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Promotion of phenolic compounds production
in Salvia miltiorrhiza hairy roots by six strains
of rhizosphere bacteria

Salvia miltiorrhiza Bunge is an important herb for the treatment of cerebrovascular
and cardiovascular diseases with bioactive compounds (phenolic acids and tanshi-
nones). Abundant studies showed that tanshinones could be stimulated by biotic
and abiotic stresses, but limited information is available on biosynthesis of phenolic
acids promoted by biotic stresses. The aim of the present work was to isolate and
identify rhizosphere bacteria which stimulated phenolic compound in Salvia milti-
orrhiza hairy roots and investigated the internal mechanism, providing a potential
means to enhance content of pharmaceuticals in S. miltiorrhiza. The results showed
that six bacteria, namely, HYR1, HYR26, SCR22, 14DSR23, DS6, and LNHR13, be-
longing to the genus Pseudomonas and Pantoea, significantly promoted the growth
and content of major phenolic acids, RA and SAB. Bacteria LNHR13 was the most
effective one, with the contents of RA and SAB reaching �2.5-fold (30.1 mg/g DW)
and �2.3-fold (48.3 mg/g DW) as those of the control, respectively. Phytohormones
and polysaccharides produced by bacteria showed potential responsibility for the
growth and biosynthesis of secondary metabolites of S. miltiorrhiza. Meanwhile,
we found that the more abundant the types and contents of phytohormones, the
stronger their stimulating effect on the content of salvianolic acids.
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1 Introduction

Salvia miltiorrhiza Bunge (Lamiaceae), commonly known as
Danshen, is an important herb in China [1]. Its rhizomes, hav-
ing been widely used in the treatment of cerebrovascular and
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cardiovascular diseases in China as well as other countries, con-
tain two types of bioactive substances, namely, phenolic acids
and tanshinones [2]. SAB is a quality indicator of Danshen, and
RA is the vital precursor for SAB biosynthesis, and they are two
major phenolic acids in Danshen [3]. Phenolic compounds have
been shown to have significant bioactivities such as antioxidant,
anti-ischemia reperfusion, and antithrombotic effects [5]. Tan-
shinones mainly include T-I, T-IIA, CT, DT-I [4]. Cardiovascular
disease is one of major threats to the health of people around the
world, accounting for approximately 30% of all deaths in United
States in 2011 reported by the World Health Organization [6]
Thus, demand for good quality Danshen is increasing, while
quality degradation, high levels of pesticides and heavy metals
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are all detrimental to cultivated Danshen [7]. Therefore, it is nec-
essary to find efficient ways to enhance the content of medicinal
substances in S. miltiorrhiza and adopt in vitro culturing of this
plant.

Recently, S. miltiorrhiza hairy roots have been considered as
a potential substitute for extracting medicinal components and
are widely used in academic research [8]. In addition, accu-
mulation of secondary metabolites often occurs in many plants
subjected to abiotic and biotic stresses, especially in defense re-
sponses of plants triggered by microbial pathogens and ben-
eficial microbes [9]. Rhizosphere microorganisms adhering to
plant roots are directly affected by the activity of the corre-
sponding plant. Different plants release different types and con-
tents of organic carbon [10], thereby shaping the associated mi-
crobial communities, and these microbes in turn influence the
host [11]. Thus, rhizosphere microorganisms have the potential
to induce the accumulation of secondary metabolites of S. milti-
orrhiza. Moreover, most studies have shown that bacterial phyto-
hormones play a significant role in these microorganism–plant
interactions [12–14].

