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Abstract
Microbial agents are expected to become effective tools for boosting both biomass and bioactive compound accumulation, to solve the challenges of poor

quality and low yield in medicinal plants. Nevertheless, limited research has been conducted on the differential responses in plant growth and metabolism

elicited by various types of endophytes, which constitute a significant natural microbial resource. In this study, the endophytic fungus Paraphoma sp. (F9)

and  the  endophytic  bacteria Paraburkholderia  aromaticivorans (Pa)  were  inoculated  into Atractylodes  lancea.  We  found  that  both  F9  and  Pa  exhibit  a

simultaneous enhancement on A. lancea's growth and specialized metabolism. In fibrous roots, F9 notably increased biomass, root length, and flavonoid

accumulation more than Pa. However, in rhizomes, the accumulation of medicinal terpenoids exhibited slight differences between F9 and Pa treatments. In

both fibrous roots and rhizomes, F9 had a greater impact on gene expression changes in the A. lancea transcriptome compared to Pa. In fibrous roots, the

flavonoid tricin-7-O-glucoside and genes (CABs and LHC) from the photosynthetic pathway, along with transcription factors (five MYBs and three WRKYs),

showed a significant positive correlation.  Thus,  F9 has a greater effect on A.  lancea's  photosynthesis,  promoting better growth than Pa.  In rhizomes,  the

terpenoid atractylon showed a strong positive correlation with genes, primarily enriched in immune response pathways. Therefore, most terpenoids exhibit

comparable defense responses to various endophytes. This study will help optimize the utilization of endophyte resources in cultivating A. lancea and other

plants.
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 Introduction

As  global  health  care  demand  continues  to  increase,  medicinal
plant  productivity  must  progress  without  exhausting  critical  envi-
ronmental  resources.  Enhancing  the  quality  and  yield  of  these
plants, along with optimizing their utilization, has therefore become
a  pressing  issue[1].  Although  chemical  pesticides  are  effective,  they
carry  considerable  environmental  and  health  risks[2],  making  it
essential to identify suitable natural alternatives. Endophytes—vital
components  of  medicinal  plant  microecology,  consisting  mainly  of
bacteria and fungi—can promote plant growth, improve host stress
resistance,  and  facilitate  active  component  accumulation[3].  Thus,
endophytes  play  a  beneficial  role  in  host  plant  health  and survival.
Studies showed that diverse microorganisms distinctly influence the
accumulation  of  plant  metabolites  such  as  alkaloids,  phenols,  and
terpenoids[4].  This variation may be attributed to enzyme and gene
expression, precursor supply, and hormone levels[4].  Understanding
the  mechanisms  by  which  endophytes  regulate  plant  metabolism
and  growth,  will  help  optimize  the  use  of  microorganisms  to
improve both the quality and yield of medicinal plants.

Atractylodes lancea,  a  perennial  herb,  is  primarily  found in China,
Japan,  and  Korea[5].  In  traditional  Chinese  medicine,  its  rhizome  is
known  for  its  ability  to  eliminate  dampness,  invigorate  the  spleen,

dispel  wind,  and  improve  eyesight[5].  This  therapeutic  efficacy  is
intrinsically  linked  to  the  high  content  of  volatile  organic  com-
pounds  (VOCs)  primarily  stored  in  the  fibrous  root  and  rhizome
compartments.  The  main  VOCs  in A.  lancea encompass  terpenoid
structures such as atractylon (CZT), hinesol (CZC), β-eudesmol (AYC),
and  polyacetylene  structure  atractylodin  (CZS).  These  constituents
collectively  represent  71.30%  of  the  total  VOCs  in  the  rhizome,
whereas their content in the fibrous roots is markedly low[6]. Owing
to the scarcity of wild resources, cultivated A. lancea has emerged as
the  predominant  source  in  the  market[7].  However, A.  lancea has
long faced significant cultivation challenges, including diseases and
continuous  cropping  obstacles[8].  These  challenges  are  also  preva-
lent  among  other  medicinal  plants  of  the  same  category,  severely
diminishing their quality and yield[9]. In this context, endophytes, as
a  natural  and  valuable  resource,  may  hold  the  key  to  effectively
resolving  these  issues,  and  ensuring  the  sustainable  production  of
medicinal plants.

It  has  been  shown  that  the  growth  and  metabolic  processes  of
A.  lancea are  influenced  by  microbe  incubation.  Wang  et  al.  found
that  soil  microbe inoculation  enhances A.  lancea growth and VOCs
accumulation[10].  Fang  et  al.  demonstrated  that  endophytic  fungus
AL12  and  AL4,  as  well  as  endophytic  bacterium  ALEB7B,  aug-
ment  total  terpenoid  accumulation[11,12].  They  also  determined
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that fungal-induced terpenoids were regulated by phytohormones,
including  Jasmonic  acid  (JA),  Salicylic  acid  (SA),  Ethylene  (ET),  NO,
and  H2O2

[13,14],  while  bacterial-induced  terpenoids  were  regulated
by  Abscisic  acid  (ABA)  and  SA[15].  This  suggests  that  endophytic
fungi and bacteria may regulate terpenoid accumulation in A. lancea
through  distinct  physiological  mechanisms.  Notably,  previous
research  has  predominantly  focused  on  terpenoids  in A.  lancea.  In
recent  years,  the  preponderance  of  extant  research  has  been
devoted  to  elucidating  the  interaction  mechanisms  between  indi-
vidual  microbial  strains  and  plants,  as  well  as  investigating  the
collective  impact  of  microbial  communities  on  plant  growth[16−19].
In  contrast,  the  differential  effects  of  multiple  microorganisms  on
the  same  host  plant  remain  a  relatively  underexplored  area  in  the
current  literature.  This  study  therefore,  selected A.  lancea as  the
model  species  and  comprehensively  examined its  differential
responses to inoculation with endophytic fungi vs bacteria,  provid-
ing a novel perspective on plant–endophyte interactions.

The  rhizome  and  fibrous  roots  of A.  lancea are  key  interfaces  for
microbial  colonization.  The  changes  in  the  characteristics  of  these
compartments  not  only  intuitively  reflect  the  effects  of A.  lancea-
endophytes  interactions  but  are  also  crucial  for  elucidating  the
underlying  mechanisms.  Therefore,  this  study  collects  data  from
both the rhizome and fibrous root, to provide more comprehensive
data support for the development of microbial inoculants for medic-
inal  plants.  Initially,  the  influence  of  the  endophytic  fungus  F9  and
the endophytic bacterium Pa on biomass production and the accu-
mulation  of  VOCs  in  both  the  rhizome  and  the  fibrous  roots  were
systematically  evaluated.  Next,  using  metabolome  analysis,  the
commonalities  and  differences  in  the  differential  accumulation
of  metabolites  (DAMs)  were  compared  between  the  F9  vs  F9-free
inoculation  group  and  the  Pa  vs  Pa-free  inoculation  group  paired
comparisons  through  comparative  metabolomics  in A.  lancea
rhizome  and  fibrous  root.  High-throughput  sequencing  was  then
utilized  to  identify  differentially  expressed  genes  (DEGs)  in  the
A. lancea rhizome and fibrous root in response to F9 and Pa through
comparative  transcriptomics.  The  commonalities  and  differences
in  DEGs  between  the  F9  vs  F9-free  inoculation,  and  Pa  vs  Pa-free
inoculation comparison groups were further analayzed, performing
KEGG  analysis  on  the  differentially  expressed  genes.  Lastly,  poten-
tial  key  metabolic  pathways  and  genes  significantly  correlated
with  medicinal  compounds,  growth,  and  key  DAMs  were  screened
through  matrix  correlation  and  Pearson  positive  correlation  analy-
sis.  This  work  uncovered  the  possible  regulatory  mechanisms  of
terpenoid  and  flavonoid  biosynthesis,  and  accumlation,  and  im-
proved  our  understanding  of  the  interactions  between  the  plant's
key  metabolites,  transcriptome,  and  microbes  in A.  lancea,  which
could help guide future cultivation.

