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Abstract 

Background: Codonopsis pilosula, an important medicinal plant, can accumulate certain metabolites under mod-
erate drought stress. Endophytes are involved in the metabolite accumulations within medicinal plants. It is still 
unknown that the endophytes of C. pilosula are associated with the accumulations of metabolites. This study aims 
to investigate the promoting effect of endophytes on the accumulations of active substances in C. pilosula under 
drought stress.

Methods: High–performance liquid chromatography and high–throughput sequencing technology were per-
formed to investigate changes in the contents of secondary metabolite and endophyte abundances of C. pilosula 
under drought stress, respectively. Spearman’s correlation analysis was further conducted to identify the endophytic 
biomarkers related to accumulations of pharmacodynamic compounds. Culture-dependent experiments were per-
formed to confirm the functions of endophytes in metabolite accumulations.

Results: The distribution of pharmacological components and diversity and composition of endophytes showed 
tissue specificity within C. pilosula. The contents of lobetyolin, syringin, and atractylolide III in C. pilosula under 
drought stress were increased by 8.47%‒86.47%, 28.78%‒230.98%, and 32.17%‒177.86%, respectively, in comparison 
with those in untreated groups. The Chao 1 and Shannon indices in different parts of drought–stressed C. pilosula 
increased compared with those in untreated parts. The composition of endophytic communities in drought treat-
ment parts of C. pilosula was different from that in control parts. A total of 226 microbial taxa were identified as 
potential biomarkers, of which the abundances of 42 taxa were significantly and positively correlated to the pharma-
codynamic contents. Culture-dependent experiments confirmed that the contents of lobetyolin and atractylolide III 
were increased by the application of Epicoccum thailandicum, Filobasidium magnum, and Paraphoma rhaphiolepidis at 
the rates of 11.12%‒46.02%, and that the content of syringin was increased by Pseudomonas nitroreducens at the rates 
of 118.61%‒119.36%.
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Introduction
Medicinal plants are indispensable to improve human 
health, more than 70% of the population in developing 
countries relies on herbal medicine to prevent and treat 
diseases [1]. Codonopsis Radix, the dried root of Codo-
nopsis pilosula, is a common traditional Chinese medi-
cine, and renowned for remarkable effect on improving 
gastrointestinal function, nourishing the spleen and lung, 
enhancing immunity, and delaying senescence [2]. This 
medicine is a widely used well–qi–tonifying medicine 
of homology of medicine and food, and its comprehen-
sive output value is more than $1.5 billion annually [3, 4] 
Importantly, the pharmacological actions of Codonopsis 
Radix are attributed to its bioactive metabolites, such as 
lobetyolin, syringin, angelicin, and atractylolide III [5]. 
These active compounds could regulate gastrointestinal 
motility, protect gastric mucosa, lower blood glucose 
level, and improve Alzheimer’s disease [6–8]. Due to the 
specific ecological requirements, C. pilosula is mainly 
cultivated in Gansu Province, China, where the climatic 
condition is an arid and semiarid temperate continental 
climate [4]. Environmental stress could stimulate medici-
nal plants to synthesize more secondary metabolites 
to adapt to adversity, thus, drought is conducive to the 
accumulations of secondary metabolites in C. pilosula 
[4]. For example, compared with the untreated root part, 
the roots of C. pilosula under drought treatment con-
tained remarkably increased syringin [9]. Research on the 
accumulations of secondary metabolites of C. pilosula in 
response to drought stress and elucidating the underlying 
mechanism are important for quality improvements and 
good agriculture managements.

Endophytes play an important role in the accumula-
tions of secondary metabolites within medicinal plants 
[10]. Moderate water deficit could lead to changes in 
diversity, composition and function of endophytes, and 
intensify the plant-endophyte interactions which might 
increase the accumulations of secondary metabolites in 
medicinal plants [10]. During the process of environment 
stress, endophytes are stimulated to produce biologi-
cally active compounds, including terpenoids, alkaloids, 
flavonoids, and phenylpropanoids [11]. The endophytic 
Paenibacillus polymyxa, isolated from Panax ginseng leaf, 
could synthesize ginsenosides under drought stress [12, 
13]. Endophytes could also participate in the transforma-
tions of active secondary metabolites in medicinal plants 

[14]. Aspergillus fumigatus purified from Artemisia 
annua L. converted arteannuic acid into artemisinin with 
peroxide bridge structure for anti–malarial effects [14]. 
Besides, endophytes could stimulate medicinal plants 
to produce secondary metabolites through endophyte–
plant interactions under environmental stress [10]. 
For instance, the endophytic Pseudomonas fluorescens 
ALEB7B could stimulate Atractylodes lancea to generate 
reactive oxygen species (ROS) to increase sesquiterpe-
noid content; Gilmaniella sp. AL12, an endophytic fun-
gus, could induce A. lancea to produce volatile oils, such 
as β–caryophyllene, zingiberene, caryophyllene, hinesol, 
β–eudesmol, and atractylone [15, 16]. These researches 
indicated that endophytes participated in the accumula-
tions of secondary metabolites in medicinal plants. Endo-
phytes become an important source of active substance 
to meet the increasing demands of clinical medicines 
[10]. However, comprehensive reports on the correla-
tion between endophyte changes and accumulations of 
secondary metabolites under drought stress in C. pilo-
sula are few. Thus, identification of strains involving in 
the accumulations of secondary metabolites contributed 
to investigate the interactions and associations between 
endophytes and secondary metabolism.

