructuring observed after transplantation
provides the mechanistic basis for the improved growth pheno-
types. The universal increase in amino acid biosynthesis under-
scores its role in maintaining community homeostasis.***' The
synthesis of cofactors and vitamins showed significant variation
among different ecological niches, suggesting a regulatory
function during environmental adaptation.”> The specific
upregulation of aromatic compound degradation and oxidative
phosphorylation in the rhizosphere indicates efficient decompo-
sition of root exudates.**

Energy metabolism also adapted to the new niche. The
enhancement of butyrate fermentation and methylglyoxal degra-
dation in tuberous roots supports diverse energy supply patterns
and stress resistance.’* The upregulation of the methylglyoxal
degradation superpathway (METHGLYUT-PWY) further sup-
ports enhanced sugar metabolism efficiency and stress resis-
tance in the PA environment.*>**® Furthermore, the downregula-
tion of stress-related pathways (e.g., coumarin biosynthesis)
implies that the Pan’an environment imposes less survival pres-
sure on the microbiome.*”**® Conversely, the upregulation of en-
terobactin biosynthesis suggests a specialized iron acquisition
mechanism essential for the rapid growth observed in Pan’an.*®
Collectively, these metabolic shifts confirm that the microbiome

Figure 6. PCoA of soil and rhizosphere soil microorganisms of Atractylodes macrocephala in different regions
(A) rhizosphere soil, RS; (D) tuberous root, TR; (G) bulk soil, S, NMDS analysis (B) RS; (E) TR; (H) S, and hierarchical clustering analysis (C) RS; (F) TR; (I) S of beta
diversity. PERMANOVA (999 permutations) was used to assess the explanatory power (R?) and significance (p value) of group differences, supplemented by

ANOSIM for validation.
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undergoes adaptive reprogramming to provide sufficient nutri-
tional support, thereby driving the successful transplantation
and growth enhancement of A. macrocephala.

In summary, through integrated multi-regional transplantation
experiments, soil factor analysis, and microbiome technology,
this study systematically elucidated the microecological mecha-
nisms through which geographical environments drive pheno-
typic and quality variations in A. macrocephala. The results
demonstrate that the Pan’an region, characterized by an optimal
soil pH and abundant phosphorus and potassium content,
significantly enhances bioactive compound accumulation in
Bozhou-sourced A. macrocephala. Consequently, compared
with those in other regions, Pan’an-transplanted plants exhibit
superior growth vigor and secondary metabolite levels.
Geographic migration reshaped the microbial communities,
leading to a significant increase in rhizosphere microbial
a-diversity. Proteobacteria and Acidobacteria emerged as the
dominant phyla in the Pan’an rhizosphere, wheras the tuberous
root endosphere remained dominated by Proteobacteria, re-
flecting host genetic conservatism. Functional analysis revealed
that Pan’an rhizosphere microbes optimized carbon and
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pound accumulation. Conversely, the

reduction in nine genera (e.g., Kribbella)

likely promoted metabolic resource allo-

cation toward growth via niche replace-
ment, revealing the regulatory role of microbes in the regulation
between plant growth and secondary metabolism.

Notably, microbe-mediated resource reallocation may repre-
sent a core mechanism regulating medicinal quality—the func-
tional restructuring of microbial consortia in Pan’an increased
host energy toward secondary metabolism, resulting in a signif-
icant negative correlation between bioactive compounds and
growth traits. These findings provide some insights into yield-
quality synergy in the geoherbal cultivation of medicinal plants.

Limitations of the study

Although the four producing regions showed no differences in
key climatic parameters such as temperature and precipitation,
subtle variations in local microclimates (e.g., sunshine duration,
fog frequency, or diurnal temperature range) may still exist and
could potentially influence the microbial community. Further-
more, the bacterial taxa identified through our screening process
have not yet been isolated and cultured for subsequent func-
tional validation. The isolation and in-depth functional character-
ization of these key bacteria will be a primary focus of our future
research.
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Future research should deeply integrate metagenomic func-
tional annotation with metabolic flux analysis to validate the
growth-promoting genes of key genera (e.g., Anaeromyxobacter
and Sphingomonas) and their molecular pathways that regulate
host terpenoid synthesis, thereby clarifying plant-microbe inter-
action mechanisms. Concurrently, field-applicable technologies
based on PA-characteristic microbial consortia, such as devel-
oping compound microbial fertilizers to directionally enhance
rhizosphere functionality in geoherbal cultivation, should be
explored. Furthermore, establishing a medicinal plant rhizo-
sphere-root microbiome database that integrates environmental
factors would facilitate the prediction of ecological cultivation
standards. This approach could provide universal paradigms
for improving the cross-regional quality of geoherbs, ultimately
advancing the ecological cultivation and industrial sustainability
of traditional Chinese medicinal materials.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

16S rRNA gene sequencing data China National Center for Bioinformation PRJCA064424 https://ngdc.cncb.ac.cn/
bioproject/browse/PRJCA064424

Software and algorithms

R R Development Core Team, 2015 https://www.r-project.org/

METHOD DETAILS

Cultivation and transplanting plan for A. macrocephala

Field cultivation of A. macrocephala was conducted in four distinct ecological regions: Tiantai (Zhejiang), Pan’an (Zhejiang), Bozhou
(Anhui), and Enshi (Hubei). Additionally, plant samples collected from Bozhou and Enshi were transplanted to a common garden in
Pan’an (Zhejiang) for cultivation under uniform and controlled conditions. The detailed geographical locations of the transplant sites
are provided in Table S1.

