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The slow growth rate of medicinal plants has made them unable to meet people's needs, and the use
of biotechnology to obtain natural products from medicinal plants can alleviate this problem. This
study isolated and identified 42 endophytic fungi from the roots, stems, and leaves of Salvia
miltiorrhiza, belonging to 13 genera. The endophytic fungi that promote the accumulation of
secondary metabolites in the hairy roots of S. miltiorrhiza were screened by co-culture and elicitors
preparation. Among them, 15 endophytic fungi presented relatively high crude polysaccharide
yields. Co-culture experiments showed that endophytic strains had different effects on the biomass
and the accumulation of secondary metabolites in the hairy roots of S. miltiorrhiza, with strain
KLBMPSM237 being the most effective. The contents of tanshinone I, salvianolic acid B and
rosmarinic acid in the hairy roots of S. miltiorrhiza were significantly increased by KLBMPSM237
polysaccharide inducers at different concentrations. This study provides new microbial resources
and technical methods for increasing the natural products in hairy roots of S. miltiorrhiza.
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Introduction

Salvia miltiorrhiza, a medicinal plant of the Salvia genus in the Labiatae family, has the effects of promoting
blood circulation, removing blood stasis, regulating menstruation, relieving pain, clearing the heart and cooling
the blood, and eliminating irritation and carbuncles [1-4]. Ithas along history as a traditional Chinese medicine in
China [5, 6]. Its main components include water-soluble components (such as salvianic acid A) and fat-soluble
components (such as tanshinone I), which are commonly used to treat cardiovascular and cerebrovascular
diseases, chronic liver disease, cancer, and osteoporosis [7-10]. At present, the main source of S. miltiorrhiza
medicinal materials is artificial cultivation, which is difficult to control the quality and varies greatly in quality
from region to region [11, 12]. With the increase in the incidence of cardiovascular diseases in recent years, the
demand for S. miltiorrhiza medicinal materials has also exceeded the supply.

Endophytic fungi are widely present in plants, and refer to fungi that exist in the living tissues of plants during
some or all stages of their life cycle, and do not cause significant disease in the plant itself [13-15]. They also
achieve a dynamic balance of growth with their host to some extent, forming a mutually beneficial relationship
[16-18]. Some endophytic fungi can also positively regulate the biosynthesis of plant secondary metabolites
through polysaccharide elicitors [19, 20]. Hairy roots are a high-quality source of active ingredients in medicinal
plants, with the advantages of rapid growth, yields of secondary metabolites similar to those of plant, and high
genetic stability [21-23]. The use of hairy root technology to improve the quality of medicinal plants and obtain
secondary metabolites from medicinal plants has gradually become a research hotspot.

This study isolated endophytic fungi from S. miltiorrhiza and cultured them with hairy roots of S. miltiorrhiza
to find functional dominant strains that promote the content of secondary metabolites in S. miltiorrhiza,
providing microbial technology support for improving the production of natural products from S. miltiorrhiza.

Materials and Methods

Isolation and Purification of Endophytic Fungi from S. miltiorrhiza

The roots, stems, and leaves of S. miltiorrhiza were taken and rinsed with running water. The surface was
disinfected with ethanol and 8% sodium hypochlorite and then rinsed twice with sterile water. S. miltiorrhiza was
cutinto small pieces of 0.5 x 0.5 cm and placed in a constant temperature incubator at 28°C with sterile tweezers on
the separation medium (Tsaberg's medium, Martin's AGAR medium, Wickerham's medium and Sharpie's
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medium), and the last rinse of water was coated in the medium as a control and incubated for 7 days. The
endophytic fungi were transferred from tissues to PDA medium for culture.

Identification of Endophytic Fungi in S. miltiorrhiza

The DNA of endophytic fungi in S. miltiorrhiza was extracted by CTAB method [24]. The DNA was subsequently
used as a template for PCR amplification with universal primers ITS4 (5'-TCCTCCGCTTATTGATATATGC-3")
and ITS5 (5-GGAAGTAAAAGTCGTAACAAGG-3'). The enzyme used in the PCR reaction was NaviScript™
Rapid PCR Master Mix (Synomebio Co., Ltd., China) and the reaction system and reaction conditions refer to the
product description. After electrophoresis of the PCR products, the target fragment was recovered by gel cutting,
cloned and sequenced by Sangon Bioengineering (China). The sequencing results were compared with the relevant
strain sequences in NCBI (https://www.ncbi.nlm.nih.gov/) to determine the types of endophytic fungal strains.
The gene sequences of the strains have been uploaded to NCBI GenBank (Accession No. PQ533214-PQ533226).