Recently, abundant evidence showed that tanshinones could
be stimulated by biotic and abiotic elicitors, but so far only a few
studies have been done on the biosynthesis of phenolic acids [15].
In particularly, limited information is available on phenolic acids
promoted by biotic elicitors. Moreover, most research in recent
years has been carried out on enzyme-molecular-mechanisms
in the promotion of secondary metabolite biosynthesis by mi-
crobes, rarely considering the role of metabolites produced by
bacteria in this condition. Therefore, the objectives of the present
study are to isolate rhizosphere microorganisms from S. milti-
orrhiza to determine whether any of these microorganisms can
stimulate phenolic compounds of S. miltiorrhiza, and also to
investigate the role of metabolites produced by bacteria in such
cases.

2 Materials and methods

2.1 Isolation and identification of rhizosphere
microbes from the roots of S. miltiorrhiza

Fresh roots of biennial wild-type S. miltiorrhiza Bunge were col-
lected from their main natural habitat (Shaanxi Province, China)
and transported to our laboratory for processing within 24 h of
collection. The roots of S. miltiorrhiza were washed thoroughly
in sterile distilled water to remove the soil and detrital ma-
terial attached to the roots and then shaken on a mechanical
gyrator shaker in sterile phosphate-buffered saline [16]. Finally,
the samples were spread on Luria–Bertani (LB) [17] plates and
placed on incubator at 28°C until the appearance of visible bac-
terial growth. The single colonies on LB plates were selected and
subcultured onto a fresh LB medium until pure culture formed.
The bacterial strains were identified by sequencing the 16S rRNA
gene, which was carried out by GENEWIZ, Inc. (Suzhou, China).
The phylogenetic tree based on the 16S rRNA gene sequences
was constructed by the neighbor-joining method using MEGA-5
software.

2.2 Preparation of bacterial elicitor and hairy root
cultures

The strains isolated from the roots of S. miltiorrhiza were kept
in our microbial culture storage facility. The bacteria used for
the experiments was prepared in a liquid beef extract peptone
medium (pH 7.2) at 28°C in shaker flasks at 220 rpm for 3 d,
reaching an optical density value of 1.0. After concentrated by
centrifuge at 12 400 × g (RCF) for 10 min, the culture broth was
filtered through a 0.22 μm sterile membrane to remove bacteria
and the filtrate used as elicitors.

The S. miltiorrhiza hairy roots were obtained by infecting
the aseptic plantlets with a Ri T-DNA-bearing Agrobacterium
rhizogenes bacterium (ATCC15834). All experiments were per-
formed in 250 mL Erlenmeyer flasks, which were placed on an
orbital shaker at 25°C 110 rpm in the dark. Each flask was filled
with 100 mL of the hormone-free liquid 6, 7-V medium (with
30 g/L sucrose) [18] and was inoculated with 0.3 g fresh weight
of roots for 18 d in the middle or late growth phase of hairy
roots as preculture. The preculture of hairy roots were treated
by the bacterial elicitors at 1.5% (v/v) on the day 18. The control
treatments were added to the same volume liquid beef extract
peptone medium. The hairy roots were harvested on the 6th
day after the treatment and cultured for an overall period of
24 d [19].

2.3 Measurements of root weight and metabolite
content

The hairy roots were collected from culture flasks, washed with
sterile distilled water, blotted dry by a paper towel, and dried in
an oven at 45°C for 3 d to measure the dry weight. The dried
root samples were ground into powder and extracted ultrasoni-
cally with methanol–water solution (10 mg roots mL−1; 7:3 v/v)
for 45 min. The extract was filtered through a 0.45 μm mem-
brane, and the filtrate was introduced to a high-performance
liquid chromatography (HPLC) system for the analysis of the
secondary metabolites. Analysis followed the methods described
by Xing [4]. In short, the analysis was performed on a Waters
HPLC system (Waters, Milford, MA, USA) using a ZORBAX
SB-C18 chromatographic column at 30°C, with solvent A (ace-
tonitrile)/solvent B (0.02% phosphoric acid solution) gradient as
the mobile phase with a flow rate of 1 mL/min, and with UV de-
tection at 270 nm for the lipid-soluble diterpenoids and 288 nm
for the water–soluble phenolic acids. The quantification of sec-
ondary metabolites was performed by building of calibration
curves. Empower 2 software was used for data acquisition and
processing. The authentic standards were obtained from the Na-
tional Institute for the Control of Pharmaceutical and Biological
Products (Beijing, China).