 Materials and methods

 Cultivation of plant material
A. lancea seeds were sourced from JinNiu-Dong-Shan (Mount Jin-

Niu-Dong,  coordinates:  31°46′37″ N,  119°18 ′52″ W)  in  Jintan  City,
Jiangsu  Province  (China).  Following  surface  sterilization,  the  seeds
were placed on Murashige and Skoog (MS) medium to facilitate the
germination  of  surface-sterile  plantlets.  The  aerial  sections  of  the
plantlets,  measuring approximately 2–3 cm in height,  were excised
and  cultured  on  solid  MS  medium  (pH  5.8)  supplemented  with
30 g/L sucrose, 0.1 mg/L naphthalene acetic acid (NAA), and 1 mg/L
6-benzyladenine (6-BA) to promote vegetative propagation through
tillering.  Rooting was subsequently  achieved by culturing A.  lancea
plantlets,  which  had  been  vegetatively  propagated  for  four  weeks,

and  had  reached  a  height  of  approximately  4  cm.  Subsequently,
A.  lancea plantlets  with  approximately  adventitious  roots  were
removed  from  the  rooting  medium  and  planted  in  the  sterile
mixture  (hereafter  referred  to  as  'soil')  of  peat  soil  (Jiffy  product,
Netherlands), and vermiculite (6:1, v/v), then placed in a plant nurs-
ery room set at approximately room temperature (23 ± 2 °C, referred
to as  'room temperature',  RT  hereafter)  and with  a  12  h/12 h  light/
dark  cycle  for  seven  days  before  being  subjected  to  further  treat-
ments. This cultivation method was performed as per the method of
Wang et al.[10].

 Inoculation of endophytic strain Pa and F9
Our  research  group  has  isolated  and  identified  six  endophytic

fungi  and  bacteria  from  the A.  lancea rhizomes,  and  inoculated
them  into A.  lancea.  Through  further  screening,  it  was  found  that
Paraphoma sp.  (F9)  in  endophytic  fungus,  and Paraburkholderia
aromaticivorans (Pa)  in  endophytic  bacterium,  exhibited  the  most
significant  effects  on  the  growth  promotion  and  quality  enhance-
ment  of A.  lancea, compared  to  the  control  group  (Supplementary
Fig.  S1).  And the effects  were more stable  (Supplementary  Fig.  S1).
Therefore,  this  study  selected  these  two  strains  for  comparative
research,  aiming  to  explore  the  multifaceted  differential  responses
of A. lancea to different endophytes. The data obtained will provide
a scientific  basis  for  the construction and optimization of  microbial
agents.  Further,  the  protocol  for  the  isolation  and  identification  of
endophytic  fungi  and  bacteria  is  provided  in  the  Supplementary
material  (Supplementary Protocol for Isolation and Identification of
Endophytic Fungi and Bacteria). Endophytic bacterium Pa and endo-
phytic fungus F9 were deposited in the China General Microbiologi-
cal Culture Collection Center (CGMCC). The storage IDs were CGMCC
No.  27816 for  Pa,  and CGMCC No.  41099 for  F9.  Pa was cultured in
tryptose  soya  broth  medium,  and  incubated  at  37  °C  for  48  h.  The
bacterial cells were collected by centrifugation, then resuspended in
sterile  water,  and  the  OD600  value  of  the  cell  suspension  was
adjusted to 0.8–1.0 for A. lancea inoculation using a UV spectropho-
tometer.  F9  was  cultured  in  potato  dextrose  broth  (PDB)  (OXOID,
UK) and incubated at 30 °C for seven days. PDB with F9 was filtered
through sterile gauze to collect mycelia, and the spores were mixed
with 10 mL of sterile water to form a 108 spore suspension. For inoc-
ulation, 10 mL of either F9 or Pa suspension was inoculated into the
roots  of A.  lancea seedlings,  referred  to  as  the  F9  and  Pa  groups,
respectively. A. lancea seedlings treated with sterile water were used
as the control group (CK). The experiment comprised five biological
replicates, with three plants per replicate, for a total of 15 plants. The
workflow schematic diagram is shown in Supplementary Fig. S2.

 Sample collection and measurement of biomass
The samples were collected after 150 d. Every sample was divided

into  three  parts:  aerial  part,  rhizome,  and  fibrous  root.  Measure-
ments  encompassed  the  fresh  weight  of  the  whole  plant  (FW),  the
aerial  portion  (stem  and  leaf),  the  underground  part  (rhizome  and
fibrous  root),  and the  length of  the  fibrous  root.  The dry  weight  of
the  underground  part  was  determined  after  freeze-drying  for  one
week,  until  a  constant  weight  was achieved.  A small  portion of  the
fresh  rhizomes  and  fibrous  roots  was  retained  for  transcriptome
sequencing.  The  samples  were  stored  at −80  °C  until  sequencing.
The dry samples were used for volatile medicinal compound detec-
tion and metabolome analysis.

 Measurement of volatile medicinal compounds
The  sample  extraction  followed  previous  methods[10].  A  fine

powder  was  made  from  freeze-dried  rhizomes  and  root  samples,
with about 100 mg placed in 2 mL microcentrifuge tubes. Each tube
received  500 μL  of  n-hexane,  and  ultrasound  treatment  at  60  Hz
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for  15  min  aided  extraction.  The  mixture  was  then  centrifuged  at
5,000  ×  g  at  4  °C  for  5  min.  The  resulting  supernatant  was  filtered
through  0.22 μm  polyethersulfone  membrane  filter  capsules
(Sterivex;  Millipore)  and prepared for  analysis  via  gas chromatogra-
phy-mass  spectrometry  (GC-MS).  The  hinesol, β-eudesmol,  atracty-
lon,  and  atractylodin  contents  in  freeze-dried  samples  were
measured  via  GC-MS  using  a  Trace  1310  series  GC  with  a  TSQ8000
MS  detector  (Thermo  Fisher  Scientific  Co.  Ltd.,  Waltham,  Massa-
chusetts,  USA),  and  a  TR-5  ms  capillary  column  (0.25  mm  ×  30  m,
0.25 μm).  For  the  details  of  the  detection  method,  please  refer  to
Wang  et  al.[10].  The  concentrations  of  the  four  volatile  medicinal
compounds  in  each  sample  were  quantitatively  determined  using
the external standard method (Supplementary Table S1).

 Measurement and analysis of the metabolome
Samples  were  freeze-dried  and  ground  into  fine  powder,  with

about 50 mg placed in 2 mL microcentrifuge tubes. The sample was
mixed with 1,200 μL of a pre-chilled (−20 °C) 70% methanolic aque-
ous  internal  standard  extract.  The  mixture  was  vortexed  for  30  s
every 30 min,  six  times.  After  centrifuging at  12,000 rpm for  3  min,
the  supernatant  was  filtered  through  a  0.22 μm  membrane  and
stored in an injection vial for UPLC-MS/MS analysis.

UPLC-ESI-MS/MS  system  (UPLC,  ExionLC™  AD)  and  a  Tandem
mass spectrometry system were used in the analysis of samples. An
Agilent SB-C18 UPLC column (1.8 µm, 2.1 mm × 100 mm) was used
for  analysis,  with  the  mobile  phase  consisting  of  solvent  A  (water
containing 0.1% formic acid),  and solvent B (acetonitrile containing
0.1% formic  acid).  Sample  measurements  used a  gradient  program
starting at 95% A and 5% B, shifting linearly over 9 min to 5% A and
95% B, and held for 1 min. The mixture was reset to 95% A and 5%
B in 1.1 min and held for 2.9 min. The experiment ran at a flow rate
of  0.35  mL/min,  with  a  column  oven  at  40  °C,  and  a  2 μL  injection
volume,  using  an  ESI-triple  quadrupole-linear  ion  trap  (QTRAP)-MS
for analysis. The ESI source parameters were set with a temperature
of  550  °C,  ion  spray  voltages  of  5,500  V  (positive),  and −4,500  V
(negative),  ion  source  gases  I  and  II  at  50  and  60  psi,  and  curtain
gas  at  25  psi.  High  collision-activated  dissociation  was  used.  QQQ
scans were conducted as MRM experiments with medium nitrogen
collision gas. Declustering potential and collision energy were opti-
mized for  each MRM transition,  and specific  transitions were moni-
tored  based  on  the  eluted  metabolites.  The  raw  metabolomic
data  obtained  have  been  included  in Supplementary  Table  S2.
In  metabolome  analysis,  differentially  accumulated  metabolites
(DAMs)  were  identified using criteria  of  |log2(fold  change)|  ≥ 1  and
p <  0.05.  The  relevant  information  on  hormone  detection  was
collated, as shown in Supplementary Table S3.