Here, the increase in the contents of lobetyolin, 
syringin, and atractylolide III under drought treatment 
was hypothesized to be related to endophyte changes 
in C. pilosula. Dynamic changes in the endophytes and 
pharmacodynamic compounds in different parts of C. 
pilosula under drought treatment were investigated 
through high–throughput sequencing and high–perfor-
mance liquid chromatography (HPLC), respectively. The 
correlations between endophyte changes and accumula-
tions of secondary metabolites were analyzed to confirm 
the potential biomarkers related to the target compounds. 
And, culture-dependent experiments were conducted to 
verify the functions of identified endophytes in metabo-
lite accumulations.

Materials and methods
Experimental design and sample collection
Pot experiments with different moisture contents in 
soil were conducted under greenhouse conditions on a 
16 h/8 h light/dark cycle at 22 °C ± 2 °C [17]. In brief, 1–
year–old C. pilosula seedlings were collected from Wei-
yuan County, Gansu Province in China, and transplanted 

Conclusions: Certain endophytes participated in the accumulations of bioactive metabolites, which provided a sci-
entific evidence for the development and application of microorganisms to improve the quality of traditional Chinese 
medicine.
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into pots (height: 20 cm; diameter: 20 cm). Each pot con-
tained 10 kg of sandy loam from the local farmland. The 
moisture content (18%–20%) of the sandy loam measured 
by oven–drying method was used as untreated groups 
(CK) [18]; 10%–12% moisture content in sandy loam was 
used as the drought treatment groups (DT) [19]. After 
C. pilosula seedlings were transplanted, the moisture 
content in the sandy loam was maintained at the control 
level (18%–20%) for 4  weeks. During the experimental 
stage, the moisture content of sandy loam was measured 
by weighing method [20]. There were three biological 
repetitions, and each repetition contained three pots. 
The pots were periodically moved to minimize the effects 
of environmental heterogeneity [20].

Plant samples from DT and CK groups were collected 
at the first, third, and eighth days of drought treatment. 
The samples were washed with distilled water and sepa-
rated into three different parts (leaf, stem, and root). The 
plant parts were successively immersed in 75% ethanol 
(v/v) for 30 s and 0.1% mercuric chloride for 5 min, and 
then rinsed six times with sterile water for surface steri-
lization [21]. To verify if the plant samples were surface 
sterilized, 250 µL of the last wash water was coated on 
nutrient agar (NA) medium (composed of tryptone 
10.0  g, beef extract 3.0  g, sodium chloride 5.0  g, agar 
10.0 g and pH 7.0–7.3 in 1 L water) and potato dextrose 
agar (PDA) medium (composed of potato 220 g, glucose 
15 g, and agar 10 g in 1 L water), and cultured at 37  °C 
and 25 °C for 8 days, respectively [22]. The total samples 
were frozen immediately in liquid nitrogen and stored 
at − 80 °C for chemical and molecular analyses [22, 23].

HPLC–UV analysis
Lobetyolin, syringin, and atractylolide III stand-
ards (purity ≥ 98.0%; batch numbers: CHB180224, 
CHB180530, and E1708006, respectively) were pur-
chased from Chengdu Croma Biotechnology Co., Ltd 
(Chengdu, China). Approximately 0.1  g of powder each 
part was extracted with 1.5 mL of methanol under ultra-
sound for 40  min. After centrifugation at 4000×g for 
10 min, the supernatant was filtered by 0.45 μm micropo-
rous membrane [9]. All samples were analyzed by an 
Agilent HPLC–UV 1260 series system (Agilent, USA) 
equipped with a quaternary pump, automatic sam-
pler, column compartment, and variable wavelength 
detector. The chromatogram column was a  C18 column 
(4.6  mm × 250  mm, 5  µm; Eclipse XDB; Agilent, USA), 
the flow rate was 1.0 ml  min−1, the column temperature 
was 25  °C, and the injection volume was 20 μL. Detec-
tion wavelengths were 267 nm (lobetyolin and syringin) 
and 220 nm (atractylolide III), and the mobile phase was 
composed of acetonitrile (A) and water containing 0.1% 
phosphoric acid (B). The gradient elution conditions 

were set as follows: 0–10  min, 5%–15% A; 10–20  min, 
15% A; 20–35  min, 15%–45% A; 35–40  min, 45%–85% 
A; 40–45 min, 85%–5% A; and 45–50 min, 5% A [9]. The 
validation results indicated that the reference HPLC–UV 
method had good peak separation, accurate quantifica-
tion, and high durability (Additional file 1).