2.4 Isolation of the components in fermentation
broth of strain LNHR13

SF, ES, WSCSF, LSCSF, PSF, were separated. As shown in Fig. 1,
60 mL fermentation broth of strain LNHR13 was concen-
trated under reduced pressure at 60°C to an appropriate
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Figure 1. The way of isolating
the components of fermentation
broth of strain LNHR13.

volume, adding 4 volumes of 95% ethanol, precipitating at -
20°C for one day. Then, the solution was centrifuged at 8600
× g (RCF) for 10 min, and the precipitate and supernatant
fluid was collected, obtaining ES and SF. A part of SF was fur-
ther extracted by ethyl acetate, obtaining WSCSF and LSCSF.
A part of precipitate was further subjected to deproteinization
with Sevage reagent (chloroform–n-butanol 5:1, v/v), and small
molecule impurities were removed by dialysis with a dialysis
tubing whose differing molecular-weight cutoffs is 2000 Da,
obtaining PSF. The concentration of components in isolated
fraction were regulated as same as that in fermentation broth.
The components were inoculated to hairy root at 1.5% (v/v)
on day 18 of the S. miltiorrhiza hairy root culture. Control
treatments were added to the same volume of sterile distilled
water.

2.5 LC–MS/MS analysis of the phytohormones in
selected bacteria

The fermentation broth was concentrated and filtered through a
0.22 μm sterile membrane prior to liquid chromatography-triple
quadrupole mass spectrometry (LC–MS/MS) analysis. About 25
acidic and 18 alkaline phytohormones and their major metabo-
lites were analyzed in this work, including auxins, abscisic acid,
jasmonic acid, SA, cytokinins and GA; details are described by
Cao et al. [20]. The 43 standards of phytohormones and their
metabolites were purchased from Olchemim Ltd. (Olomouc,
Czech Republic). LC–MS/MS analysis followed the methods de-
scribed by Cao et al. [20]. In brief, the mass spectrometer was
equipped with Surveyor HPLC system (Thermo Fisher Scien-
tific, San Jose, CA, USA) consisting of a Surveyor LC pump, a
solvent degasser and a Surveyor autosampler (injection volume
5 μL). The separations were performed by using a ZORBAX
Extend-C18 column (100 × 2.1 mm, 1.8 m; Agilent, Shanghai,
China) at 30°C with a H2O (+5 mM ammonium formate) (A)/
MeOH (B) gradient (flow rate 150 μL/min). Samples were ana-
lyzed by using a gradient program as follows: 0–30 min, 10–45%
MeOH; 30–35 min, 45–95% MeOH; and 35.1 min, 10% MeOH.
The quantification and confirmation were performed on a TSQ
Quantum Access Max (Thermo Fisher Scientific, Bremen, Ger-
many), equipped with an HESI-II heated electrospray ionization
source. The optimized electrospray ion source (ESI) operating
conditions were: needle spray voltage, (−) 2.2 kV/(+) 2.8 kV;
skimmer offset, 3 V; sheath N2 gas pressure, 35 arbitrary units;
auxiliary N2 gas pressure, 5 arbitrary units; ion transfer capillary

temperature, 300°C; vaporizer temperature, 350°C, and collision
Ar gas pressure, 1.5 mTorr. All of the analytes were monitored
using the selected reaction monitoring mode. Xcal-ibur (version
2.2, Thermo Fisher Scientific) and LCQuan software (version
2.6, Thermo Fisher Scientific) were used for instrument control,
and data acquisition and processing.