 RNA extraction and transcriptome sequencing
Fresh samples were ground in liquid nitrogen, and 100 mg of the

ground  powder  was  used  for  RNA  extraction  with  Trizol  reagent
(Thermo  Fisher  Scientific,  Waltham,  MA,  USA)  according  to  the
manufacturer's  instructions.  An  agarose  gel  electrophoresis  was
used  to  determine  the  integrity  of  the  RNA,  and  a  Nanodrop  2000
spectrophotometer was used to determine the purity of the RNA. A
total of 0.5 g of RNA from each sample was reverse-transcribed into
single-stranded  cDNA  using  the  PrimeScript  RT  Reagent  Kit  and
gDNA  Eraser  (Takara  Bio,  Kusatsu,  Japan).  The  synthesis  of  second-
strand cDNA was carried out utilizing DNA polymerase,  RNase,  and
dNTPs.  AMPure XP (Beckman Coulter,  Inc.,  Brea,  CA,  USA) was used
for purification following end-repair, A-tailing, and adapter ligation.
cDNA  libraries  were  then  constructed  and  diluted  to  1.5  ng/µL  for
insert  size  assessment  using  an  Agilent  2100  Bioanalyzer.  RNA
sequencing  (RNA-seq)  was  conducted  using  the  Illumina  NovaSeq
6,000 platform (Illumina, USA).

 Transcriptome data analysis using bioinformatics
techniques

Gene functions were deduced using annotations from the KEGG,
SwissProt,  and  Pfam  databases[20].  Gene  expression  levels  were
measured  using  FPKM  values.  Principal  component  analysis  (PCA)
was  conducted  on  all  treatment  groups  using  the  NovoMagic
website  by  Novogene.  Differential  expression  analysis  was  con-
ducted on representative samples,  each with three biological  repli-
cates,  using  the  DESeq2  package  in  R[21],  with  a  negative  binomial
generalized log-linear  model.  Differentially  expressed genes (DEGs)
were  identified  using  an  adjusted p-value  threshold  of  less  than
0.05,  and an absolute  log2 fold  change greater  than KEGG analysis
was performed using the clusterProfiler package in R[22],  identifying
pathways as significantly enriched at p < 0.05.

 Detection of transcriptional expression levels of key
genes

The  RNA  was  transcribed  into  cDNA.  Differential  gene-specific
primers  were  utilized  for  RT-qPCR  using  SYBR  Green  I,  a  double-
stranded chimeric fluorescent dye method. Supplementary Table S4
contains  the  details  of  the  gene-specific  primers.  The  internal
reference gene EF1α was used,  and the average of  three biological
replicates  was  calculated.  Gene  expression  was  quantified  via  the
2−ΔΔCT method[23].  The  primers  used  for  EF1α amplification  were
5′-CAGGCTGATTGTGCTGTTCTTA-3′ and 5′-TGTGGCATCCATCTTGT-3′,
yielding a 241 bp product.

 Statistical analyses and graphic visualization
Data  recording  and  processing  were  carried  out  using  Excel

(Office  16).  Graphical  rendering  utilized  GraphPad  Prism  8.0.1
(GraphPad Software Inc., USA). One-way ANOVA and Pearson corre-
lation analysis were conducted using IBM SPSS Statistics 19.0 (SPSS,
Chicago,  IL,  USA).  Results  are presented as  mean ± standard devia-
tion (SD). Venn analysis[24] and PCA[25], OPLS-DA[26], heatmap[27], and
matrix  correlation[28] were  conducted  using  Metware  Cloud
(https://cloud.metware.cn),  a  complimentary  online  data  analysis
platform.

 Results

 Inoculation of endophytic fungus F9 demonstrated
superiority over bacteria Pa in promoting root
length

To  evaluate  the  effects  of  endophytic  fungus  F9  and  bacteria  Pa
on A.  lancea's  growth,  morphological  traits  were  observed.  Inocu-
lated A.  lancea showed  noticeable  morphological  variations  com-
pared  to  uninoculated  plants  (Fig.  1a).  Both  endophytic  strains  Pa
and F9 significantly increased the total fresh weight (FW) of A. lancea
compared  to  the  control  (CK)  (Fig.  1b).  This  increase  was  primarily
from  the  FW  of  the  underground  parts  rather  than  the  aerial  parts
(Fig.  1c, d).  The  trend  in  dry  weight  after  freeze-drying  was  consis-
tent with fresh weight trends before drying (Fig. 1d, e). The F9 inoc-
ulation  group  (F9)  exhibited  slightly  superior  biomass  increase
compared to the Pa group (Pa). Additionally, the root lengths (RL) of
plants inoculated with F9 and Pa differed significantly from CK, with
the impact of F9 being greater than that of Pa (Fig. 1f). The trend in
the change of chlorophyll a/b ratios and underground fresh weight
was  similar  (Fig.  1g).  Therefore,  both  F9  and  Pa  significantly
increased  underground  biomass  and  chlorophyll  a/b  ratios  in
A.  lancea,  with  similar  enhancement  effects  observed  between  the
two treatments. However, F9 exhibited a more pronounced promot-
ing effect on root length, compared to Pa.
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 Synthesis of different volatile medicinal compounds
has differential responses to fungal F9 and bacterial
Pa

To  explore  the  effect  of  F9  and  Pa  inoculation  on  medicinal
compounds  accumulation  in A.  lancea rhizome  and  fibrous  root,
hinesol, β-eudesmol, atractylon, and atractylodin were measured by
GC-MS.  In A.  lancea rhizome,  F9  inoculation  significantly  increases
hinesol, β-eudesmol,  atractylon, and atractylodin concentrations by
9.4-, 9.6-, 2.9-, and 3.4-fold compared to the control (Fig. 1h–k). Note
that the concentrations of  atractylon (731.8 μg/g),  and atractylodin
(592.9 μg/g)  were  significantly  increased  compared  to  those  of
hinesol  (12.4 μg/g),  and β-eudesmol  (43.0 μg/g)  (Fig.  1h–k).  After
inoculation  with  Pa,  the  levels  of  all  four  compounds  similarly
increased  over  the  control,  showing  fold  increases  of  4.5,  5.6,  3.4,
and  3.2,  respectively.  Furthermore,  atractylon  (924.1 μg/g)  and
atractylodin (545.6 μg/g)  concentrations exceeded those of  hinesol
(5.1 μg/g)  and β-eudesmol  (23.0 μg/g)  (Fig.  1h–k).  Therefore,  this
indicated  that  the  atractylon  and  atractylonin  accumulation  occurs
more  rapidly  than  that  of  hinesol  and β-eudesmol  over  a  given
period. Additionally, both F9 and Pa inoculation similarly promoted
the accumulation of atractylon and atractylodin (Fig. 1j, k), while F9
had  a  stronger  effect  on  hinesol  and β-eudesmol  accumulation
compared to Pa (Fig. 1h, i).

In the fibrous roots, only hinesol and atractylon were significantly
induced  by  F9  and  Pa,  though  their  concentrations  remained  low
(< 10 μg/g) (Supplementary Fig. S3). Hinesol and atractylon concen-
trations increased by 1.72- and 1.71-fold with Pa inoculation, and by
1.40- and 1.13-fold with F9 inoculation, respectively, as compared to
controls.

In  summary,  both  F9  and  Pa  inoculations  similarly  influence
atractylon and atractylodin accumulation in  the rhizome.  However,
the changes in hinesol and atractylon in fibrous roots, and in hinesol
and β-eudesmol  in  rhizome,  are  affected  by  differences  in  endo-
phytes types.

 Comparison of the effects of F9 and Pa inoculation on
the metabolome in A. lancea rhizome and fibrous root

To  explore  the  impacts  of  endophytic  strains  F9  and  Pa  on
A.  lancea's  metabolic  compounds  beyond  the  medicinal  com-
pounds,  UPLC-MS/MS  detection  and  metabolome  analysis  were
conducted  on A.  lancea rhizomes  and  fibrous  roots.  1,572  com-
pounds  were  identified,  categorized  into  13  class  I,  and  54  class  II
(Supplementary  Table  S5).  Of  these,  1,100  compounds,  including
flavonoids,  amino  acids  and  derivatives,  phenolic  acids,  lipids,  and
terpenoids, were in the top 6 of class I, constituting over 60% of the
total compounds (1,572).
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Fig. 1    The effect of inoculation with F9 and Pa on traits of A. lancea.  The changes in (a) morphology and (b) fresh weight of the whole plant, (c) aerial
part fresh weight, (d) underground part fresh weight, (e) underground part dry weight, (f) root length, (g) chlorophyll a/b ratio. The concentration of four
medical compounds in A. lancea rhizomes, including (h) hinesol,  (i) β-eudesmol,  (j)  atractylon, and (k) atractylodin, caused by F9 and Pa inoculation are
shown. Different lowercase letters indicate significant differences (one-way ANOVA, p < 0.05, n = 5).
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In  the  rhizomes  (r),  there  were  significant  differences  between
treatments with and without F9 (F) or Pa inoculation (Fr vs CKr or Par
vs CKr) (Supplementary Fig. S4a), as well as between F9 and Pa inoc-
ulation  groups  (Supplementary  Fig.  S4b)  by  PCA  analysis.  Pairwise
comparisons  identified  678  differential  accumulation  metabolites
(DAMs)  with  |log2Foldchange|  >  1  and p <  0.05  (Supplementary
Fig.  S4c).  To  detail  the  response  of  each  DAM  to  F9  and  Pa,  Venn
(Supplementary  Fig.  S4d)  and  heatmap  plots  (Supplementary
Fig.  S4e−h)  were  generated  from  these  678  DAMs.  Among  them,
431  DAMs  were  common  to  CKr  vs  Fr  and  CKr  vs  Par,  but  not  to
Fr  vs  Par  (Supplementary  Fig.  S4d).  This  suggested  that  F9  and
Pa  have  similar  effects  on  most  DAMs  in  rhizomes.  Of  these  431
DAMs, downregulated compounds outnumbered upregulated ones
(Supplementary  Fig.  S4g).  Downregulated  components  primarily
included amino acids and derivatives (91 compounds), while upreg-
ulated  ones  included  terpenoids  (21  compounds),  amino  acids
and  derivatives  (20  compounds),  and  flavonoids  (18  compounds)
(Fig.  2a).  Terpenoids  with  medicinal  value.  were  further  analyzed
Among  the  terpenoids,  seven  of  the  top  10  showed  increased
results  compared  to  the  control,  unaffected  by  F9  and  Pa  strains
(Fig.  3a).  Additionally,  as  hormones  are  a  key  endogenous  factor