High–throughput sequencing and bioinformatics analysis 
of microbiome
Total DNA was extracted from the three different parts 
by using the FastDNA SPIN Kit (MP Biomedicals, Santa 
Ana, CA, USA). The V4-V5 region of bacterial 16S rRNA 
gene was amplified using primers 515F (5′–GTG CCA 
GCMGCC GCG G–3′) and 907R (5′–CCG TCA ATTC-
MTTT RAG TTT–3′) [24]. The internal transcribed 
spacer (ITS) region of fungi was amplified with primers 
ITS1–F (5′–CTT GGT CAT TTA GAG GAA GTAA–3′) 
and ITS2–R (5′–GCT GCG TTC TTC ATC GAT GC–3′) 
[25]. Amplification, purification, and generation of 
sequencing library were performed as previous reports 
[26]. The library was subjected to paired–end sequenc-
ing on an Illumina MiSeq PE300 platform (Majorbio 
Company, Shanghai, China). All raw sequences were 
uploaded to the National Center for Biotechnology Infor-
mation (NCBI; accession numbers: leaf, PRJNA721564; 
stem, PRJNA721933; root, PRJNA663111). Low–quality 
reads (below the quality score of 20) were deleted [27]. 
Next, paired–end reads with at least 30 bp overlap were 
merged by FLASH (v2.4.0) software to obtain sequences; 
then, the sequences were assigned to different samples 
on the basis of unique barcode [28]. Usearch (v10) was 
performed to remove chimeras and cluster operational 
taxonomic units (OTUs) with 97% similarity cutoff. α–
diversity indices, including Chao 1 and Shannon (H’) 
indices, were calculated using QIIME (v1.9.0) [24]. Prin-
cipal coordinate analysis (PCoA) based on weighted Uni-
Frac distance was performed to determine the significant 
differences among different groups [29]. Linear discrimi-
nant analysis Effect size (LefSe, v1.9.0) was conducted to 
characterize the features that differentiated the microbial 
communities [30]. Then, Spearman’s correlation analy-
sis was used to analyze the relationships between the 
contents of pharmacological components and the abun-
dances of microbial biomarkers identified by LefSe [24].

Analysis of pharmacodynamic substance accumulation
According to the results of endophytic biomarkers obvi-
ously correlated to the contents of pharmacodynamic 
compounds, we screened and obtained the strains from 
the microbiological culture collection library in our labo-
ratory [31]. The raw sequences of identified strains were 
uploaded to NCBI (Accession number: PRJNA 667812). 
The strains from the following species, namely Bacillus 
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flexus, Pseudomonas nitroreducens, Pseudomonas ento-
mophila, Paraphoma rhaphiolepidis, Plectosphaerella 
niemeijerarum, Alternaria alstroemeriae, Epicoccum 
thailandicum, Filobasidium magnum, Fusarium pseu-
doanthophilum, and Fusarium solani, were used to 
confirm their functions in metabolite accumulations. 
Sterile C. pilosula powder (steam sterilization at 120 ℃ 
for 20 min) were used as carbon source to determine the 
influences of the strains on metabolite accumulations 
[32]. 4 mL of sterile liquid medium (NA medium without 
agar for endophytic  bacteria and PDA medium without 
agar for endophytic fungi) with 0.1 g of sterile C. pilosula 
powder was used for the untreated groups. For the treat-
ment groups, 2 mL of endophyte solution, 2 mL of ster-
ile liquid medium, and 0.1 g of sterile C. pilosula powder 
were used. In addition, 2  mL of sterile liquid medium 
and 2  mL of endophyte solution (endophyte + medium) 
were utilized for the groups used to verify whether the 
microorganism itself could produce pharmacodynamic 
substances. After 9  days of culture (170  rpm   min−1, 
37 °C for bacteria and 28 °C for fungi), the culture solu-
tions were added with 500 µL n–butanol solution to stop 
the reaction and concentrated in vacuum until dryness; 
then, extraction and quantitative analysis of lobetyolin, 
syringin, and atractylolide III in residues were carried 
out as previously described [9]. The increase rates of the 
pharmacodynamic substances were calculated as follows: 
increase rate of pharmacodynamic substance = (the con-
centration of pharmacodynamic substance in treatment 
group−the concentration of pharmacodynamic sub-
stance in untreated group)/(the concentration of phar-
macodynamic substance in untreated group) × 100% [32].