2.6 Validation the effect of SA and IAA on the
biomass and phenolic compounds synthesis in
S. miltiorrhiza

Salicylic acid and indole-3-acetic acid were purchased from San-
gon Biotech (Shanghai) Co., Ltd. (Shanghai, China). Concentra-
tions of phytohormone treatment solutions were designed based
on that of bacterial phytohormones. The concentrations of IAA
were set as following: 0, 700, 3150, 4450, 12150, 71550 ng/mL,
and that of SA were set as following: 0, 28, 35, 100, 200,
315 ng/mL. The treatment methods on S. miltiorrhiza and mea-
surements of root weight and metabolite content were the same
as described above.

2.7 Data analysis

All experiments, including controls and different treatments of
hairy root cultures, HPLC analysis, LC–MS/MS analysis and val-
idation were performed in triplicate. The data were processed
using SPSS software ver. 22 (SPSS Inc., Chicago, IL). Signifi-
cant differences were analyzed by one-way analysis of variance
(ANOVA). Differences were considered significant at p < 0.05,
p < 0.01, and p < 0.001.

3 Results

3.1 Isolation and identification of rhizosphere
bacteria with the ability to stimulate phenolic
acids

Ninety-six bacterial strains were isolated from the roots of
S. miltiorrhiza plants on the basis of morphology roughly. The
measurement of root weight and metabolite contents of S. milti-
orrhiza hairy roots treated with the fermentation broth of these
strains showed that strains HYR1, HYR26, SCR22, 14DSR23,
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Figure 2. Phylogenetic tree
based on the results of 16S
rRNA sequence comparison.

DS6, and LNHR13 could significantly promote the production
of phenolic acids.

Then, these strains were identified by sequencing 16S rRNA.
As shown in Fig. 2, the strains HYR1, HYR26, SCR22, 14DSR23,
DS6, and LNHR13 exhibited high homology (100, 99.93, 99.84,
98.66, 99.93, and 99.86%) with Pseudomonas chlororaphis subsp.
aurantiaca NCIB 10068T, Pseudomonas chlororaphis subsp. au-
rantiaca NCIB 10068T, Pseudomonas chlororaphis subsp. piscium
JF3835T, Pantoea rodasii LMG 26273T, Pseudomonas vancouv-
erensis ATCC 700688T and Pseudomonas chlororaphis subsp. au-
reofaciens NBRC 3521T in the terms of 16S rRNA sequence,
respectively. We deposited the corresponding sequences in
the GenBank database with accession numbers of KX272886,
KX272965, KX273059, KX273064, KX273060 and KY458549,
respectively.

P. rodasii and Pseudomonas groups have recently been con-
sidered as plant growth-promoting rhizobacteria [21, 22].

3.2 Effects of rhizosphere microbes on the biomass
and secondary metabolites of S. miltiorrhiza hairy
roots

As shown in Fig. 3A, the selected strains significantly increased
the dry weight of the hairy roots compared with the control,
with the exception of DS6. The most effective strain was HYR1,
which increased the biomass by �44.2% compared to that of the
control.

The effects of these bacteria on the accumulation of pheno-
lic acids in S. miltiorrhiza hairy roots are shown in Fig. 3B. In
all strain treatments, the accumulation of RA and SAB in hairy
roots was stimulated. The contents of RA and SAB subjected
to strain HYR1 were 18.9 mg g DW–1 and 32.7 mg g DW–1,
respectively, which were �57.0% and �54.0% higher than the
corresponding levels of the control. Hairy roots treated with
SCR22, 14DSR23 and LNHR13 showed �111%, �140% and
�150% increases in RA content than the control, respectively,
and �71.9%, �104.2% and 128% increases in SAB content than
the control, respectively. In addition, both HYR26 and DS6 ex-
hibited a slightly significant stimulating effect on RA and SAB

accumulation. When considering the dry weight, it was evident
that the yields of both RA and SAB increased. Furthermore, we
performed an additional experiment to detect the relevant genes
expression in biosynthesis pathway of the phenolic compounds
in S. miltiorrhiza with the treatment of the most effective strain
LNHR13, and the methods and results was shown in Supporting
Information Fig. 1.