affecting  plant  secondary  metabolism,  hormone  levels  influenced
by  F9  and  Pa  inoculation  were  examined  (Fig.  3b).  Results  showed
consistent hormone level changes due to F9 and Pa, with the excep-
tion  of  phenyl  salicylate  (Fig.  3b).  Notably,  sulfo  jasmonate  and
methyl  dihydrojasmonate  (2H_MeJA)  responded  to  F9  and  Pa
were  significantly  enhanced.  Overall,  both  F9  and  Pa  consistently
enhanced  the  accumulation  of  the  majority  of  compounds  in  the
rhizome,  significantly  promoting  the  synthesis  of  seven  out  of  the
top 10 terpenoids, and two jasmonic acid derivatives.

In  the  fibrous  roots  (fr),  PCA  revealed  significant  differences
between samples with and without F9 or Pa inoculation (CKfr vs Ffr
or CKfr vs Pafr) (Supplementary Fig. S5a), and between the F9 and Pa
inoculation groups (Supplementary Fig. S5b). Total number of DAMs
with |log2Foldchange| > 1, p < 0.05 in pairwise comparisons, includ-
ing Ffr vs CKfr, Pafr vs CKfr, and Ffr vs Pafr, was 681 (Supplementary
Fig.  S5c).  To  examine  the  trends  of  DAMs  among  Ffr,  Pfr,  and  CKfr,
Venn  and  heatmap  plots  for  these  681  DAMs  were  generated
(Supplementary Fig. S5c−f). F9 inoculation resulted in a greater num-
ber of upregulated compounds (Supplementary Fig. S5d, S5g, S5f) in
A. lancea fibrous roots, compared to Pa inoculation (Supplementary
Fig.  S5d, S5h, S5f).  Conversely,  the  combination  of  F9  and  Pa

 

a
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Fig. 2    The distribution of differentially accumulated metabolites (DAMs) in A. lancea (a) rhizomes, or (b) fibrous roots, caused by inoculation with F9 and
Pa. (a) 68+24_Pa: the distribution of 92 (68+24) DAMs specifically associated with Pa treatment. 67+24_F9: the distribution of 91 (67+24) DAMs specifically
associated with F9 treatment. 431_Pa+F9: the distribution of 431 common DAMs that were influenced by F9 treatment and Pa treatment compared to the
control (CK). 39_F9 and 39_Pa: the distribution of 39 DAMs specifically caused by F9 or Pa inoculation, which obtained by pairwise comparison (F9r vs CKr,
Par vs CKr, and Par vs F9r). The above numbers for (a) refer to Supplementary Fig. S4. (b) The meaning represented by the horizontal axis from left to right
is the same as that in (a) except that the samples in (b) comes from A. lancea fibrous roots instead of the rhizomes. The above numbers for (b) refer to
Supplementary Fig. S5. 'r', rhizome; 'fr', fibrous root; 'up', metabolite contents increased by F9 treatment or Pa treatment compared to the control; 'down',
metabolite contents reduced by F9 treatment or Pa treatment compared to the control.
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inoculation  led  to  significant  downregulation  of  the  same  compo-
nents, with a minor increase in some compounds.

Among  the  271  compounds  showing  similar  changes  compared
to  CKfr  post-inoculation  with  F9  and  Pa,  209  compounds  were
downregulated,  while  62  were  upregulated.  Downregulated  com-
pounds  were  primarily  amino  acids  and  derivatives,  while  upregu-
lated  compounds  were  mostly  flavonoids  (Fig.  2b).  Notably,  many
compounds  exhibited  distinct  accumulation  patterns  after  F9  and
Pa  inoculation  (Supplementary  Fig.  S5e−h).  Specifically,  86  compo-
nents  were  regulated  by  Pa  (Supplementary  Fig.  S5e),  205  by  F9
(Supplementary  Fig.  S5f),  and  101  by  F9  or  Pa  (Supplementary  Fig.
S5h). F9 inoculation led to a greater upregulation of flavonoids, with
203  compounds  compared  to  Pa's  28  (Fig.  2b).  Thus,  F9  treatment
significantly  upregulated  flavonoids  and  downregulated  amino
acids and derivatives in the fibrous root compared to Pa treatment.

Among  flavonoids,  the  top  10  compounds  ranked  by  peak  area
were  more  influenced  by  F9  than  Pa  across  CKfr,  F9fr,  and  Pafr
groups (Fig. 4a). Additionally, the peak areas of nine hormones were

analyzed,  revealing  that  jasmonic  acid  and  sulfo  jasmonate
displayed similar trends to 11 flavonoids (Fig. 4a and b).

 RNA sequencing and transcriptomic assembly
To  explore  how  different  compartments  in A.  lancea respond  to

F9 and Pa at the transcriptional level, 30 cDNA libraries were created
from two different compartments (rhizomes and fibrous roots, each
with five replicates) of A. lancea under three treatments: CK, no inoc-
ulation),  F9  inoculation,  and  Pa  inoculation.  These  libraries  were
sequenced using the NovaSeq platform. The clean reads generated
from transcriptome sequencing of  the two different compartments
of  the  three  groups,  after  removing  polluted  adapters,  low-quality
reads,  and  reads  with  a  high  content  of  unknown  bases  (N),  are
shown  in Supplemental  Table  S6.  The  mean  value  of  clean  reads
from  every  group  were  40.52,  41.73,  42.88,  42.15,  and  42.33  M,
respectively.  The  Q20  and  Q30  values  were  above  96%  and  90%,
respectively,  and  GC  contents  were  between  40%  and  50%.  The
A. lancea genome sequence has been completed[20], and the ratio of
RNA-seq of every group mapping to the genome sequence was over

 

a
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Fig. 3    (a) The bar chart displays the change of the top 10 compounds in content based on differentially accumulated metabolites (DAMs) in A. lancea
rhizome among the F9 inoculation group, the Pa inoculation group, the free-F9, and the Pa inoculation group. Bar graphs represented as mean ± SEM.
The alterations in the levels of plant growth and metabolism-associated hormones, as derived from the DAMs, are quantified and depicted in (b). Different
lowercase letters indicate significant differences (one-way ANOVA, p < 0.05, n = 5).
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80%.  These  indices  indicated  the  high  quality  of  the  sequencing
data.  A  summary  of  the  transcriptome  sequencing  data  from  the
rhizome  and  fibrous  root  in  the  three  treatments  of A.  lancea are
presented in Supplementary Table S6.