Results
The effects of drought stress on the productions 
of lobetyolin, syringin, and atractylolide III in different 
parts of C. pilosula
The contents of lobetyolin, syringin, and atractylolide 
III in different parts of C. pilosula were detected 
through HPLC–UV analysis. According to Duncan’s 
multiple range test, the average contents of lobetyo-
lin and atractylolide III were significantly high in the 
root part at 1–8  days (5.77 and 0.59  mg·g−1, respec-
tively), in comparison with those in the leaf (3.90 and 
0.15  mg·g−1, respectively) and stem parts (1.81 and 
0.02 mg  g−1, respectively; Fig. 1a, b). Besides, the aver-
age contents of lobetyolin, syringin, and atractylolide 
III were significantly lower in the stem part at 1–8 days 
(1.81, 0.03, and 0.02  mg·g−1, respectively) than that 
of the leaf (3.90, 0.34, and 0.15  mg·g−1, respectively) 
and root parts (5.77, 0.22, and 0.59  mg·g−1, respec-
tively; Fig.  1a–c). Based on Student’s t–test, the lobe-
tyolin contents in root (except for the third day), stem, 

and leaf parts of C. pilosula subjected to drought 
treatment for 1, 3, and 8  days markedly increased by 
8.47%–23.40%, 26.67%–86.47%, and 26.41%–39.42%, 
respectively, in comparison with the untreated parts 
(Fig. 1d). Meanwhile, the atractylolide III content in the 
root, stem, and leaf parts under drought treatment for 
1–8 days was remarkably increased by 32.17%–119.17%, 
74.43%–177.86%, and 80.51%–107.50%, respectively, 
in comparison with those in control parts (Fig. 1e). In 
addition, the data indicated that the syringin content 
in the root, stem, and leaf parts after 8 days of drought 
treatment was observably increased by 56.30%–58.31%, 
229.61%–230.98%, and 28.78%–31.31%, respectively, 
compared with that of the untreatment (Fig.  1f ). Col-
lectively, these results indicated that the accumulations 
of lobetyolin, syringin, and atractylolide III showed tis-
sue specificity in C. pilosula, and their contents were 
increased in drought–stressed tissues.

The effects of drought stress on the alpha diversity 
of endophytes in different parts of C. pilosula
A total of 1,057,465, 1,140,973, and 1,121,510 16S rRNA 
reads, as well as 1,082,687, 1,131,502, and 1,078,567 ITS 
reads were obtained from the leaf, stem, and root tis-
sues, respectively (Additional file  2: Table  S1–S3). The 
mean sequencing depth per sample was 62,820 for bac-
teria and 60,977 for fungi, respectively. Chao 1 index 
showed a higher diversity number of microbial species 
in the roots than that of leaves and stems (Duncan’s 
multiple range test, P < 0.05; Fig.  2a, b and Additional 
file  3). H’ index revealed that the diversity of endo-
phytic bacteria in the roots was the highest, followed 
by those in the stem and leaf parts, whereas the diver-
sity of endophytic fungi was the highest in the leaf part, 
followed by the root and stem parts (Duncan’s multi-
ple range test, P < 0.05; Fig. 2c, d and Additional file 3). 
The bacterial Chao 1 index was higher in the leaf, stem, 
and root parts under 1-day-drought treatment than in 
the control parts (Student’s t-test, P < 0.05; Fig.  2e and 
Additional file  3). The fungal H’ index in the drought 
treatment groups remarkably increased after 8  days 
compared with that of the untreated groups (Stu-
dent’s t-test, P < 0.05; Fig.  2f and Additional file  3). In 
addition, the Chao 1 and H’ indices of other drought 
treatment parts in C. pilosula (except for the Chao 1 
of fungi in leaf part) displayed an increasing trend, or 
were markedly increased in comparison with those in 
the untreated parts (Fig.  2e–h and Additional file  3). 
These results revealed that the alpha diversity of endo-
phytes in C. pilosula was tissue-dependent, and that the 
drought treatment could increase the alpha diversity of 
endophytes.
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The effects of drought stress on the beta diversity 
of endophytes in different parts of C. pilosula
PCoA based on weighted UniFrac distances revealed that 
the microbial communities were remarkably different 
between different parts of C. pilosula (bacteria,  R2 = 0.939, 
P < 0.001; fungi,  R2 = 0.452, P < 0.001; Fig. 3a and Additional 
file 3). The PCoA results showed that the endophytic com-
munities in C. pilosula parts subjected to drought treat-
ment were significantly different from those of the control 
parts. The first and second principal component axes 
explained 67.84% and 31.62% of the total fungi changes in 
the leaf part  (R2 = 0.695, P < 0.001; Fig.  3b and Additional 
file  3: Dataset S1). The bacterial communities in the leaf 
parts were clustered and negligible change  (R2 = 0.098, 
P = 0.169; Fig. 3b and Additional file 3: Dataset S2). More-
over, the first (92.57% contribution) and second (5.82% 
contribution) principal component axes differentiated the 
fungal communities in drought treatment and untreated 
stem parts  (R2 = 0.495, P = 0.045; Fig.  3c and Additional 
file 3: Dataset S3). The first principal component (77.68% 
contribution) distinguished the bacterial communities in 
the stem part treated by drought stress for 1 and 8  days 
from those in the untreated counterpart  (R2 = 0.502, 
P = 0.032; Fig.  3c and Additional file  3: Dataset S4). Fur-
thermore, the first principal component (79.02% contribu-
tion) differentiated the fungal communities in the root part 
under drought treatment for 1 and 8 days from those in the 
control treatment for 1 and 3  days; The second principal 
component (14.52%) highlighted the fungal communities 
in the root part subjected to drought treatment for 3 days 
from those in untreated groups  (R2 = 0.422, P = 0.034; 
Fig. 3d and Additional file 3: Dataset S5). The first principal 
component axis (67.84% contributions) indicated that in 
the 1 and 8 days of experiment, the bacterial communities 
in the drought-treated roots were distinctly different from 
those of the control parts  (R2 = 0.476, P = 0.008; Fig. 3d and 
Additional file 3: Dataset S6). These results demonstrated 
that the beta diversity of endophytic communities in C. 
pilosula displayed tissue specificity and remarkable dif-
ferences between untreated (except for bacteria in the leaf 
compartment) and drought treatment tissues.