Extraction and Content Determination of Extracellular Crude Polysaccharides from the Endophytic Fungi
of S. miltiorrhiza

Extraction of polysaccharides from endophytic fungi was optimized based on Naveen et al.’s method [25]. The
liquid fermentation products of each strain were centrifuged at 5,000 r/min for 15 min, and the mycelia were
discarded. The supernatant was mixed with three times its volume of 95% ethanol, allowed to settle overnight,
filtered, and discarded. Then, three times volumes precipitation water was added for redissolution, followed by
centrifugation at 5,000 r/min to remove insoluble impurities. The Sevag method (chloroform:n-butanol = 4:1)
was employed to eliminate soluble protein impurities from the sample mixture [25, 26]. After vigorous stirring for
20 min, the mixture was subjected to static stratification in a separation funnel and the lower layer was discarded.
This process was repeated multiple times to eliminate free proteins from the polysaccharide solution. Following
protein removal, the polysaccharide sample solution was concentrated by a rotary evaporator under reduced
pressure; n-butanol miscible with water vaporized during this process. An appropriate amount of water was then
added for redissolution 3.5 times before its volume of 95% ethanol was added overnight sedimentation at 4°C. The
resulting precipitate was filtered and washed twice with ethanol until all residual ethanol had evaporated to obtain
the crude polysaccharide. The polysaccharide content of the product was determined by phenol-sulfuric acid
method [26].

Effects of High Polysaccharide-Producing Endophytic Fungi on Hairy Root Growth and Secondary Metabolites
of S. miltiorrhiza

Fungal and hairy root co-cultures were performed using the method of Xie et al. [22]. The 0.3 g of hairy roots of
S. miltiorrhiza were inoculated into 250 ml flasks containing 100 ml of 1/2 MS medium and incubated in a
constant temperature shake flask (25°C, 120 rpm) in the dark. Meanwhile, endophytic fungi producing S.
miltiorrhiza polysaccharides were inoculated on PDA solid medium and cultured at 28°C. When the medium was
changed for the third time, the hairy roots were randomly divided into an experimental group and a control group.
The endophytic fungi were then punched into fungal cakes with a diameter of 5 mm and inoculated into the hairy
root culture medium of the experimental group, while the control group received an equal amount of PDA solid
medium. Each experiment was repeated three times. After five days, growth was recorded, followed by separation
and weighing of the hairy roots which were subsequently dried at 50°C.

Six standard substances (rosmarinic acid, salvianolic acid B, tanshinone I, Tanshinone IIA, dihydrotanshinone
I, cryptotanshinone) were prepared into 1 mg/ml stock solution and further diluted 10 to 100 times. The dried
hairy roots of S. miltiorrhiza were powdered and accurately weighed (0.10 g) in a 15 ml centrifuge tube. Then,
methanol (2 ml) was added to the tube via a pipette gun and allowed to soak for 2 h. Simultaneously, an ultrasonic
instrument was heated to 60°C for extraction through ultrasonication for one hour. After filtration with a
sterilized filter head (0.22 um), the sample solution was obtained and prepared accordingly. Samples were sent to
Nanjing Jiangbei New Area Sci-tech Investment Group for quantitative detection. For high-performance liquid
chromatography analysis using an Agilent-1200 system equipped with a Halo C18-OL chromatographic column
(2.1 x 150 mm; particle size: 2.7 pm), the mobile phase consisted of A: aqueous solution containing formic acid
(0.2%) and B: acetonitrile with gradient elution conditions set as follows: within sixty minutes increase from initial
B ratio of ten percent to one hundred percent maintained for twenty minutes; flow rate set at 0.4 ml/min; detection
the wavelength of DAD detector were set at 254 nm, 270 nm, and 320 nm respectively. Finally, the relative content
was calculated using the external standard method. The functional dominant strains were screened based on
changes in the main product content.

Effects of the KLBMPSM237 Elicitor on the Growth and Secondary Metabolism of S. miltiorrhiza Hairy Roots

Endophytic fungus KLBMPSM237 was inoculated into potato dextrose liquid medium and incubated for
7 days at 28°C with agitation at 130 rpm. After vacuum filtration, mycelia were collected and washed three times
with distilled water. Subsequently, each gram of mycelia was homogenized in 15 ml of distilled water for five
minutes, subjected to 1 h ultrasonic treatment, and finally treated at 121°C for 30 min. After another round of
vacuum filtration, the resulting filtrate was considered the KLBMPSM237 elicitor solution.

The sugar concentration in the induction solution was determined by measuring glucose levels using an
anthrone-sulfate colorimetric assay and constructing a standard curve [27]. The absorbance value was plotted
with the corresponding standard glucose content (pug) as the horizontal axis to construct the standard curve.

The KLBMPSM237 elicitor solution (2 ml) was drawn and carefully added to another 50 ml volumetric flask
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containing distilled water. After thorough shaking, 1 ml of the mixture was transferred into an empty test tube,
followed by the addition of anthrone reagent (4.0 ml). Use an equal volume of water as a contrast. Subsequently,
the absorbance at a wavelength of 620 nm was measured, and the concentration of KLBMPSM237 inducible sugar
was calculated using the glucose standard curve equation.