Tanshinones are another group of bioactive constituents in
S. miltiorrhiza. Thus, another indicator of application of these
bacteria is to determine their effects on the accumulation of
tanshinones in S. miltiorrhiza hairy roots. As shown in Fig. 3C,
DT-I, T-I, CT, and T-IIA were stimulated by the treatment with
strain HYR1, with contents reaching 2.7-, 4.3-, 1.5-, and 1.3-
fold levels of those of the control, respectively. Strain DS6 ex-
erted a significantly positive effect on stimulating the contents of
T-I and T-IIA in hairy roots, with levels 1.9- and 2.9-fold that
of the control, respectively; strains HYR26, SCR22 and LNHR13
showed a slight effect on content of tanshinones. However, strain
14DSR23 significantly decreased the contents of T-I, CT, and
DT-I in hairy roots.

3.3 Effects of isolated components of strain LNHR13
on the biomass and secondary metabolites of
S. miltiorrhiza hairy roots

Recently, some previous researches have already study to im-
prove tanshinones contents by microbes, including one rhi-
zosphere bacteria (Bacillus cereus)[23], while limited infor-
mation is available on phenolic acids promoted by biotic
elicitors, so we treated S. miltiorrhiza hairy roots with iso-
lated components of strain LNHR13 to evaluate its active
component.

As shown in Fig. 4, the biomass of hairy roots was increased
with treatment of SF, ES, WSCSF, LSCSF, and PSF, with the
dry weight increasing by 8.1, 3.7, 5.9, 1.0, and 4.9%. Both SF
and WSCSF exhibited a significant stimulating effect on RA and
SAB accumulation, with the content of RA increasing 23.0%
and 29.7% that of control, respectively, and the content of SAB
increasing 46.8%, 48.4% that of control, respectively. PSF only
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Figure 3. Effects of control and sterile fermentation broth of
strains HYR1, HYR26, SCR22, 14DSR23, DS6, and LNHR13 on
the growth (A) as well as accumulation of phenolic acids (B) and
tanshinones (C) in S. miltiorrhiza hairy roots in 6 d. Values are
presented as mean ± SD, n = 3. The asterisks indicate signifi-
cant differences at p < 0.05, p < 0.01, and p < 0.001, marked as
∗, ∗∗, and ∗∗∗, respectively.

significantly stimulated the content of SAB, with the increase
rate reaching 49.1%. Other fractions had no significant effect
on phenolic acids biosynthesis. In addition, all isolated fractions
stimulated the biosynthesis of tanshinones. When taking the
biomass into consideration, the effects of PSF and WSCSF were
better than others on the increase of tanshinone contents per
unit volume. The DT-I, CT, T-I and T-IIA content under PSF
treatment, reaching 4.7-, 1.6-, 2.6-, and 2.7-fold per unit volume
that of control, respectively. The content of DT-I, CT, T-I, and
T-IIA in hairy roots with treatment of WSCSF were 3.4-, 1.6-,
2.6-, 2.3 per unit volume fold, respectively, compared with the
control.

Figure 4. Effect of components in LNHR13 on the growth (A)
as well as accumulation of phenolic acids (B) and tanshinones
(C) in S. miltiorrhiza hairy roots in 6 d. Values are presented as
mean ± SD, n = 3. The asterisks indicate significant differences
at p < 0.05, p < 0.01, and p < 0.001, marked as ∗, ∗∗, and ∗∗∗,
respectively.