The effects of drought stress on the compositions 
of endophytes in different parts of C. pilosula
The composition of endophytic communities in differ-
ent parts of C. pilosula showed remarkable discrepancies 
(Fig. 4 and Additional file 3). The bacterial communities in 

different parts of C. pilosula at the order level were domi-
nated by the bacterial OTUs of Rickettsiales (Fig.  4a and 
Additional file 3). The relative abundances of the OTUs of 
Rickettsiales were 70.45%–94.47%, 85.66%–99.13%, and 
34.45%–55.45% in the leaf, stem, and root parts, respec-
tively (Fig.  4a and Additional file  3). Compared with that 
of the untreated parts, the relative abundances of bacte-
rial Rickettsiales in the leaf part were remarkably increased 
by 15.38%–22.08% under drought treatment for 1, 3, and 
8  days, whereas those of Rickettsiales were decreased by 
6.06%–12.30% and 14.27%–41.82% in the stem and root 
parts, respectively (Fig. 4a and Additional file 3). The rela-
tive abundances of bacterial Rhizobiales were higher by 
28.73%–97.93% in the root part treated by drought treat-
ment for 1–8 days than that of the untreated part (Fig. 4a 
and Additional file 3: Dataset S6).

Moreover, the main orders of fungal communities in 
different parts of C. pilosula comprised Hypocreales, 
Pleosporales, Ascomycota, and Glomerellales (Fig.  4b 
and Additional file  3). Among these orders, the average 
relative abundance of Hypocreales were 18.69%, 76.95%, 
and 67.23% in the leaf, stem, and root parts, respectively, 
while those of Pleosporales were 48.50%, 3.87%, and 
10.02%, respectively (Fig.  4b and Additional file  3). The 
relative abundances of fungal communities were remark-
ably different in the leaf part between the drought treat-
ment and untreated groups (Fig. 4b and Additional file 3: 
Dataset S1). The relative abundances of fungal Hypo-
creales in the stem part subjected to drought treatment 
for 1, 3, and 8  days were decreased by 25.89%–28.66%, 
13.48%–14.34%, and 85.35%–88.97%, respectively, rela-
tive to those in the control stem (Fig. 4b and Additional 
file 3: Dataset S3). The relative abundances of fungal Ple-
osporales in the root part under drought treatment for 1 
and 8  days were lower by 29.64%–58.55% than those in 
untreated root part, whereas those of Hypocreales were 
higher by 20.87%–46.31% (Fig.  4b and Additional file  3: 
Dataset S5). These results revealed that the composition 
of endophytic community in C. pilosula was tissue-spe-
cific and altered by drought stress.

Biomarkers of endophytes within C. pilosula related 
to drought stress and their correlations with the contents 
of secondary metabolites
LEfSe was performed to determine the microbiome 
members that could be used as biomarkers, and then 
Spearman’s correlation analysis revealed the relationships 