 Transcriptomic differences in F9 and Pa inoculation
treatments in rhizome

To examine if  inoculation with F9,  Pa,  free-F9,  and Pa treatments
resulted  in  differences  in  transcription  levels  of A.  lancea rhizomes,
PCA  analysis  was  performed  on  the  15  transcription  profiles.  The
distinct separation in the PCA plot suggested that F9 and Pa inocu-
lation  significantly  altered  the  transcriptional  programming  of A.
lancea rhizomes (Fig. 5a). Additionally, the transcriptional variations
in A.  lancea induced  by  F9  (Fr  vs  CKr)  were  more  prominent  than
those induced by Pa (Par vs CKr)  (Fig.  5b).  A total  of  5,050 differen-
tially expressed genes (DEGs) were identified from the different pair-
wise comparison groups (Fr vs CKr, Par vs CKr, Fr vs Par) (Fig. 5b). To

understand the unique effects of F9 and Pa inoculation on A. lancea
rhizomes,  VENN  analysis  was  conducted  (Fig.  5c).  F9  inoculation
resulted  in  significantly  more  specific  DEGs  2938  (2296  +  642),
compared  to  390  (340  +  50)  in  Pa  inoculation.  Specifically,  the
number  of  DEGs  after  F9  inoculation  was  7.5  times  greater  than
those induced by Pa.  Thus,  F9 inoculation was more likely to cause
extensive transcriptional changes in A. lancea compared to Pa inocu-
lation.  To gain insight  into the biological  functions of  DEGs caused
by  F9  or  Pa  inoculation,  KEGG  enrichment  analysis  was  conducted
on these  DEGs.  Firstly,  166  co-DEGs from Fr  vs  CKr,  and Par  vs  CKr,
and Fr vs Par were analyzed (Fig.  5d).  The aim was to elucidate the
mechanisms by which A. lancea rhizome responded differently to F9
and  Pa.  Among  the  top  five  enriched  pathways,  there  were  two
sugar-related  metabolic  pathways  and  one  sesquiterpenoid  and
triterpenoid  biosynthesis.  Then,  the  top  five  KEGG  enrichment
results from 1,295 co-DEGs of Fr vs CKr and Par vs CKr, compared to
Fr vs Par, included linoleic acid metabolism, flavonoids and flavonol

 

a

b

Fig. 4    (a) The bar chart displays the change of the top 11 compounds in content based on differentially accumulated metabolites (DAMs) in A. lancea
fibrous roots among the F9 inoculation group,  the Pa inoculation group,  the free-F9,  and the Pa inoculation group.  Bar  graphs represented as mean ±
SEM. The alterations in the levels of plant growth and metabolism-associated hormones, as derived from the DAMs, are quantified and depicted in (b).
Different lowercase letters indicate significant differences (one-way ANOVA, p < 0.05, n = 5).
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biosynthesis,  plant-pathogen  interactions,  and  carotenoids  biosyn-
thesis  (Fig.  5e).  From  the  2296  +  642  DEG  group,  the  KEGG  result
showed  that  F9-specific  pathways  included  circadian  rhythm,  and
photosynthetic  antenna proteins (Fig.  5f).  Notably,  compared to Pa
induction,  F9  had  a  certain  regulatory  effect  on  the  light  signal
transduction and photosynthesis system of A. lancea rhizomes.

In this study, the top 20 pathways from the KEGG pathway analy-
sis of each DEGs region were investigated. The genes involved in 23
metabolic  pathways were summarized,  including the photosynthe-
sis system, sugar metabolism pathway, hormone pathway, upstream
pathway  of  hormone  biosynthesis,  flavonoids,  sesquiterpenes,  and

the  unsaturated  fatty  acid  pathway.  Correlation  analysis  was
conducted  with  these  pathways  and  related  terpenoids  with
reported  biological  activity  (GM,  PA,  AYC,  CZT,  CZC,  CZS,
Me_O_atelide),  and  phytohormones  (IAA,  MeSA-Glu,  2H_MeJA)
(Fig.  6a).  IAA  and  MeSA_Glu  showed  negative  correlations  with
active  ingredients,  while  2H_MeJA  showed  statistically  significant
positive  correlations.  To  identify  potential  key  genes  regulating
active ingredients,  matrix correlation analysis was performed on 23
pathways obtained from KEGG enrichment results with AYC affected
by F9 and Pa differences, and CZT not affected by F9 and Pa differ-
ences.  Compared  to  14  pathways  related  to  AYC,  80  genes  with  a
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Fig.  5    Differentially  expressed  genes  (DEGs)  and  Kyoto  Encyclopedia  of  Genes  and  Genomes  (KEGG)  pathway  enrichment  analysis  of  transcriptional
levels  in A.  lancea rhizome following F9 and Pa inoculation.  (a)  Principal  component analysis  (PCA) based on transcriptional  data from samples treated
with F9 inoculation (Fr), Pa inoculation (Par), or without inoculation (CKr). (b) Statistical analysis of DEGs (p < 0.05, |Log2Foldchange| > 1) comparing Fr vs
CKr, Par vs CKr, and Fr vs Par, revealing a total of 5,050 DEGs. (c) Venn diagram classifying DEGs into seven groups based on their expression levels across
the three treatment conditions. (d)–(g) KEGG pathway enrichment analysis was performed on six of the seven categories, including 1,295, 166, 2,296 and
642, 340 and 50. The 1,295 genes showed similar expression levels between the F9 and Pa inoculation groups; 166 genes exhibit significant differences in
expression between these two groups; 2,296 and 642 genes are specifically affected by F9 but not by Pa inoculation; 340 and 50 genes are specifically
affected by Pa but not by F9 inoculation.
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correlation coefficient  of  |r|  >  0.5  were screened (Fig.  6b).  Similarly,
15  pathways  related  to  CZT  were  analyzed,  and  51  genes  with  a
correlation coefficient of |r|  > 0.5 were screened (Fig.  6c).  The DEGs
obtained through screening were annotated based on the genome
and are shown in Supplementary Table S7.

 Transcriptomic differences in F9 and Pa inoculation
treatments in fibrous root

The  PCA  plot's  clear  separation  degree  suggests  that  F9  and  Pa
inoculation  significantly  alter  the  transcriptional  programming  of

A. lancea fibrous root (Fig. 7a). Transcriptional variations in A. lancea
induced by F9 (Ffr vs CKfr) are more prominent than those induced
by Pa (Pafr  vs  CKfr)  (Fig.  7b).  Both F9 and Pa inoculation result  in  a
higher  number  of  upregulated  genes  than  downregulated  genes
(Fig.  7b).  A  total  of  6,627  DEGs  were  obtained  from  the  different
pairwise  comparison  groups  (Ffr  vs  CKfr,  Pafr  vs  CKfr,  Ffr  vs  Pafr)
(Fig.  7b).  To  comprehend  the  distinct  effects  of  F9  and  Pa  inocula-
tion on A. lancea fibrous roots, Venn analysis was performed on each
differential  region  (Fig.  7c).  The  specific  DEGs  in  the  transcriptional
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Fig. 6    (a) Matrix correlation analysis between traits, including metabolites and growth phenotypes, in response to F9 and Pa inoculation, and the KEGG
enrichment pathway in A. lancea rhiozme. (b) Pearson correlation analysis was also performed between two medicinal terpenoids (AYC and CZT) and the
genes within the screened KEGG enrichment pathway in the rhizome of A. lancea.  Abbreviation: GM: Germacrone; PA: Pomolic acid;  CZC: Hinesol;  AYC:
β-eudesmol; CZT: Atractylon; CZS: Atractylodin; IAA: Indole-3-acetic acid; MeSA-glu: Methylsalicylate-2-O-glucoside; 2H_MeJA: Methyl dihydrojasmonate.
Zeatin_bio: Zeatin biosynthesis, Porphyrin: Porphyrin and chlorophyll metabolism, Gly_Glu: Glycolysis/Gluconeogenesis, Hormone: Plant hormone signal
transduction,  Car_bio:  Carotenoids  biosynthesis,  Photo:  Photosynthesis,  Diter_bio:  Diterpenoid  biosynthesis,  Cys_meta:  Cysteine  and  methionine
metabolism,  Plant-pathogen:  Plant-pathogen  interaction,  MAPK:  MAPK  signaling  pathway,  Terpenoid:  Terpenoid  backbone  biosynthesis,  Pheny_bio:
Phenylpropanoid  biosynthesis,  Starch:  Starch  and  sucrose  metabolism,  Sesquit:  Sesquiterpenoid  and  triterpenoid  biosynthesis,  Alpha-Linolenic_acid:
alpha-Linolenic acid metabolism.
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profile  of A.  lancea fibrous root following F9 inoculation are signifi-
cantly  higher,  with  2484  DEGs  identified,  compared  to  the  222
specific  DEGs  observed  following  Pa  inoculation.  Specifically,  the
number  of  DEGs  in  the  transcriptional  profile  of  fibrous  root  after
F9  inoculation  is  11.1  times  greater  than  that  induced  by  Pa.
Consequently, F9 inoculation is more likely to cause extensive tran-
scriptional changes in A. lancea fibrous root compared to Pa inocula-
tion.  To gain a deeper understanding of  the biological  functions of
DEGs in fibrous root treated with F9 or Pa, KEGG enrichment analy-
sis  was conducted on these DEGs (Fig.  7d–g).  Firstly,  KEGG analysis
was conducted on 450 co-DEGs from Ffr vs CKfr and Pafr vs CKfr, as
well  as  Ffr  vs  Pafr,  which  represent  the  differences  in  fibrous  root
responses  to  F9  and  Pa.  The  top  five  enriched  pathways  included
plant  hormone  signal  transduction,  fatty  acid  metabolism,  and  the