3.4 Identification and quantification of
phytohormones in selected bacteria by
LC-MS/MS

In general, the substances in water-soluble fraction were small
molecular substances, and phytohormone which plays an out-
standing role in regulation of plants growth and development
was potential one among these substances. Taking this reason
into consideration, we further investigated the phytohormones
in fermentation broth of LNHR13 and its isolated components.
The results are shown in Table 1. There were various phyto-
hormones in fermentation broth, including IAA, iP, SA, t-Z7G,
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Table 1. The phytohormones in components of fermentation broth
of bacteria LNHR13 (ng/mL)

Phytohormone Fermentation
broth

SF WSCSF LSCSF

IAA 677.5 ± 52.1 27.4 ± 1.7 11.6 ± 1.8 11.4 ± 0.4
iP 10.0 ± 0.8 N/Da) N/D N/D
SA 27.3 ± 0.7 N/D N/D N/D
t-Z7G 4.1 ± 0.2 N/D N/D N/D
t-ZOG 88.0 ± 5.9 6.0 ± 0.1 4.7 ± 0.3 N/D
GA12 0.8 ± 0.1 N/D N/D N/D
IP7Gb) 0.5 ± 0.1 N/D N/D N/D

a)Not detected;
b)N6-isopentenyladenine-7-glucoside.

t-ZOG, GA12 and N6-isopentenyladenine-7-glucoside. The con-
tents of IAA, SA and t-ZOG were relatively higher than others,
whose contents were 677.524, 27.313, and 88.027 ng/mL, respec-
tively. The species of phytohormones in each isolated fraction
were relatively less and content relatively lower than that in fer-
mentation broth. In addition, the active fraction (fermentation
broth, SF and WSCSF) for stimulating phenolic acids biosynthe-
sis contained t-ZOG, which does not exist in the non-active one
(LSCSF).

To verify the role of phytohormones in phenolic acids biosyn-
thesis, we investigated phytohormones in the fermentation broth
of all selected strains, and the results are shown in Table 2. The
phytohormones in selected bacteria included both acidic and
alkaline phytohormones and their major metabolites. The com-
mon phytohormones were IAA, SA, t-ZOG, indole-3-acetyl-l-
phenylalanine, iP, t-Z7G. IAA was found to be the most abundant
of these phytohormones in all strains, ranging from 780.92 to
71543.05 ng/mL, with SA and t-ZOG being the next most abun-
dant phytohormones. The content of SA ranged from 33.619
to 88.027 ng/mL, and that of t-ZOG ranged from 28.86 to
379.21 ng/mL.

3.5 Effects of phytohormones on the biomass and
phenolic acids of S. miltiorrhiza hairy roots

Considering IAA and SA with high concentration may play an
important role in promotion of phenolic acids, while there were
various substances in bacterial broth which may interfere the
effect of IAA and SA, we performed further experiments for
testing their effect alone. As shown in Fig. 5A, the biomass was
increased by low concentrations of IAA (700-12150 ng/mL) and
its peak appeared at application of 700 ng/mL of IAA, while
the biomass was inhibited by the high concentrations of IAA
(71550 ng/mL). The effects of RA and SAB biosynthesis were
shown in Fig. 5B and Fig. 5C. The applications of SA at the
concentration of 28 to 315 ng/mL had an obvious effect on the
accumulations of RA and SAB compared to the control, and the
peak of phenolic acids appeared at 28 and 35 ng/mL.

4 Discussion

These results show that, with the exception of DS6, all strains
could significantly promote the growth of S. miltiorrhiza hairy
roots. A series of papers studied the possible mechanism of
growth promotion. One of the main approaches to promot-
ing growth by P. chlororaphis, P. rodasii, and P. vancouverensis
is through production of IAA [24–27]. The detection of phy-
tohormones in strain LNHR13 and its isolated components
showed that the content of IAA was related the increase rate
of biomass, the higher the content of IAA, the higher the incre-
ment of biomass. In addition, all these strains produced IAA.
The contents of IAA in these strains were HYR1< HYR26<