(See figure on next page.)
Fig. 2 Effects of drought stress on the Chao 1 and Shannon indices of endophytic communities in different parts of C. pilosula. a–d Chao 1 (a 
and b) and Shannon (c and d) indices of endophytic communities in different parts of C. pilosula. Different letters indicate significant difference 
by Duncan’s multiple range test (P < 0.05). e–h Chao 1 (e and h) and Shannon (f and g) indices of endophytic communities in C. pilosula under 
drought stress. CK, untreated group; DT, drought treatment group. Columns represent the means of three biological repeats ± SD. Asterisks indicate 
significant difference based on Student’s t–test (**P < 0.01; *P < 0.05)
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between the abundances of biomarkers and the contents 
of pharmacological components. 70 bacterial taxa were 
enriched as potential biomarkers in different parts of C. 
pilosula (leaf: 3; root: 67; Fig.  5a). These bacterial taxa 
belonged to seven phyla, namely Proteobacteria, Act-
inobacteria, Bacteroidetes, Acidobacteria, Chloroflexi, 
Planctomycetes, and Cyanobacteria (Fig.  5a). A total of 
54, 6, and 67 biomarkers were strongly and positively 
associated with contents of lobetyolin, syringin, and 
atractylolide III, respectively; among biomarkers, most 
were mainly belonging to the orders of Proteobacteria, 
Chloroflexi, and Planctomycetes (Fig. 5b and Additional 
file  2: Figure S1a). A total of 61 fungal taxa from Asco-
mycota and Mucoromycota were identified as potential 
biomarkers in different parts of C. pilosula (leaf: 33; stem: 
18; root: 10; Fig. 5c). Moreover, 21, 45, and 16 biomark-
ers were substantially and positively correlated with the 
contents of lobetyolin, syringin, and atractylolide III, 
respectively (Fig.  5d and Additional file  2: Figure S1a). 
These biomarkers mainly belonged to Leotiomycetes, 
Tetracladium, Phaeosphaeriaceae, Cantharellales, Cera-
tobasidiaceae, and Didymellaceae (Fig. 5d). These results 
suggested that the distribution of pharmacological com-
ponents in the different parts of C. pilosula was corre-
lated with the composition of endophytes.

Based on the comparison between untreated and 
drought treatment parts, 14, 10, and 64 bacterial taxa 
were enriched as potential biomarkers in the leaf, stem, 
and root parts, respectively (Fig.  6a-c). These potential 
biomarkers mainly belonged to Firmicutes, Cyanobac-
teria, Verrucomicrobia, Planctomycetes, Acidobacteria, 
Chloroflexi, and Proteobacteria (Fig.  6a–c). Compared 
with those in the control C. pilosula, the abundances of 
11, 5, and 58 potential biomarkers in the leaf, stem, and 
root parts under drought treatment were increased by 
20.00%–95.24%, 52.27%–84.91%, and 10.96%–78.03%, 
respectively (Additional file 2: Figure S1b–S1d and Addi-
tional file 3). The abundances of 9, 10, and 1 bacterial bio-
markers in the leaf part were positively associated with 
the contents of lobetyolin, syringin, and atractylolide 
III, respectively (Fig. 6d). The abundances of 4, 4, and 2 
bacterial biomarkers in the stem part were positively 
correlated with the contents of lobetyolin, syringin, and 
atractylolide III, respectively (Fig. 6e). The abundances of 
28, 46, and 40 bacterial biomarkers in the root part were 
positively related to the contents of lobetyolin, syringin, 
and atractylolide III, respectively (Fig.  6f ). These bio-
markers mainly belonged to Xanthomonadaceae, Bacil-
lales, Methylobacterium, and Ramlibacter in the leaf 

part (Fig.  6d); Microbacterium and Pseudomonadales in 
the stem part (Fig.  6e); and Pseudorhodoferax, Lacuni-
sphaera, Tahibacter, Verrucomicrobiae, Verrucomicrobia, 
and Chloroflexia in the root part (Fig. 6f ).

In accordance with the comparison of the untreated 
and drought treatment, 48, 10, and 44 fungal taxa were 
identified as potential biomarkers in the leaf, stem, and 
root parts, respectively (Fig.  7a–c). The potential bio-
markers belonged to Basidiomycota, Mucoromycota, 
Olpidiomycota, and Ascomycota (Fig.  7a–c). In com-
parison with those in untreated parts of C. pilosula, the 
abundances of 44, 10, and 38 potential biomarkers in 
the leaf, stem, and root parts after drought treatment 
increased by over 121.00%, 824.00%, and 33.60%, respec-
tively (Additional file  2: Figure S1b–S1d and Additional 
file 3). The abundances of 14, 14, and 37 fungal biomark-
ers in the leaf part were positively correlated with the 
contents of lobetyolin, syringin, and atractylolide III, 
respectively (Fig.  7d). The abundances of 10, 1, and 8 
fungal biomarkers in stem part were positively associ-
ated with the contents of lobetyolin, atractylolide III, 
and syringin, respectively (Fig. 7e). The abundances of 9, 
10, and 16 fungal biomarkers in the root part were posi-
tively related to the contents of lobetyolin, syringin, and 
atractylolide III, respectively (Fig. 7f ). These biomarkers 
mainly belonged to Exophiala, Herpotrichiellaceae, Plec-
tosphaerella, Glomerellales, Plectosphaerellceae, Para-
phoma, and Phaeosphaeriaceae in the leaf part (Fig. 7d); 
Chaetomiaceae, Solicoccozyma, and Piskurozymaceae 
in the stem part (Fig.  7e); and Pyronemataceae, Leotio-
mycetes, and Fusidium in the root part (Fig.  7f ). These 
results suggested that the endophytes were related to the 
contents of pharmacological components and might be 
involved in the accumulations of pharmacological com-
ponents in C. pilosula parts under drought stress. In the 
following experiments, we further verified the function of 
endophytes in metabolite accumulations.