biosynthesis of unsaturated fatty acids (Fig. 7d). Subsequently, KEGG
enrichment  results  for  1,211  co-DEGs  from  Ffr  vs  CKfr  and  Pafr  vs
CKfr, excluding Ffr vs Pafr, which represent the similarities in fibrous
root  responses  to  F9  and  Pa,  revealed  that  the  top  five  enriched
pathways were biosynthesis of unsaturated fatty acid, MAPK-signal-
ing  pathway-plant,  phenylpropanoid  biosynthesis,  plant-pathogen
interaction,  and  fatty  acid  metabolism,  followed  by  plant  hormone
signal  transduction (Fig.  7e).  Lastly,  KEGG analysis  of  3,969 (2,484 +
1,485)  co-DEGs  in  response  to  F9  but  not  Pa  revealed  that  F9
significantly  induced  changes  in  photosynthesis-antenna  pathway
related  genes,  biosynthesis  of  unsaturated  fatty  acid,  starch  and
sucrose  metabolism,  photosynthesis,  and  flavonoid  and  flavonoid
biosynthesis  pathways  in A.  lancea fibrous  root,  while  Pa  signifi-
cantly induced changes in photosynthesis-related genes.
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Fig. 7    Differentially expressed genes (DEGs) and enrichment analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in A. lancea fibrous
roots affected by F9 and Pa inoculation. (a) Principal component analysis (PCA) of transcriptional data from samples treated with F9 inoculation (Ffr), Pa
inoculation (Pafr),  and without inoculation (CKfr).  (b) Statistical analysis of DEGs (p < 0.05, |Log2Foldchange| > 1) from comparisons of Fr vs CKfr, Pafr vs
CKfr, and Ffr vs Pafr, identifying a total of 6,627 DEGs. (c) Venn diagram classifying DEGs into seven groups based on their expression patterns across the
three treatments. (d)–(g) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed on six of the seven categories,
representing 1,211, 450, 2,484 and 1,485, 222, and 58 DEGs. The 1,211 DEGs show similar expression levels between the F9 and Pa inoculation groups; 450
DEGs show significant differences between these groups; 2,484 and 1,485 DEGs are specifically affected by F9 but not by Pa inoculation; 222 and 58 DEGs
are specifically affected by Pa but not by F9 inoculation.
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A  summary  of  KEGG  pathways  was  conducted  using  the  same
method  and  criteria  as  for  rhizomes.  A  total  of  24  pathways  were
used  for  analysis.  Matrix  correlation  analysis  was  conducted  on
these  pathways  with  related  indices,  including  flavonoids  with
reported biological activity (TR (Tricin-7-O-Glucoside), VI [Vicenin-3]),
phytohormones  (IAA,  JA),  medicinal  compounds  (CAC,  CZT),  and
growth  indices  (FW,  RL)  (Fig.  8a).  Firstly,  the  correlation  between
each  index  was  observed  (Fig.  8a).  IAA  showed  a  negative  correla-

tion with  root  growth and four  metabolic  compounds  (TR,  VI,  CZC,
CZT), while JA and flavonoids (TR, VI), growth indices (FW, RL) exhib-
ited  a  significant  positive  correlation.  Additionally,  the  correlation
coefficient  between  the  two  flavonoid  components  and  the  two
terpenoid components was relatively small.

To compare the differential effects of F9 and Pa on the transcrip-
tion level of A. lancea, matrix correlation analysis was performed on
24  pathways  obtained  from  KEGG  with  TR  affected  by  F9  and  Pa
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Fig. 8    (a) Matrix correlation analysis between traits, including metabolites and growth phenotypes, in response to F9 and Pa inoculation, and the KEGG
enrichment pathway in A. lancea fibrous roots. (b) Pearson correlation analysis was also performed between two key metabolites (TR and CZC) and the
genes within the screened KEGG enrichment pathway in the fibrous roots of A. lancea. Abbreviation: TR: Tricin-7-O-Glucoside; VI: Vicenin-3; CZC: Hinesol;
CZT: Atractylon; IAA: Indole-3-acetic acid; JA: Jasmonic acid; FW: fresh weight of the whole plant; RL: root lengths; Oxi_phos: Oxidative phosphorylation;
Photo-an:  Photosynthesis-antenna  proteins;  Photo:  Photosynthesis;  Gly_Glu:  Glycolysis/Gluconeogenesis;  Flavo_bio:  Flavonoid  biosynthesis;  Rhythm:
Circadian rhythm-plant; Car_bio: Carotenoids biosynthesis; Porphyrin: Porphyrin and chlorophyll metabolism.
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differences, and CZC not affected by F9 and Pa differences. Six path-
ways  related  to  TR  were  obtained,  and  further  Pearson  correlation
analysis (Fig. 8b) was performed to screen for 45 genes with |r| > 0.5.
Four  pathways  related  to  CZC  were  obtained,  and  further  Pearson
correlation analysis was performed to screen for four genes with an
|r| > 0.5 (Fig. 8c). The DEGs obtained through screening were anno-
tated based on the genome (see Supplementary Table S7).

 Mining for terpene and flavonoid accumulation's
regulator TFs in A. lancea

Based  on  the  transcriptome  analysis  of  the  5,050  DEGs  from  the
rhizome, 327 transcription factors from 36 transcription factor fami-
lies  were  identified.  From  the  top  15  transcription  factor  families,
264  genes  were  selected  for  further  analysis.  A  correlation  analysis
was conducted between these genes and six components: CZS, CZT,
CZC,  AYC,  Methyl  dihydrojasmonate  (2H_MeJA),  Indole-3-acetic
acidx  (IAA),  Methyl  Salicylate  Oxygenate  (MeSA_glu),  Pomolic  acid
(PA), and Germacrone (GM). Genes with a correlation coefficient |r| ≥

0.8 and p < 0.05 were considered significantly correlated. This analy-
sis  screened  out  41  transcription  factors,  of  which  18  were  signifi-
cantly positively correlated with indoleacetic acid and methyl salicy-
late glycoside, and 49 were positively correlated with other compo-
nents (Fig. 9b).

Similarly,  from  the  fibrous  root's  6,628  DEGs,  432  transcription
factors  from  36  transcription  factor  families  were  identified.  From
the top 15 transcription factor families, 338 genes were selected for
further  analysis  (Fig.  9c).  A  correlation  analysis  was  conducted
between these genes and six components: CZT, CZC, FW, TR, RL, VI,
JA,  and  IAA.  Genes  with  a  correlation  coefficient  |r|  ≥ 0.8  and  a
p-value < 0.05 were considered significantly correlated, resulting in
65 transcription factor genes (Fig. 9d).

 RT-qPCR verification
The expression of  genes involved in  plant  hormone signal  trans-

duction,  MAPK  signaling  pathway,  plant-pathogen  interaction,
and  sesquiterpenes  and  triterpenes  biosynthesis  pathway  was
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Fig. 9    (a) The different transcription families based on the number of transcriptional regulatory genes from differentially expressed genes (from high to
low).  The  number  of  transcription  factors  in  each  family  was  recorded.  (b)  Correlation  analysis  was  performed  between  traits  and  the  express  level  of
transcriptional  factors.  2H_MeJA:  Methyl  dihydrojasmonate;  GM:  Germacrone;  CZC:  Hinesol;  AYC: β-eudesmol;  CZT:  Atractylon;  CZS:  Atractylodin;  IAA:
Indole-3-acetic  acid;  MeSA_glu:  Methylsalicylate-2-O-glucoside;  PA:  Pomolic  acid;  FW:  fresh  weight  of  the  whole  plant;  RL:  root  lengths;  TR:  Tricin-7-O-
Glucoside; RL: root lengths; VI: Vicenin-3; JA: Jasmonic acid.
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significantly activated in F9 or Pa inoculation. Based on the correla-
tion  analysis  between  the  obtained  components  and  genes,  genes
positively  correlated  with  the  main  active  components  were
selected for quantitative real-time reverse transcription polymerase
chain  reaction  (RT-qPCR)  verification  (Supplementary  Fig.  S6).  The
results  were  consistent  with  the  expression  trend  of  each  gene  in
the  transcriptome,  indicating  that  the  transcriptome  sequencing
from  which  the  gene  expression  was  obtained  was  relatively
accurate.