The hairy roots of S. miltiorrhiza (0.5 g) were inoculated into 250 ml conical flasks containing 100 ml of 1/2 MS
culture medium and cultured at 25°C and 120 rpm in the dark. The medium was refreshed every 6 days. During
the third medium change, hairy roots were randomly divided into three groups according to the experimental
method of Xu et al. [28]: control group, low concentration elicitor group (50 mg/1), and high concentration elicitor
group (150 mg/1). The same volume of 1/2 MS medium was added to the control group's conical flask with three
replicates for each group. Samples were collected at day 6, day 12, and day 18, respectively. The others were kept on
the medium containing the inducer and changed every 6 days. The samples were filtered under reduced pressure,
weighed for fresh weight measurement, and dried in an oven at a constant temperature of 50°C until reaching a
constant weight. Sample solutions were prepared using the same method and analyzed by HPLC.

Data Analysis

Graphpad software and Microsoft Excel were used for data analysis and picture creation, and Microsoft Word
was used to create tables. Images were processed using Adobe Illustrator. Single-factor analysis of variance
(ANOVA) was used to evaluate the differences in the data obtained from the experiment, with a significance level
setat p < 0.05. All experiments were repeated at least three times.

Results and Discussion

Isolation and Identification of Endophytic fungi from S. miltiorrhiza

After 7 days of culture at 28°C, no microorganisms were observed on the test medium, indicating a superior
surface sterilization effect of S. miltiorrhiza plant tissue. A total of 42 endophytic fungul strains were isolated from
the roots, stems, and leaves of S. miltiorrhiza. Statistical analysis revealed that the highest number of endophytic
fungi strains was isolated from roots (26 strains), accounting for 62% of the total number. This was followed by
stems, while leaves had the lowest number with only 7 strains, representing 17% of the total (Fig. 1A).

42 strains of endophytic fungi from S. miltiorrhiza were subjected to DNA extraction and PCR amplification of
ITS sequences, and preliminary classification was performed based on molecular identification, a total of 13
genera. Among them, Fusarium was the dominant strain in the isolation experiments, accounting for 42% of the
total strains (Fig. 1B). Phylogenetic trees were constructed by maximum likelihood using MEGA 11, and 1000
bootstrap replicates were performed to assess tree robustness (Fig. 1C).

Determination of Polysaccharide-Producing Ability of Endophytic Fungi

On the basis of the similarity of the ITS sequences among the strains, repetitive strains were excluded from a
total of 42 endophytic fungi, resulting in the selection of 30 endophytic fungi from S. miltiorrhiza for evaluating
their polysaccharide production capacity. The findings indicated variability in crude polysaccharide yields across
different strains. Notably, KLBMPSM246, KLBMPSM220, KLBMPSM254, KLBMPSM275, KLBMPSM273,

A Cc Sarocladium implicatum KC464332.1
100| Sarocladium implicatum MH025368.1
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Leaf 3 KLBMPSM225
Stem I

KLBMPSM209
100 Hyonectria robusta KR019364.1

Ilyonectria robusta MK459419.1

KLBMPSM208

0| Fusarium equiseti EU326202.1
Fusarium equiseti HM008677.1

Colletotrichum sp. MH397501.1

Colletotrichum sp. KJ855517.1

KLBMPSM275

KLBMPSM237

p. HM595506.1

MG832555.1

Phomopsis

™ Phomaps
100| KLBMPS)

Botrytis cinerea MH255797.1
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Macrophomina phaseolina KF951750.1
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4' Corynespora cassiicola MK294545.1
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) 100| KLBMPSM230
100) 4’ Epicoccum sorghinum KX289695.1
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99r Alternaria alternata LC131445.1
99| Alternaria alternata MK396903.1
M Corynespora sp. W Botrytis sp. KLBMPSM228
Cochliobolus sp. JQ753999.1
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Fig. 1. (A) Number of endophytic fungi isolated from different parts of S. miltiorrhiza. (B) Diversity of
endophytic fungi. (C) Phylogenetic tree of endophytic fungi.
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Table 1. The ability of endophytic fungi to produce polysaccharides from S. miltiorrhiza (The number of

replicates: n = 3, take the average value).