SCR22<14DSR23< DS6. With the increase of IAA concentra-
tion in these strains, the accordingly biomasses of hairy roots
(except treated by14DSR23) increased at first and decreased at
last, while all more than that of control. In general, IAA promotes
plant growth at low concentrations and inhibits plant growth in
high concentrations [28], therefore, the results above approxi-
mately fit the dose–response curve for IAA. And the result in the

Table 2. The phytohormones in selected bacteria (ng/mL)

Phytohormone SCR22 HYR1 HYR26 14DSR23 DS6

dihydrozeatin-9-glucoside (DZ9G) N/Da) N/D N/D N/D 0.2 ± 0.0
dihydrozeatin-O-glucoside (DZOG) 0.1 ± 0.0 N/D N/D N/D N/D
IAA 4433.3 ± 150.9 780.9 ± 20.2 3149.0 ± 107.8 12 140.9 ± 218.9 71 543.1 ± 472.2
dindole-3-acetyl-L-alanine (IAA-Ala) N/D N/D N/D N/D 1.4 ± 0.1
indole-3-acetyl-L-asparticacid (IAA-Asp) N/D 4.5 ± 0.3 N/D N/D 9.3 ± 0.3
indole-3-acetyl-L-phenylalanine (IAA-Phe) 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 1.8 ± 0.1 0.5 ± 0.0
indole-3-acetyl-L-valine (IAA-Val) N/D N/D 0.1 ± 0.0 0.2 ± 0.0 0.3 ± 0.0
iP 4.8 ± 0.2 3.8 ± 0.1 4.2 ± 0.2 6.2 ± 0.2 9.9 ± 0.4
N6-isopentenyladenosine (iPR) N/D N/D N/D 0.5 ± 0.0 3.1 ± 0.1
SA 34.3 ± 1.3 28.9 ± 1.0 34.4 ± 1.3 379.2 ± 8.1 310.8 ± 12.9
trans-zeatin riboside (t-ZR) N/D 0.1 ± 0.0 N/D N/D N/D
t-Z7G 3.5 ± 0.2 2.8 ± 0.1 1.3 ± 0.1 18.5 ± 1.1 25.9 ± 1.0
t-ZOG 59.1 ± 2.9 33.9 ± 1.7 45.7 ± 2.4 51.5 ± 2.8 58.8 ± 3.4

a)Not detected.
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Figure 5. The effect of IAA and SA on the growth (A) as well as
accumulation of RA and SAB in S. miltiorrhiza hairy roots. Values
are presented as mean ± SD, n = 3.

Fig. 5A also showed that IAA played an important role in the
growth promotion. The content of IAA in DS6 was the high-
est among these strains, and it was putative that the content of
IAA in DS6 reached the level of inhibiting the growth of hairy
root, which was verified in Fig. 5A. In addition, there were no
significant differences in weight between the SA treated group
and the control, which was the same as in a previous study of
S. miltiorrhiza hairy root [5]. Meanwhile, iP and zeatin had pos-
itive activities on the growth of other plants [29, 30], so it was
possible that they contributed to the growth of S. miltiorrhiza
hairy root.

Meanwhile, the results showed that all six strains were able
to increase the contents of RA and SAB in the hairy roots of
S. miltiorrhiza. The increase rate of phenolic acids production
induced by strain LNHR13 (the best strain) was less signifi-
cantly than that by some signal molecules, such as ethylene [32]
and SA [5], whereas better than other elicitors, such as heavy