Seedlings for transplanting were selected from plants with consistent growth periods and conditions across the different source
regions. At the transplanting stage, the aboveground parts had withered, and the plants showed no signs of disease. The root sys-
tems were well-developed, and the rhizomes were plump without shrinkage. Fibrous roots were trimmed to 2-3 cm in length, and the
individual seedling weight was controlled within the range of 15-25 grams. All seedlings were excavated from their respective source
regions between January 5 and 10, 2022, transported to Pan’an at 4°C, and uniformly transplanted on January 15, 2022. They were
then subjected to identical field management practices until harvest on December 30, 2022.

Sample collection methods

Plant and rhizosphere soil sampling from cultivation areas

Sampling was performed during consecutive rain-free days. Sampling locations within target plots were determined using the five-
point sampling method. Plants were carefully excavated by digging around the outer edge of the root system to obtain intact root
balls with adhering rhizosphere soil, avoiding vigorous shaking. Each plant (or sampling unit) along with its rhizosphere soil was
placed into a sterile bag, immediately transferred to a cooler (0-4°C) for transport, and delivered to the laboratory on the same
day. Within each sampling area, 15 A. macrocephala plants were randomly excavated. The rhizosphere materials from these 15
plants were pooled to form one independent biological replicate. At least three such composite replicates were collected from
each target plot.

Rhizosphere soil and bulk soil collection

In the laboratory, soil loosely adhering to the roots was gently brushed off and collected as rhizosphere soil. Soil samples from mul-
tiple roots were combined to form a composite rhizosphere soil sample. This pooling process was repeated three times, and the sam-
ples were stored at -20°C. For bulk soil collection, areas in the field far from A. macrocephala plants were randomly selected, and soil
was collected using 50 mL centrifuge tubes, with three tubes collected per plot.

Endophyte sample collection

Tuberous roots of A. macrocephala were cut with scissors and placed into 50 mL centrifuge tubes (6 tubes total). Samples were
rinsed with tap water and then transferred to new 50 mL centrifuge tubes. Under a laminar flow hood, surface sterilization was per-
formed sequentially: immersion in 70% ethanol for 1-2 minutes, followed by immersion in 2.5% sodium hypochlorite for 5-10 mi-
nutes, and then rinsing 4-5 times with sterile water. A 500 pL aliquot of the final rinse was spread onto an antibiotic-free LB agar plate
and incubated at 37°C. If no microbial colonies grew, the surface sterilization was considered successful. The remaining sterilized
root material was regarded as containing endophytes and was stored at —20°C.

Analysis method

Active compound contents and soil property analysis

Chromatographic analysis was performed according to the method of Kim et al.’° using a Hypersil GOLD C18 column
(4.6 mm x 250 mm, 5 um). The mobile phase consisted of acetonitrile and 0.1% phosphoric acid solution with a gradient elution pro-
gram. The flow rate was 1.0 mL/min, the column temperature was maintained at 25 °C, and the injection volume was 20 pL. The
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detection wavelengths were set at 276 nm for atractylenolide | and 220 nm for atractylenolides Il and Ill. System suitability testing
confirmed that the theoretical plate number for each peak was greater than 3000.

For solution preparation, reference standards of atractylenolides |, Il, and Il were accurately weighed and dissolved in methanol to
prepare a series of standard solutions with concentrations ranging from 5 to 80 pg/mL. The test sample solution was prepared by
accurately weighing approximately 1.0 g of the powder, placing it in a volumetric flask, and adding 10 mL of methanol precisely.
The mixture was soaked at room temperature for 1 hour, followed by ultrasonic extraction for another hour. After extraction, the
weight was adjusted to compensate for any loss with methanol, and the solution was mixed well and filtered, after which the filtrate
was subsequently used for analysis.

Soil physicochemical properties were analyzed by Zhejiang SEP Analytical Services Co., Ltd., where soil pH was measured using a
pH meter (HJ 962-2018), soil potassium content was determined via acid digestion (LY/T 1234-2015), soil nitrogen content was
analyzed using the Kjeldahl method (HJ 717-2014), total soil phosphorus content was measured via alkaline fusion-molybdenum
antimony anti-spectrophotometry (HJ 632-2011), and soil organic matter content was determined via volumetric analysis (LY/T
1237-1999).