Endophytes participated in the accumulations 
of pharmacodynamic compounds
Three endophytic bacteria and seven endophytic fungi 
obtained from the microbiological culture collection 
library of  the  laboratory were cultured with sterile C. 
pilosula powder to verify the functions of endophytes 
in metabolite accumulations. Following incubation, the 
bacterium Pseudomonas nitroreducens and the fungi Epi-
coccum thailandicum, Filobasidium magnum, and Para-
phoma rhaphiolepidis were confirmed to be involved in 
the accumulations of pharmacodynamic compounds 

Fig. 3 PCoA plot of endophytic communities in C. pilosula. a PCoA of endophytic communities in different parts of C. pilosula. b–d PCoA of 
endophytic communities in leaf, stem, and root parts between the untreated and drought treatment groups, respectively. CK untreated group, DT 
drought treatment group, PCoA principal coordinate analysis. PCoA based on the weighted UniFrac matrix

(See figure on next page.)
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(Fig.  8a, b). Lobetyolin, syringin, and atractylolide III 
were not detected in groups (endophyte + medium). The 
contents of lobetyolin and atractylolide III was increased 
by E. thailandicum at the rates of 33.14‒%34.70% and 
30.24%‒31.40%, respectively; by F. magnum at the rates 
of 41.89%‒42.48% and 45.7%‒46.02%, respectively; and 
by P. rhaphiolepidis at the rates of 39.45%‒40.93% and 
11.12%‒11.98%, respectively (Fig.  8b). And P. nitrore-
ducens could increase syringin content at the rates of 
118.61%‒119.36% (Fig. 8b).

Discussion
In this study, the distribution of the pharmacological 
components of C. pilosula had tissue specificity, which 
was similar to the observations in the study of Panax 
quinquefolius  and  Panax notoginseng [33]. This work 
provided references for rational use of the different C. 
pilosula parts. The contents of lobetyolin, syringin, and 
atractylolide III in drought treatment parts of C. pilosula 
were higher than those in untreated parts. This result was 
supported by another report on C. pilosula, where the 
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content of lobetyolin in C. pilosula parts under drought 
treatment was also remarkably increased compared 
with those in control parts [9]. These highly accumu-
lated pharmacological components in C. pilosula could 
provide protections against damages of drought stress 
[33–35]. For example, Syringin, atractylolide, α–tocoph-
erol, flavonol, and anthocyanin as non–enzymatic anti-
oxidants could scavenge ROS to protect cell proteins, 
enzymes, organelles, cell membranes and maintain nor-
mal plant growth [36, 37]; Organic acids could regulate 
the osmotic pressure of plant cell, thus prevented exces-
sive water loss, held cell turgor, and kept the physiologi-
cal processes of plants [38, 39]. The results indicated 
that moderate drought stress was conducive to the 

accumulation of secondary metabolites for facilitating 
the adaptation of medicinal plants to drought stress.

We would elucidate the underlying mechanism of the 
accumulations of secondary metabolites in C. pilosula 
parts under drought stress. The endophytes, an impor-
tant member of the ecosystem, had irreplaceable func-
tions in promoting growth of medicinal plants [10]. In 
this work, the diversity and composition of endophytes 
also showed tissue-dependent in C. pilosula, and these 
results were consistent with those in Panax notoginseng 
[40]. The diversity of endophytic communities was higher 
in C. pilosula parts with drought treatment than those 
in untreated parts, similar results were reported in the 
endophytic bacteria of Leymus chinensis under drought 
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Fig. 5 LEfSe and correlation analyses of endophytic communities in different parts of C. pilosula. a, c Cladogram of remarkably enriched bacterial 
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stress [41, 42]. The composition of endophytes in C. 
pilosula parts under water deficit was markedly differ-
ent from that in control parts, which was in agreement 
with the findings in Sorghastrum nutans [43]. PCoA also 
showed that endophytic communities from C. pilosula 
parts with drought treatment were distinguishable from 
those in untreated parts. The endophytic bacteria in 
wheat under drought stress were definitely different from 
those in control samples [44]. Previous studies showed 
that the increase in endophytic diversity and the varia-
tion in composition were beneficial to the formation of 
complexes and stable networks, which might enhance the 
endophyte, endophyte–endophyte, and endophyte–plant 
interaction to implement the potential functions of the 
microorganism [41]. Besides, the diversity and compo-
sition of endophytes were reset under drought stress to 
enrich specific beneficial microorganisms in response to 
adversity [45, 46]. The results indicated that endophytes 