metal salts (Ag+) [4], nonionic surfactants (Tween 20 and Triton
X-100) [33] and yeast extract [34]. Above all, the evidence about
phenolic acids content promoted by biotic elicitors is rarely avail-
able, and even most of the biotic elicitors (both live microbes
and constituents of microbial cells) inhibit the biosynthesis of
phenolic acids [2, 17, 23, 31]. So, it’s reasonable to isolate and
investigate the bioactive component in these bacteria. Regarding
the results in the isolated components of strain LHNR13 and
their effect on the biosynthesis of second metabolism in S. mil-
tiorrhiza hairy root, it was speculated that the active ingredients
which stimulated the content of phenolic acids were in WSCSF.
In general, the substances in water-soluble fraction were small
molecular substances, including water-soluble acid and phyto-
hormones. In previous studies, GA [32], SA [5], ABA [32] and
methyl jasmonate [35] had positive effects on the growth and
secondary metabolism of Salvia miltiorrhiza, so we speculated
that phytohormones are ones of the important active substances
in WSCSF. In addition, in this study, comparing the relationship
between the contents and species of phytohormones in fermen-
tation broth of strain LNHR13 and its isolated components and
their effect on the biomass and secondary metabolites of S. mil-
tiorrhiza hairy roots, we found that the more abundant the types
and contents of phytohormones, the stronger their stimulating
effect on the content of salvianolic acids. One review summa-
rized that the most likely reason of this phenomenon was that
due to a synergistic or potentiating effect, combined using of
different elicitors can be more effective than using single elicitor
only [36]. In addition, the active fraction for stimulating phe-
nolic acids biosynthesis contained t-ZOG, which was not exist
in the non-active one, indicating that t-ZOG should play an im-
portant role in phenolic acids biosynthesis. As shown in Table 2,
abundant phytohormones were detected in the selected strains
and these strains produced SA at different concentrations. In
previous studies, the application of 22.5 mg/L of SA had an ob-
vious effect on the accumulations of SAB and RA [5, 37–39].
Thus, we speculated that SA in selected strains plays an impor-
tant role in the biosynthesis of phenolic compounds. The results
in further experiment showed that SA treatment solutions at the
concentration of 28 to 315 ng/mL had a greatly stimulation on
biosynthesis of RA and SAB.

In addition to phytohormones, rhizosphere bacteria shall pro-
duce other compounds that influence the biosynthesis of phar-
maceutical compounds or bioactive ingredients in S. miltiorrhiza
hairy roots. Some studies reported that the polysaccharide frac-
tion from Bacillus cereus [23] and Trichoderma atroviride [31]
was the main active constituent of these microbes responsible
for stimulating the biosynthesis of tanshinones in S. miltior-
rhiza hairy roots. In this study, we found the PSF of LNHR13
significantly stimulated both phenolic acids and tanshinones in
S. miltiorrhiza hairy roots. Obviously, polysaccharide fraction
from LNHR13 was another active component to influence the
biosynthesis of pharmaceutical compounds in S. miltiorrhiza
hairy roots.

In conclusion, this paper reported biotic elicitors from bacte-
ria that significantly promote the biosynthesis of phenolic acids.
Most of the effective elicitors belong to the genus Pseudomonas,
and different strains of the same species were found to exert var-
ied effects on secondary metabolite production. Strain LNHR13
was the most effective stimulator of phenolic acids and strain
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HYR1 could significantly stimulate both the growth and sec-
ondary metabolite contents, so we can choose the suitable or
specific elicitor dependent on the particular target compounds
for promotion. For example, we can apply LNHR13 to induce
hairy roots when RA or SAB is the target one, while choose HYR1
to increase the content of DT-I. Significantly, limited informa-
tion is available on phenolic acids promoted by biotic elicitors,
so we explored the underlying mechanism, finding that bacterial
phytohormones and polysaccharide fraction were two major ac-
tive components to influence the biosynthesis of pharmaceutical
compounds in S. miltiorrhiza hairy roots.

Practical application

Biotic stresses exhibit an outstanding effect on biosyn-
thesis of secondary metabolites in medicinal plants. The
present work was intended to isolate and identify rhizo-
sphere bacteria (biotic stress) which was applied to stim-
ulate biosynthesis of phenolic compounds in Salvia mil-
tiorrhiza hairy roots and also to investigate the internal
mechanism, providing a potential means to enhance con-
tent of medicinal substances in S. miltiorrhiza.
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