Number Species name Polysaccharide (g/L) Number Speciesname  Polysaccharide (g/L)
KLBMPSM201 Fusarium sp. 0.055 KLBMPSM228 Alternaria sp. 0.183
KLBMPSM202 Epicoccum sp. 0.107 KLBMPSM229 Fusarium sp. 0.596
KLBMPSM205 Corynespora sp. 0.167 KLBMPSM231 Alternaria sp. 0.195
KLBMPSM206 Botrytis sp. 0.251 KLBMPSM233 Alternaria sp. 0.200
KLBMPSM207 Bipolaris sp. 0.486 KLBMPSM234 Alternaria sp. 1.324
KLBMPSM208 Fusarium sp. 0.190 KLBMPSM235 Fusarium sp. 0.195
KLBMPSM210 Alternaria sp. 0.210 KLBMPSM236 Phomopsis sp. 0.377
KLBMPSM213 Fusarium sp. 0.063 KLBMPSM237 Phomopsis sp. 0.587
KLBMPSM214 Fusarium sp. 0.119 KLBMPSM246 Fusarium sp. 0.304
KLBMPSM215 Fusarium sp. 0.461 KLBMPSM248 Fusarium sp. 0.362
KLBMPSM217 Pestalotiopsis sp. 0.321 KLBMPSM254 Fusarium sp. 0.305
KLBMPSM220 Fusarium sp. 0.305 KLBMPSM261 Fusarium sp. 0.366
KLBMPSM223  Pestalotiopsis sp. 0.047 KLBMPSM267 Cochliobolus sp. 0.385
KLBMPSM225 Sarocladium sp. 0.150 KLBMPSM273 Fusarium sp. 0.320
KLBMPSM227  Alternaria sp. 0.282 KLBMPSM275 Cochliobolus sp. 0.317
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Fig. 2. Effects of the endophytic fungi on the hairy root biomass of S.miltiorrhiza. (A) Dry weight. (B) Fresh
weight (The number of replicates: n = 3).

KLBMPSM217, KLBMPSM248, KLBMPSM261, SM236, KLBMPSM267, KLBMPSM215, and others produced
approximately 0.3 g/l of fermentation broth. Among these strains, Alternaria sp. KLBMPMS234 exhibited the
highest sugar yield followed by Fusarium sp. KLBMPMS229 and Phomopsis sp. KLBMPMS237 (Table 1).

Effects of Co-Culture on Hairy Root

After co-culturing with hairy roots of S. miltiorrhiza for 5 days using fifteen selected endophytic fungal strains
significant differences were observed in the effects of different endophytic fungi on the biomass of hairy roots (Fig. 2):
compared with the control group, strains such as KLBMPSM215, KLBMPSM229, and KLBMPSM261 significantly reduced
the biomass of hairy roots; The fresh and dry weight of hairy roots inoculated with KLMBPMS237 strain were
comparable to the control group.

Effects of Co-Culture on the Secondary Metabolism of Hairy Roots

The six metabolites: rosmarinic acid, salvianolic acid B, tanshinone I, tanshinone ITA, dihydrotanshinone I, and
cryptotanshinone identified in hairy roots inoculated with strain KLBMPSM246 were found to be significantly
lower than those present in the control; Similarly, five metabolites associated with hairy roots inoculated with both
KLBMPSM236 and KLBMPSM220 were lower than those associated with the control; In addition, four
metabolites in the hairy roots of S. miltiorrhiza inoculated with strains KLBMPSM273 and KLBMPSM217 were
lower than those in the control; Furthermore, three metabolites in the hairy roots of S. miltiorrhiza inoculated
with strains KLBMPSM248, KLBMPSM234, and KLBMPSM215 also showed decreased levels relative to controls.
Notably, more than four metabolites from S. miltiorrhiza hairy roots inoculated with strains KLBMPSM237,
KLBMPSM261, KLBMPSM267, KLBMPSM275, KLBMPSM207 and KLBMPSM254 were elevated compared to
the control; Among these strains, KLBMPSM207 and KLBMPSM237 demonstrated particularly pronounced
effects (Fig. 3). From a biomass perspective, the fresh weight and dry weight of strain KLBMPSM207 were reduced
by 18% and 26%, respectively, in comparison to the control after co-cultivation with the hairy roots of S.
miltiorrhiza. Conversely, strain KLBMPSM237 did not exert a significant impact on biomass following co-culture
with the hairy roots of S. miltiorrhiza. Therefore, the KLBMPSM237 strain was targeted for further studies.

Effects of the KLBMPSM237 Inducer in Hairy Root Growth and Secondary Metabolism
The standard curve was drawn with the concentration of glucose solution as the abscissa and the absorbance as
the ordinate. The standard curve equation was Y = 0.0081X —0.0111, R*=0.9942. The ODy,, of the elicitor solution
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Fig. 3. Effects of endophytic fungi on the components of hairy roots of S. miltiorrhiza (A, absorbance of
substance in experimental group; A0, absorbance of substance in control group; The number of replicates:

n=4).
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Fig. 5. Effect of different KLBMPSM237 elicitor concentrations on the active constituents of S.miltiorrhiza
hairy roots. (A) Tanshinone I; (B) Rosmarinic acid; (C) Salvianolic acid B (* represents p < 0.05, ** represents p < 0.01; The
number of replicates: n = 3).

was 0.125, and the sugar concentration of the elicitor solution was calculated to be 0.42 mg/ml according to the
standard curve equation.

The mycelia of S. miltiorrhza from the endophytic fungus KLBMPSM237 were harvested post-fermentation,
and two polysaccharide concentration elicitor solutions (50 mg/l and 150 mg/1) were formulated and introduced
into the cultured hairy root medium of S. miltiorrhza under the influence of the KLBMPSM237 elicitor. Both
concentrations made the hairy tissue and medium of S. miltiorrhiza appear red and darker in the high concentration
group (Fig. 4A).