 Discussion

Both  the  endophytic  fungus  F9  and  the  endophytic  bacteria  Pa
significantly promoted the growth and active compound accumula-
tion  of A.  lancea,  as  evidenced  by  increased  fresh  weight  of  the
underground compartment, enhanced fibrous root elongation, and
elevated  accumulation  of  hinesol, β-eudesmol,  atractylon,  and
atractylodin.  Yuan  also  reported  that  endophytic  fungus  AL12
markedly  promoted  both  biomass  accumulation  and  terpenoid
biosynthesis  in A.  lancea[29].  Collectively,  these  findings  provide  a
foundation  for  integrating  beneficial  microbial  consortia  into  field
cultivation  strategies  to  improve  the  yield  and  quality  of A.  lancea.
From  a  growth  perspective  (Fig.  1a–g),  fungus  F9  had  a  better
growth-promoting  effect  than  bacterium  Pa.  The  chlorophyll  a/b
ratio is an indicator of a plant's efficiency in absorbing and utilizing
light energy. A higher ratio indicates increased light energy capture
and  enhanced  photosynthetic  activity[30]. Figure  1g showed  the
improvement  in  photosynthetic  activity  in A.  lancea by  F9  inocula-
tion. At the transcriptional level, the present analysis reveals a signif-
icant  positive  correlation  between  the  flavonoid  glycoside  TR
content  in  fibrous  roots,  and  the  expression  of  genes  associated
with  photosynthesis-related  pathways  (Fig.  8b).  Given  the  signifi-
cant  positive  correlation  observed  between  fresh  weight  (Fig.  1b)
and flavonoid glycoside TR, the expression of genes associated with
photosynthesis-related  pathways  is  positively  correlated  with  the
fresh weight. In addition, it has been demonstrated that fungi have
a promoting effect  on A.  lancea in  enhancing plant  photosynthesis
compared  to  bacteria.  Pandey  et  al.[31] demonstrated  that  inocula-
tion  with  11  endophytic  fungi  and  32  endophytic  bacteria  isolated
from Withania  somnifera plants  improved  the  photosynthetic  effi-
ciency  of W.  somnifera compared  to  non-inoculated  control  plants.
However,  endophytic  bacteria  did  not  significantly  improve  the
measured  photosynthesis.  Hou  et  al.[32] further  showed  that  the
inoculation of soil microbes at the plant root can enhance the crown
width  of  aboveground  leaves  and  alleviate  low  light  stress.  In
summary,  compared to endophytic  bacteria  Pa,  endophytic  fungus
F9  significantly  enhances  the A.  lancea photosynthetic  efficiency
and  facilitates  the  accumulation  of  primary  metabolites,  thereby
increasing its biomass. Consequently, this improved photosynthetic
activity  ensures a sustained supply of  carbon resources in the root,
which  is  essential  for  the  survival  and  maintenance  of  the  associ-
ated fungi. Future research on how fungi boost plant photosynthe-
sis  is  a  valuable  topic  that  will  enhance  our  understanding  of  the
ecological  roles  of  functional  strains  in  plants.  Studies  have  shown
that Pseudomonas  fluorescent ALEB7B  from A.  lancea inhibited  the
southern blight of A.  lancea[33].  However,  the present study did not
assess the inhibitory effects of  endophytes on pathogenic bacteria.
Therefore,  besides  research  aimed  at  enhancing  the  growth  and
quality of A. lancea, there is scope for investigating the mitigation of
continuous  cropping  obstacles,  soil-borne  diseases,  and  other
related challenges through endophyte application.

Comparative  metabolomics  of A.  lancea rhizomes  revealed  that

terpenoids  were  the  most  significantly  enriched  class  upon  endo-
phyte inoculation (Fig. 2a). Further, it was found that the accumula-
tion of most terpenoids, including the sesquiterpene atractylon, was
independent  of  endophytic  strain  types.  By  contrast,  a  limited
number  of  compounds,  such  as  the  sesquiterpenes  hinesol  and
β-eudesmol,  exhibited  differential  responses  to  the  change  of
endophytic strain types (Fig. 1h, i). This finding suggested that these
compounds are unsuitable as an evaluation metric for future strain
selection  or  optimization  in  the  construction  of synthetic microbial
consortia.  Furthermore,  Pearson  correlation  analysis  revealed  a
statistically  significant  positive  association  between  the  content  of
atractylon, β-eudesmol,  and  the  expression  of  the  immunity  path-
way-related  genes  in A.  lancea,  including  plant-pathogen  interac-
tion,  plant  hormone  signaling,  and  the  MAPK  signaling  pathway
(Fig.  6b).  The  primary  regulation  of  terpenoids  by  F9  or  Pa  in  the
rhizome  was  likely  due  to  their  defensive  function  in  inhibiting
microbial  overgrowth  and  mitigating  its  detrimental  effects.
A. lancea, a perennial root herb, relies on its rhizome, a key compart-
ment,  to  prolong  its  vitality  and  survive  the  cold  winter  season.
Terpenes,  the  compounds  with  aromatic  and  volatile  odors,  may
play  a  defensive  role  in  driving  away  soil  pests  and  pathogens  or
attracting  their  natural  enemies  to  protect  the  growth  of  the
rhizome. Numerous studies have demonstrated the role of terpenes
in  insecticidal,  bactericidal,  and  weed  control,  and  they  have  been
developed as botanical  pesticides[34].  The significant positive corre-
lation  was  observed  between  atractylon  and  the  jasmonic  acid
derivative  2H-MeJA.  Jasmonate  was  a  pivotal  hormonal  signal
during plant immunity. Ren & Dai[35] have previously demonstrated
that  jasmonate  mediated  endophyte-induced  biosynthesis  of
sesquiterpenoids in A. lancea.  Consequently, the preliminary results
indicated  that  upon  perception  of  endophytic  fungus  F9, A.  lancea
activated  the  jasmonate-dependent  terpenoid  biosynthetic  path-
way,  thereby  reinforcing  its  immune  defence.  Further  transcrip-
tome-level  analysis  revealed  the  immunity  mechanisms  mediated
by  terpenoids  in A.  lancea rhizomes  in  response  to  endophyte
infection  (Fig.  6b, c).  We  identified  genes  significantly  positively
correlated (p < 0.05) with terpenoids AYC, which were differentially
influenced by F9 and Pa inoculation, and genes associated with CZT,
which were similarly affected by F9 and Pa inoculation (Figs 6b, 9a).
These  genes  were  annotated  as CNGC, CAM, CPK, MPK, MKK, TIFFY,
MYC2,  and WRKY (Supplementary  Table  S7)  in  immunity-related
pathways  (Figs  6b, c, 9a).  Ren  &  Dai  found  that  Ca2+ dependent
protein kinase (CPK) activities were required for endophyte-induced
terpenoid  production  in A.  lancea plantlets  using  pharmacolo-
gical  and  biochemical  approaches[36].  The  activation  of  CPKs  and
MPKs  phosphorylates  a  specific  WRKY  transcription  factor  sub-
group  to  respond  to  plant  growth  and  metabolic  regulation  by
microorganisms[37−39].  Hao  et  al.  demonstrated  an  interaction
between  WRKYs-MYC2  in  regulating  secondary  metabolism  in
plants[40].  Additionally,  the terpenoid synthesis  regulation by WRKY
and  MYC2  family  transcription  factors  has  been  proven  by  numer-
ous studies[41,42]. In summary, the mechanism through which fungus
and  bacteria  stimulate  terpenoid  synthesis  may  involve  the  activa-
tion of A. lancea rhizome cells, leading to Ca2+ influx. Ca2+ then acts
as a secondary signal to initiate a cascade reaction involving CNGC,
CAM, CPK, MPK, and MKK protein kinases, which promote the bind-
ing  of  transcription  factors  (MYC2  and  WRKYs)  of  immunity  path-
ways  with  key  enzyme  genes  of  sesquiterpenes  biosynthesis.  The
regulatory  mechanisms  underlying  endophyte-induced  sesquiter-
penoid  accumulation  revealed  in  our  study  diverge  from  those
reported  by  Yuan  et  al[29].  Whereas  Yuan  et  al.  observed  a
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predominant  down-regulation  of  immunity-related  genes  in A.
lancea following inoculation with the endophytic  fungus AL12,  our
results demonstrate a marked up-regulation of genes implicated in
immune pathways after inoculation with the endophytic fungus F9.
A  comparative  evaluation  of  the  experimental  methodologies
reveals that Yuan[29] derived their immune-response data from aerial
leaf  tissues,  whereas  the  present  study  examined  the  rhizome  and
fibrous  roots.  Therefore,  the  observed  opposite  immune  responses
may  be  attributed  to  the  fact  that  the  immune  responses  of  aerial
and  underground  tissues  of A.  lancea to  endophytic  fungi  exhibit
tissue specificity.