16S sequencing

Samples of tuberous roots, rhizosphere soil, and bulk soil were outsourced to Shanghai Personal Biotechnology Co., Ltd., for 16S
rRNA sequencing. Total DNA was extracted from the samples, and community DNA fragments were subjected to paired-end
sequencing on the lllumina platform using the primer sequences (F: AACMGGATTAGATACCCKG and R:
ACGTCATCCCCACCTTCC). Denoising of the sequences was performed using the DADA2 method.

Microbial community taxonomic analysis

After unclassified sequences were removed, the ASV table was rarefied to 95% of the minimum sequencing depth across all the sam-
ples. The number of taxonomic units at the phylum, class, order, family, genus, and species levels was subsequently calculated for
each sample. Afterward, the top 20 genera by average abundance were selected, and clustered heatmaps were generated using the
R pheatmap package based on a Bray-Curtis distance matrix; samples were ordered by UPGMA clustering to reveal cross-regional
microbial abundance distribution patterns.

Alpha and beta diversity analysis

Alpha diversity indices (seven metrics) were computed in QIIME 2 (v2019.4) with a minimum rarefaction depth of 10 and a maximum
depth equivalent to 95% of the minimum sample sequencing depth over 10 iterations. The mean values at the maximum depth were
used as the final alpha diversity estimate for each sample. Boxplots were generated using ggplot2 for visualization.

Based on the resampled ASV table, Bray-Curtis and Unweighted UniFrac distance matrices were computed using QIIME2, fol-
lowed by Principal Coordinate Analysis (PCoA). Two-dimensional ordination plots were generated using the ape package. Non-
metric Multidimensional Scaling (NMDS) was then applied to Bray-Curtis distances using the vegan package in R (stress values < 0.2
were considered valid), and UPGMA hierarchical clustering was visualized using the ggtree package, where branch lengths reflected
sample similarity.

Functional gene prediction and diversity analysis

Based on the amplicon sequencing data, PICRUSt2 (v2.4.2) was used to predict the functional potential of the microbial commu-
nities.®" First, 16S rRNA feature sequences were aligned with a reference genome database (containing >20,000 genomes) for mul-
tiple sequence alignment, after which a phylogenetic tree was constructed. The Castor algorithm®? was used to infer the evolutionary
conservation of unobserved gene functions. The Nearest Sequenced Taxon Index (NTSI) threshold for feature sequences was set to
2, and sequences with an NTSI > 2 were excluded to improve prediction accuracy. The presence of metabolic pathways was strictly
inferred using MinPath, and the final outputs included functional units and metabolic pathway abundance data annotated by the
MetaCyc database (v24.5).%° The functional abundance was normalized as counts per million (CPM) to ensure cross-sample compa-
rability. Metabolic pathways were hierarchically classified into six major categories (e.g., metabolism and genetic information pro-
cessing) and 45 sub-functions based on the KEGG database, whereas MetaCyc pathways were annotated based on experimentally
validated biochemical reaction networks.

Differential taxa and phenotype association and metabolic pathway analysis

An integrated machine learning and statistical testing strategy was used to analyze correlations between microbial ASVs and phe-
notypes. Unclassified units were removed from the resampled ASV tables, and a random forest model (random Forest package) was
applied to screen for differential microbes. Using the PA_BZ_RS group and BZ_RS group as response variables and all the ASVs as
predictors, 2000 decision trees (ntree = 2000) were constructed, with the number of splitting variables (mtry) optimized via 10-fold
cross-validation. MeanDecreaseGini was used to quantify the importance of the ASVs, and significantly different ASVs (p < 0.05)
were determined based on 1000 permutation tests (rfPermute package). To validate the phenotype associations, Mantel tests (linkET
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package) were further performed to analyze the correlations between the ASV matrix of the top 20 genera (ranked by the
MeanDecreaseGini score) and the phenotype matrices, ultimately identifying the core differential taxa and their phenotypic
correlations.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data for the growth phenotype and active constituents of A.macrocephala, and soil physicochemical properties were analyzed using
one-way analysis of variance (ANOVA), and significant differences among means were further assessed with Duncan’s multiple range
test at a significance level of p < 0.05. Group differences for alpha diversity were assessed using the Kruskal-Wallis test for multiple
groups or the Wilcoxon rank-sum test for two groups with a significance threshold of p < 0.05. As for beta diversity, PERMANOVA
(with 999 permutations) was used to evaluate the explanatory power (R?) and significance (p-value) of group differences, supple-
mented by ANOSIM tests to validate the differences between groups.

Functional p-diversity was assessed using Bray-Curtis distance matrices, and Principal Coordinate Analysis (PCoA) was per-
formed using the R package vegan (v2.6-4) to visualize differences in functional composition between samples. A zero-inflated
log-normal (ZILN) model was applied to identify differentially abundant metabolic pathways between groups using the fit Feature
Model function in the R package metagenomeSeq (v1.36.0).>* The significance threshold was set at a false discovery rate (FDR)-
adjusted p < 0.05.
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