The biomass of S. miltiorrhiza hairy roots under the role of the KLBMPSM237 elicitor is shown in Fig. 4B. On
day 6, a high concentration of the KLBMPSM237 elicitor significantly enhanced the fresh weight and dry weight
of S. miltiorrhiza hairy tissues while a low concentration resulted in a significant increase in fresh weight. On day
18, the low concentration also led to a significant increase in fresh weight for S. miltiorrhiza, whereas the high
concentration significantly inhibited both fresh weight and dry weight.

The influence of the KLBMPSM237 elicitor on the secondary metabolism of hairy roots from S. miltiorrhiza is
depicted in Fig. 5. Following the application of KLBMPSM237, significant increases in tanshinone I content were
observed by day 6, with low and high concentrations resulting in enhancements of 82% and 71%, respectively,
compared with those of the controls. Although the changes in content became less pronounced by day 12, the
levels remained elevated relative to the control. By day 18, both low and high concentrations of KLBMPSM237
continued to significantly elevate tanshinone I levels in the hairy roots, yielding a concentration that was 26%
higher than that observed in the control (Fig. 5A).

On day 6, there was no evident trend regarding the effect of KLBMPSM237 on rosmarinic acid content;
however, by day 12, low concentrations of KLBMPSM237 increased rosmarinic acid levels in hairy roots of
S. miltiorrhiza by 19% compared to controls, while no significant difference was noted between the high
concentration experimental group and the control group. On day 6 and 18, high concentrations of KLBMPSM237
inhibited the rosmarinic acid content (Fig. 5B).

The content of salvianolic acid B significantly increased due to both high and low concentrations of
KLBMPSM237 at each time point measured. On day 6, salvianolic acid B levels were found to be elevated by 53%
and 45% at low and high concentrations respectively compared with controls. By day 12, these elicitors further
increased salvianolic acid B contents by approximately 24% for low concentration and about 16% for high
concentration groups relative to controls. On day 18, both low and high concentrations of KLBMPSM237
significantly enhanced the content of salvianolic acid B in the hairy roots of S. miltiorrhiza, with increases of 17%
and 23%, respectively, incomparison to the control (Fig. 5C).

Discussion

S. miltiorrhiza related preparations are in high demand worldwide because of their significant therapeutic
effects on cardiovascular and cerebrovascular diseases [29-31]. However, the current production of S. miltiorrhiza
is mostly cultivated, with a growth cycle of up to 2 years, and the quality varies in different production areas [32-35].
Therefore, it is necessary to use modern scientific and technological methods to improve traditional cultivation
techniques to obtain high-quality S. miltiorrhiza and medicinal natural products. Because hairy roots have the
advantages of rapid growth, high yields of secondary metabolites, and high genetic stability, hairy roots of
medicinal plants have been applied to the production of secondary metabolites and for variety improvement.

Endophytic fungi are commonly found in healthy plant tissues [36, 37]. Previous studies have shown that
endophytic fungi can promote the growth and development of medicinal plants and the accumulation of
secondary metabolites [16, 19]. Wu et al. co-cultured the mangrove plant Rhizophora mangle with Phomopsis
fungus, resulting in the production of a series of alkaloids, sterols, and polyketones [10]. Beauveria bassiana, the
endophytic fungus of tomato, can also induce the production of alkaloids, flavonoids and other substances in
tomato, thus playing a role in insect resistance[38]. Endophytic fungi can be made into biological inducers to
activate the expression of genes in secondary metabolic pathways and promote the accumulation of active
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ingredients in medicinal plants [19, 39]. Liu et al. screened three strains of fungi with a growth promoting function
from Taxus chinensis and used fermentation broth to prepare elicitors to significantly increase Taxane
accumulation in T. Chinensis stem cells [40]. Wang et al., isolated the endophytic fungus Aspergillus Niger from the
endothelium of yew trees and prepared an inducer, stimulated Taxol production in suspension cultures of yew
cells [41].

In this study, a total of 42 endophytic fungi were isolated from S. miltiorrhiza. A strain Phomopsis sp.
KLBMPSM237 that promoted the accumulation of active components in hairy roots of S. miltiorrhiza without
biomass inhibition was selected from the crude polysaccharide production of endogenous fungi and the co-
cultivation of hairy roots. Different concentrations of inducers produced by the strain significantly increased
tanshinone I salvianolic acid B and biomass of hairy roots of S. miltiorrhiza. Tanshinone I and salvianolic acid Bare
the important active components in S. miltiorrhiza [42, 43]. Tanshinone I has good activities, including anti-
oxidative stress, regulating autophagy or apoptosis, and inhibiting inflammation [44]. Salvianolic acid B is a
water-soluble weakly acidic drug that has been shown to have anti-tumor and anti-inflammatory effects on
various organs and tissues such aslung, heart, kidney, intestine, bone, liver, and skin, as well as protective effects on
diseases such as depression and spinal cord injury [45]. It is important for the pharmaceutical industry to be able
to use biotechnology to improve the production of pharmaceutical ingredients. The precursor substances
involved in the metabolism of S. miltiorrhiza are catalyzed by the enzyme genes of CYP98A family to produce
rosmarinic acid, which is then used as the precursor of salvianolic acid B [46]. This implies that the reduction of
rosmarinic acid may be involved in the production of salvianolic acid B. The metabolism of tanshinone IIA,
cryptotanshinone (the precursor of tanshinone ITA) and tanshinone I are in different branches under the catalysis
of CYP76A and CYP81A family genes [47]. The increase of tanshinone I and the decrease of tanshinone ITA
suggest that there may be a competitive relationship among them. This may be the potential mechanism by which
KLBMPSM237 promotes the accumulation of tanshinone I and salvianolic acid B in the hairy roots of S.
miltiorrhiza and improves its medicinal value.