In A.  lancea fibrous  root,  metabolomic  analysis  revealed  that
flavonoids,  rather  than  terpenoids,  were  the  predominant  class  of
upregulated  compounds  (Fig.  2b),  which  aligned  with  previous
research findings. The upregulated flavonoids primarily consisted of
flavonoid glycosides and isoflavone glycosides, with aglycone struc-
tures  including tricin,  naringenin,  quercetin,  luteolin,  and apigenin,
among  others  (Fig.  4a).  Flavonoids  have  been  extensively  studied
due to their role in plant-microbe interactions[43]. Early in vitro stud-
ies suggested that flavonoids induce the expression of the rhizobia
nod  gene.  For  instance,  alfalfa  (Medicago  sativa)  seed  imbibition
leads to the accumulation of  quercetin-3-O-galactoside (a  flavonol)
and luteolin-7-O-glucoside (a flavone), enhancing the growth rate of
Rhizobium meliloti[44]. Flavonoid-deficient roots had a near complete
loss  of  nodulation  by Sinorhizobium  meliloti,  whereas  flavone-defi-
cient roots have reduced nodulation[45].  Consequently, upregulated
flavonoids  (tricin-7-O-Glucoside,  luteolin-8-C-arabinoside)  serve  a

communicative  function  in  facilitating  the  colonization  of  endo-
phytic  fungi  and  bacteria.  Oxidative  phosphorylation  is  a  critical
energy  conversion  mechanism  in  plants,  with  photosynthesis
serving  as  the  primary  energy  supplying  physiological  process.
Energy  and  carbon  sources  are  transferred  as  glycosides,  which
comprise  flavonoids  and  sugars  in  fibrous  root.  A  significant  posi-
tive correlation has been observed between flavonoid transfer rates
(TR)  and  oxidative  phosphorylation  and  photosynthesis  pathway-
related genes, thereby suggesting that upregulated flavonoids may
function  as  energy  sources  for  microorganisms  during  plant-
microbe interactions. Jasmonic acid is a hormone known to respond
to  plant  immunity[35].  The  positive  correlation  observed  between
flavonoid  glycoside  TR  and  jasmonic  acid  suggests  that  flavonoid
glycoside compounds may also contribute to the defensive mecha-
nisms in roots. In summary, flavonoids play multiple roles in fibrous
roots,  including  promoting  colonization,  defense,  and  energy
supply. Fungal endophyte F9 and bacterial endophyte Pa both facili-
tated  the  accumulation  of  flavonoids  and  their  derivatives  in  the
fibrous  roots  of A.  lancea,  showing  comparable  promotive  effects.
However,  a  more  pronounced  response  to  F9  was  observed  in  the
accumulation of substantial quantities of flavonoids compared to Pa
(Fig.  2b).  For  example,  Begum  et  al.  found  that  Arbuscular  Mycor-
rhizal  Fungus  (AMF)  significantly  increased  flavonoids  in  tobacco
plants compared to Rhizosphere bacteria (PGPR)[46].  Flavonoids can
have  beneficial  effects  on  specific  bacterial  communities.  The
soil  treated  with  daidzein  increased  the  relative  abundance  of
Comamonadaceae[47],  while  the  quercetin  treatment  resulted  in  a

 

Fig. 10    Simplified schematic summary of the differential mechanisms promoting host growth and metabolism in A. lancea at the transcriptional level in
response  to  the  endophytic  fungus Paraphoma  sp. (F9)  and  the  endophytic  bacterium Paraburkholderia  aromaticivorans (Pa).  The  white  oval  box
represents the primary transcriptional responses, including immune and growth-promoting responses, following endophyte inoculation. The mint green
box highlights a significant increase in immune response and terpenoid production in A. lancea rhizomes after inoculation with F9 or Pa, compared to the
control (F9-free and Pa-free inoculation). However, the magnitude of the immune response is similar between the F9 and Pa treatments. The brownish-
red box  indicates  that  F9  inoculation leads  to  stronger  signal  transduction,  primary  metabolism,  gene expression,  flavonoid  accumulation,  and overall
growth  compared  to  Pa  inoculation.  The  black  solid  arrow  represents  promotion.  TFs:  transcription  factors,  JA:  jasmonic  acid,  2H_MeJA:  methyl
dihydrojasmonate.
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relative  enrichment  of Pseudarthrobacter and  a  higher  overall
relative  abundance  of Proteobacteria[48].  Additionally,  flavone  com-
pounds,  such  as  apigenin  and  luteolin,  reportedly  enhanced  the
abundance of Oxalobacteraceae in the plant rhizosphere[49]. Specific
flavonoid glycosides (tricin-7-O-Glucoside,  luteolin-8-C-arabinoside)
exhibited  significant  accumulation  when  stimulated  by  F9,  rather
than Pa,  suggesting that flavonoid glycosides may serve as specific
signaling  molecules  that  facilitate  the  recruitment  of  fungal  F9.
Based on correlation analysis (Figs 8b, 9d), the significant accumula-
tion  of  flavonoids  is  not  only  linked  to  the  enhanced  synthesis  of
primary metabolites driven by photosynthesis but also highlights its
complex  relationship  with  transcriptional  regulation.  Numerous
studies have demonstrated that flavonoids were regulated by multi-
ple  transcription  factors  from  the  MYBs  and  WRKYs  families[50].
Specifically,  five MYBs (MYB_ctg4478.16, MYB_ctg2436.7, MYB_
ctg1413.32, MYB_ctg2697.12, and MYB_ctg3017.20), and three WRKYs
(WRKY_ctg848.2, WRKY_ctg4563.1, and WRKY_ctg3825.49) contribute
to  the  acceleration  of  flavonoid  biosynthesis  (tricin-7-O-Glucoside,
luteolin-6-C-glucoside,  and  luteolin-8-C-arabinoside)  by  directly
regulating  the  flavonoid  biosynthetic  genes CHS3, CHIs, CYP93B1,
and CYP98A2.  Further  investigation  is  necessary  to  elucidate  the
crucial role of flavonoids, particularly compounds with high content
such  as  tricin-7-O-Glucoside,  luteolin-6-C-glucoside,  luteolin-8-C-
arabinoside, and O-MethylNaringenin-8-C-arabinoside, in the plant-
microbe interaction process within the root system.

 Conclusions

This  study  systematically  investigated  the  differential  regulatory
effects  of  endophytic  fungus  F9,  and  endophytic  bacterium  Pa  on
the  growth  and  secondary  metabolite  accumulation  of A.  lancea.
The  core  findings  indicated  that  fungus  F9  exhibited  stronger
advantages in promoting biomass accumulation and root develop-
ment  due  to  its  ability  to  boost  photosynthesis  at  the  transcrip-
tional level and improve chlorophyll functionality. However, the two
have similar effects in promoting the accumulation of terpenoids in
rhizomes. The current study has preliminarily revealed the potential
molecular  mechanism  by  which  endophytes  regulate  key  tran-
scription  factors  such  as  MYC2  and  WRKYs  to  enhance  terpene
biosynthesis  by  triggering  Ca2+ signaling  flow  and  kinase  cascade
reactions (CNGC/CAM/CPK/MPK/MKK). In addition, fungus F9 specif-
ically  and  significantly  activated  the  biosynthesis  of  flavonoid
compounds  in A.  lancea  fibrous  roots,  such  as  triterpen-7-O-gluco-
side,  luteolin-6-C-glucoside,  lutein-8-C-arabioside,  and  O-methyl-
naringin-8-C-arabinoside compared to bacteria Pa. These flavonoids
may  be  the  specific  key  mediators  involved  in  the  interaction
between A. lancea and endophytic fungus F9. However, this activa-
tion  may  be  related  to  the  regulation  of  MYB  and  WRKY  transcrip-
tion  signals,  as  well  as  an  increased  supply  of  primary  metabolic
precursors  from  enhanced  photosynthesis.  A  simplified  schematic
diagram  of  this  interaction  is  shown  in Fig.  10.  The  present  results
deepen  our  understanding  of  the  molecular  mechanisms  of  plant-
microbe  interactions.  The  proposed  Ca2+-kinase  cascade  transcrip-
tion factor regulation model provides a clear research framework for
further in-depth analysis of how microbial signals are perceived and
converted  into  metabolic  responses  by  plants.  This  study  confirms
the  enormous  potential  of  using  specific  endophytes,  especially
fungus F9,  as microbial  agents to simultaneously increase the yield
and  medicinal  quality  of A.  lancea in  a  green  and  sustainable
manner.  This  provides  new  technical  ideas  for  the  standardized
cultivation and quality improvement of medicinal plants. This study
still  has  certain  limitations.  The  currently  proposed  regulatory

models are mainly based on omics data and component association
analysis,  and  their  precise  molecular  details  still  need  to  be  further
validated through genetic and molecular biology experiments.
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