in C. pilosula parts were sensitive to drought and could 
quickly respond to drought stress. Further analysis, LEfSe 
was used to determine the microbiome members as bio-
markers, and then Spearman’s correlation showed that 
the abundances of biomarkers, such as Plectosphaere-
lla, Microbacterium, Chaetomiaceae, Pseudomonadales, 
Allorhizobium, and Chloroflexia, were positively related 
to the contents of pharmacodynamic compounds in C. 
pilosula parts under drought treatment. A significant 
and positive correlation existed between Bacillus abun-
dance and syringin content, this finding was consistent 
with other studies on Magnolia ofcinalis Rehd. et Wils 
[47]. Pestalotiopsis neglecta BAB–5510 was found to be 
related to the accumulation of phenols, flavonoids, ter-
penoids, alkaloids, tannins, carbohydrates, and sapo-
nin in Cupressus torulosa [48]. Many endophytes, such 
as Burkholderiaceae, Allorhizobium, and Pseudomonas, 
were also beneficial to the productions of ginsenoside, 
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Fig. 6 LEfSe and correlation analysis of endophytic bacteria in different parts of C. pilosula under drought stress. a–c Cladogram showing 
remarkably enriched bacterial taxa in leaf (a), stem (b), and root (c) parts. Phylum, class, order, family, and genus levels are listed in order from the 
inside to the outside of the cladogram. Small circles with different colors in the diagram denote enrichment taxa, while yellow circles represent 
taxa with no significant differences in different parts. Each circle diameter is proportional to the abundance of taxon. d–f Correlation heatmap 
of the relationship between the abundances of enriched bacterial taxa (the LDA significance threshold of 2.0 or greater) and the contents of 
pharmacological components in leaf (d), stem (e), and root (f) parts. Asterisks denote significant correlation based on Spearman’s analysis (**P < 0.01; 
*P < 0.05). CK untreated group, DT drought treatment group
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sesquiterpenoid, and alkaloid in medicinal plants [49, 
50]. These evidences indicated that the endophytes were 
associated with the contents of pharmacodynamic com-
pounds in C. pilosula parts under drought stress and 
might be involved in the productions of pharmacological 
components.

The data of culture-dependent experiments showed 
that contents of lobetyolin and atractylolide III were 
increased by E. thailandicum, F. magnum and P. rhaphi-
olepidis, and P. nitroreducens increased syringin content. 
Glomus moseae, an endophytic fungus, could stimulate 
Glycyrrhiza uralensis to accumulate soluble sugar and 
proline to reduce water potential of cell and hold osmotic 
pressure under drought stress [51]. Bacillus licheni-
formis, an endophyte of Pinellia ternata, could generate 

non–enzymatic antioxidants (alkaloids) for maintain-
ing the homeostasis of reactive oxygen species in plant 
[52]. The mechanisms of endophytes on the accumula-
tion of metabolites in the host mainly included induc-
tion and transformation [53]. Endophytes produced 
biochemical signal molecules, such as glycoprotein, chi-
tosan, chitin, cyclodextrin, small peptide segment, and 
unsaturated fatty acid, to rapidly induce the expression 
of specific genes for activation of a series of second-
ary metabolic pathways, thus promoting accumulations 
of active compounds in medicinal plants [45]. Besides, 
endophytes synthesized key enzymes to transform the 
precursor ingredients into active components in medici-
nal plants [53]. The endophytes of Camptotheca acumi-
nata, such as Fusarium solani, Phomopsis sp., Alternaria 
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Fig. 7 LEfSe and correlation analysis of endophytic fungi in different parts of C. pilosula under drought stress. a–c Cladogram showing remarkably 
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significant differences in different parts. Each circle diameter is proportional to the abundance of taxon. d–f Correlation heatmap of the relationship 
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sp., and Colletotrichum sp., synthesized key enzymes 
lacking in plant, and these enzymes converted the pre-
cursors produced by C. acuminata into camptothecin 
and its analogues [51]. The results of the present study 
further demonstrated that microbial biomarkers partici-
pated in accumulation of the secondary metabolites, and 
they played synergetic roles in increasing the contents 
of pharmacodynamic compounds in C. pilosula under 
drought stress.

Conclusions
In summary, the diversity and composition of endo-
phytes and the distribution of pharmacological compo-
nents showed tissue specificity in C. pilosula. Drought 

stress contributed to the accumulation of pharmacologi-
cal components and the increase of endophytic diver-
sity in C. pilosula. Correlation analysis revealed that 
the accumulation of pharmacological components in C. 
pilosula were related to the dynamic changes of endo-
phytes. And further culture-dependent experiments vali-
dated that endophytes participated in the accumulation 
of metabolites. This study laid a solid foundation for the 
exploitation of endophytes to enhance curative effect and 
utilization value of Codonopsis Radix.
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