At present, the effects of endophytic fungi on host medicinal plants are not well studied. Some studies have
shown that endophytic fungi regulate the secondary metabolism of medicinal plants by regulating signalling
molecules, enzyme genes, and plant hormones in plants, thereby improving the quality of medicinal plants[19, 48-
50]. This study provides new microbial resources for improving the composition of tanshinone I and salvianolic
acid B in the hairy roots of S. miltiorrhiza. However, the exact pathway by which Phomopsis sp. KLBMPSM237
promotes the growth and accumulation of active components in S. miltiorrhiza remains to be further studied.

Conclusion

In this study, a Phomopsis sp. KLBMPSM237 strain was selected from the medicinal plant S. miltiorrhiza, which
promoted the accumulation of active components in the hairy roots of S. miltiorrhiza without biomass inhibition.
The results showed that different concentrations of the inducer significantly increased tanshinone I, salvianolic
acid B and the biomass of hairy roots of S. miltiorrhiza. This study provides a new biotechnology support for
promoting the production of essential ingredients from hairy root of S. miltiorrhiza.

Acknowledgment

This study was supported by the National Natural Science Foundation of China (grant number: 32471584 and
32030072).

Conflict of Interest
The authors have no financial conflicts of interest to declare.

References

1. ShenZ, Cui T, Liu Y, Wu S, Han C, Li J. 2023. Astragalus membranaceus and Salvia miltiorrhiza ameliorate diabetic kidney disease via
the “gut-kidney axis”. Phytomedicine 121: 155129.

2. HuangJ, Zhang J, Sun C, Yang R, Sheng M, Hu J, ef al. 2024. Adjuvant role of Salvia miltiorrhiza bunge in cancer chemotherapy: a
review of its bioactive components, health-promotion effect and mechanisms. J. Ethnopharmacol. 318: 117022.

3. Wei B, Sun C, Wan H, Shou Q, Han B, Sheng M, et al. 2023. Bioactive components and molecular mechanisms of Salvia miltiorrhiza
Bunge in promoting blood circulation to remove blood stasis. J. Ethnopharmacol. 317: 116697.

4. Cai L, Chen Y, Xue H, Yang Y, Wang Y, Xu ], et al. 2024. Effect and pharmacological mechanism of Salvia miltiorrhiza and its
characteristic extracts on diabetic nephropathy. J. Ethnopharmacol. 319: 117354.

5. Guo Y, LiY, Xue L, Severino RP, Gao S, NiuJ, et al. 2014. Salvia miltiorrhiza: an ancient Chinese herbal medicine as a source for anti-
osteoporotic drugs. J. Ethnopharmacol. 155: 1401-1416.

6. Zhang Y, Xie Y, Liao X, Jia Q, Chai Y. 2017. A Chinese patent medicine Salvia miltiorrhiza depside salts for infusion combined with
conventional treatment for patients with angina pectoris: a systematic review and meta-analysis of randomized controlled trials.
Phytomedicine 25: 100-117.

7. MaX, ZhangL, Gao E Jia W, Li C. 2023. Salvia miltiorrhiza and tanshinone IIA reduce endothelial inflammation and atherosclerotic
plaque formation through inhibiting COX-2. Biomed. Pharmacother. 167: 115501.

8. KongJ, Li S, Li Y, Chen M. 2023. Effects of Salvia miltiorrhiza active compounds on placenta-mediated pregnancy complications.
Front. Cell Dev. Biol. 11: 1034455.

9. Hsu CT, Chiu CC, Hsiao PY, Lin CY, Cheng S, Lin YC, et al. 2024. Transgene-free CRISPR/Cas9-mediated gene editing through
protoplast-to-plant regeneration enhances active compounds in Salvia miltiorrhiza. Plant Biotechnol. ]. 22: 1549-1551.

10. Wu], YeJ, Cen], Chen Y, Xu J. 2024. Induction of three new secondary metabolites by the co-culture of endophytic fungi Phomopsis
asparagi DHS-48 and Phomopsis sp. DHS-11 isolated from the Chinese mangrove plant Rhizophora mangle. Mar. Drugs 22: 332.

2025 | Vol. 35



8 Wangetal.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Liang H, Kong Y, Chen W, Wang X, Jia Z, Dai Y, et al. 2021. The quality of wild Salvia miltiorrhiza from Dao Di area in China and its
correlation with soil parameters and climate factors. Phytochem. Anal. 32: 318-325.

Zhu BJ, Yan ZY, Hong L, Li SP, Zhao J. 2020. Quality evaluation of Salvia miltiorrhiza from different geographical origins in China
based on qualitative and quantitative saccharide mapping and chemometrics. J. Pharm. Biomed Anal. 191: 113583.

Bogas AC, Cruz FPN, Lacava PT, Sousa CP. 2022. Endophytic fungi: an overview on biotechnological and agronomic potential. Braz.
J. Biol. 84: €258557.

Yan L, Zhu ], Zhao X, Shi J, Jiang C, Shao D. 2019. Beneficial effects of endophytic fungi colonization on plants. Appl. Microbiol.
Biotechnol. 103: 3327-3340.

QinX, XuJ, AnX, YangJ, Wang Y, Dou M, et al. 2024. Insight of endophytic fungi promoting the growth and development of woody
plants. Crit. Rev. Biotechnol. 44: 78-99.

Baron NC, Rigobelo EC. 2022. Endophytic fungi: a tool for plant growth promotion and sustainable agriculture. Mycology 13: 39-55.
Ji X, Xia Y, Zhang H, Cui JL. 2022. The microscopic mechanism between endophytic fungi and host plants: from recognition to
building stable mutually beneficial relationships. Microbiol. Res. 261: 127056.

Zenteno-Alegria CO, Yarzabal Rodriguez LA, Ciancas Jimenez J, Alvarez Gutierrez PE, Gunde-Cimerman N, Batista-Garcia RA.
2024. Fungi beyond limits: the agricultural promise of extremophiles. Microb. Biotechnol. 17: e14439.

Wang Y, Zhang Y, Cong H, Li C, Wu ], Li L, et al. 2023. Cultivable endophyte resources in medicinal plants and effects on hosts. Life
(Basel) 13:1695.

Zhong L, Niu B, Tang L, Chen E, Zhao G, Zhao J. 2016. Effects of polysaccharide elicitors from endophytic Fusarium oxysporum Fat9
on the growth, flavonoid accumulation and antioxidant property of Fagopyrum tataricum sprout cultures. Molecules 21: 1590.
Singh B, Sahu PM, Aloria M, Reddy SS, Prasad ], Sharma RA. 2022. Azotobacter chroococcum and Pseudomonas putida enhance
pyrroloquinazoline alkaloids accumulation in Adhatoda vasica hairy roots by biotization. J. Biotechnol. 353: 51-60.

Xie XG, Zhang ZZ, Chen L, Ming QL, Sheng KX, Chen X, et al. 2023. An endophytic fungus Schizophyllum commune isolated from
Panax ginseng enhances hairy roots growth and ginsenoside biosynthesis. Can. J. Microbiol. 69: 296-308.

XuW,JinX, Yang M, Xue S, Luo L, Cao X, et al. 2021. Primary and secondary metabolites produced in Salvia miltiorrhiza hairy roots
by an endophytic fungal elicitor from Mucor fragilis. Plant Physiol. Biochem. 160: 404-412.

Murray MG, Thompson WE. 1980. Rapid isolation of high molecular weight plant DNA. Nucleic Acids Res. 8: 4321-4325.

Naveen KV, Sathiyaseelan A, Mandal S, Han K, Wang M-H. 2023. Unveiling the structural characteristics and bioactivities of the
polysaccharides extracted from endophytic Penicillium sp. Molecules 28: 5788.

Long X, Yan Q, Cai L, Li G, Luo X. 2020. Box-behnken design-based optimization for deproteinization of crude polysaccharides in
Lycium barbarum berry residue using the Sevag method. Heliyon 6: €03888.

Laurentin A, Edwards CA. 2003. A microtiter modification of the anthrone-sulfuric acid colorimetric assay for glucose-based
carbohydrates. Anal. Biochem. 315: 143-145.

XuJ, Yan X, Jia X, Wang Y, Xu H, Yu H, et al. 2023. A new strategy to improve Ganoderma polysaccharides production by symbiotic
fungi elicitors through activating the biosynthetic pathway. Int. . Biol. Macromol. 235: 123798.

Ji HY, Dai KY, Liu C, Yu J, Jia XY, Liu AJ. 2022. Preparation, antioxidant and immunoregulatory activities of a macromolecular
glycoprotein from Salvia miltiorrhiza. Foods 11: 705.

Wu R, Zhou Y, Xu H, Zhao W, Zhou L, Zhao Y, et al. 2023. Aqueous extract of Salvia miltiorrhiza bunge reduces blood pressure
through inhibiting oxidative stress, inflammation and fibrosis of adventitia in primary hypertension. Front. Pharmacol. 14: 1093669.
Shao T, Zhang J, An S, Xu H, Wu J, Wang L, et al. 2022. An optimal combination of chemically pure compounds from Salvia
miltiorrhiza for inhibiting cell proliferation. Cardiovasc. Hematol. Agents Med. Chem. 20: 34-42.

Ai M, Han F, Yang X, Chu H, Luo C, Tan S, et al. 2023. Endophytic Penicillium oxalicum CX-1 prevented Phytophthora cactorum
blight on Salvia miltiorrhiza and promoted plant growth. J. Appl. Microbiol. 134: 1xad010.

Du Y, Wang T, Jiang J, Wang Y, Lv C, Sun K, et al. 2022. Biological control and plant growth promotion properties of Streptomyces
albidoflavus St-220 isolated from Salvia miltiorrhiza rhizosphere. Front. Plant Sci. 13: 976813.

Li MH, Chen JM, Peng Y, Wu Q, Xiao PG. 2008. Investigation of Danshen and related medicinal plants in China. J. Ethnopharmacol.
120: 419-426.

Zhong GX, Li P, Zeng L], Guan J, Li DQ, Li SP. 2009. Chemical characteristics of Salvia miltiorrhiza (Danshen) collected from
different locations in China. J. Agric. Food Chem. 57: 6879-6887.

Busby PE, Ridout M, Newcombe G. 2016. Fungal endophytes: modifiers of plant disease. Plant Mol. Biol. 90: 645-655.

Nair DN, Padmavathy S. 2014. Impact of endophytic microorganisms on plants, environment and humans. Scientific WorldJournal
2014:250693.

Wang X, Yan G, Liu W, Chen H, Yuan Q, Wang Z, et al. 2023. Endophytic Beauveria bassiana of tomato resisted the damage from
whitefly Bemisia tabaci by mediating the accumulation of plant-specialized metabolites. J. Agric. Food Chem. 71: 13244-13254.
Fontana DC, de Paula S, Torres AG, de Souza VHM, Pascholati SE, Schmidt D, et al. 2021. Endophytic fungi: biological control and
induced resistance to phytopathogens and abiotic stresses. Pathogens 10: 570.

Liu Q,Li L, Chen Y, Wang S, Xue L, Meng W, et al. 2023. Diversity of endophytic microbes in Taxus yunnanensis and their potential
for plant growth promotion and Taxane accumulation. Microorganisms 11: 1645.

Wang C, Wu ], Mei X. 2001. Enhancement of taxol production and excretion in Taxus chinensis cell culture by fungal elicitation and
medium renewal. Appl. Microbiol. Biotechnol. 55: 404-410.

Ma XH, Ma Y, Tang JE He YL, Liu YC, Ma X], et al. 2015. The biosynthetic pathways of tanshinones and phenolic acids in Salvia
miltiorrhiza. Molecules 20: 16235-16254.

Li YG, Song L, Liu M, Hu ZB, Wang ZT. 2009. Advancement in analysis of Salviae miltiorrhizae Radix et Rhizoma (Danshen). J.
Chromatogr. A. 1216: 1941-1953.

Ke L, Zhong C, Chen Z, Zheng Z, Li S, Chen B, et al. 2023. Tanshinone I: pharmacological activities, molecular mechanisms against
diseases and future perspectives. Phytomedicine 110: 154632.

He G, Chen G, Liu W, Ye D, Liu X, Liang X, et al. 2023. Salvianolic acid B: a review of pharmacological effects, safety, combination
therapy, new dosage forms, and novel drug delivery routes. Pharmaceutics 15: 2235.

Zhou Z, Feng J, Huo J, Qiu S, Zhang P, Wang Y, et al. 2024. Versatile CYP98A enzymes catalyse meta-hydroxylation reveals diversity
of salvianolic acids biosynthesis. Plant Biotechnol. ]. 22: 1536-1548.

Ren L, Luo L, Hu Z, Ma Y, Wang ], Cheng Y, et al. 2023. Functional characterization of CYP81C16 involved in the tanshinone
biosynthetic pathway in Salvia miltiorrhiza. Chin. J. Nat. Med. 21: 938-949.

Zhang ], Lu ], Zhu Y, Shen X, Zhu B, Qin L. 2024. Roles of endophytic fungi in medicinal plant abiotic stress response and TCM
quality development. Chin. Herb Med. 16: 204-213.

Jia M, Chen L, Xin HL, Zheng CJ, Rahman K, Han T, et al. 2016. A Friendly relationship between endophytic fungi and medicinal
plants: a systematic review. Front. Microbiol. 7: 906.

Zhai X, Jia M, Chen L, Zheng CJ, Rahman K, Han T, et al. 2017. The regulatory mechanism of fungal elicitor-induced secondary
metabolite biosynthesis in medical plants. Crit. Rev. Microbiol. 43: 238-261.

J. Microbiol. Biotechnol.



