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ABSTRACT: The roots of Salvia miltiorrhiza Bge named Danshen in traditional Chinese medicine, is 
widely used for the treatment of cardiovascular disorders, heart disease, stroke. Salvia miltiorrhiza Bunge, 
a well-known medicinal plant, has more than 20 effective components. In this review, results suggest that 
the tanshinone accumulation induced by the two elicitors was mainly synthesized via the non-MVA 
pathway (DXS activity), but could depend on crosstalk between the MVA and non-MVA pathways. Further 
In conclusion, phytohornones including ABA, GA3 and Ethylene were effective to improve production of 
phenolic acids and increase activitives of PAL and TAT in S. miltiorrhiza hairy roots. Antagonistic actions 
between the three phytohormones played important roles in the biosynthesis of phenolic acids. 
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INTRODUCTION 
 

 The roots of Salvia miltiorrhiza Bge. named Danshen in traditional Chinese medicine, is widely used for the 
treatment of cardiovascular disorders, heart disease, stroke, Alzheimer, treatment of myocardial on infraction, 
prevention of inflammation blood circulation diseases and cerebrovascular disease (Wang, 2007.) , also for food 
auxiliary agent. Rosmarinic acid, salvianolic acid B, dihydrotanshinone, cryptotanshinone, and tanshinone IIA are all 
responsible for the pharmacological activity of Danshen. (Wang, 2007) S. miltiorrhiza roots contain two major classes 
of chemicals, a class of lipid-soluble diterpene quinone pigments, generally known as tanshinones are the principal  
bioactive constituents of Danshns herb (zhiu, 2005) and a class of water-soluble phenolic acids including salvianolic 
acids, rosmarinic acid (RA), lithospermic acid, and 3,4-dihydroxyphenyllactic acid (DHPLA) or Danshensu . Although 
tanshinones were originally thought to be the main active ingredients of Danshen, the phenolic acid constituents 
have been recently found to have significant bioactivities such as antioxidant and anti ischemia reperfusion which 
may contribute to the therapeutic effects of Danshen. The diterpenoid pigments, generally known as tanshinones, 
are the principal bioactive constituents of Danshen herb, contributing to the therapeutic effects (Zhou, 2005). 
Nowadays, Danshen in various pharmaceutical dosage forms is an effective medicine widely used for the treatment 
of cardiovascular diseases and used as an emergency remedy for coronary artery disease and acute ischemic stroke 
(Zho, 2005). As cardiovascular diseases are responsible for approximately one-third of deaths worldwide (Deaton, 
2011), it is envisaged that the demand for Danshen and its active constituents is set to grow rapidly. Therefore, an 
efficient method of enhancing tanshinone production is very desirable. Although  the commercial supply of 
tanshinones for therapeutic uses is mainly based on extraction from Danshen roots of field_cultivated plants, cell 
suspension cultures and hairy root cultures  have been proven to be more controllable and sustainable systems for 
efficient production of tanshinones and other bioactive compounds  (Wang and Wu, 2010). Characterized by the 
rapid hormone-free growth and high genetic stability, hairy root cultures of S. miltiorrhiza have demonstrated the 
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ability to synthesize both major tanshinones, tanshinone I (T-I), tanshinone IIA (T-IIA), cryptotanshinone (CT), dihydro 
tanshinone I (DT-I) (Huand Alfermann, 1993) and phenolic acids (Chen, 2001). At present, Danshen in market is 
mainly the roots of cultivated S. miltiorrhiza and S. miltiorrhiza f. alba.The factors affecting bioactive compounds 
accumulation in Danshen, including germplasm (He ., 2010), environmental factors (Cao ., 2008; Li ., 2009; Hou ., 
2011), number of growth years (Li, 2009; He, 2010) and harvest time (Sheng ., 2009; Wang and Wang, 2011) have 
been extensively studied. It is commonly agreed that November is the best time for Danshen harvest. However, the 
root system of S. miltiorrhiza itself  has attracted none attention, which may be a crucial aspect impacting sampling 
uniformity and perhaps result in conflicting conclusions in similar experiments carried out in different laboratory (He, 
2010; Zhou, 2012). Rosmarinic acid is an ester of caffeic acid and 3,4dihydroxyphenyllactic acid, which is mainly 
found in the plant species of Boraginaceae and Lamiaceae. RA biosynthesis in these plants has been suggested to 
involve both the phenylpropanoid pathway (for the caffeic acid moiety) and a tyrosine-derived pathway (for the 
DHPLA moiety) as depicted by. Phenylalanine ammonia_lyase (PAL) is a key enzyme at the entrance of the 
phenylpropanoid pathway, and tyrosine aminotransferase (TAT) is the first enzyme in the tyrosine-derived pathway. 
The involvement of PAL in RA biosynthesis has been confirmed in several previous studies by an increase in the 
PAL activity preceding the RA accumulation induced by fungal (or yeast) elicitors and methyl jasmonate (MJ) in cell 
cultures of the Boraginaceae and Lamiaceae species (Tang ., 1992).  The involvement of TAT, (Qiong yan etal2006). 
Chief bioactive ingredients of S. miltiorrhiza roots are the diterpenoid pigments, particularly the phenanthrofurane 
quinone derivatives generally known as tanshinones . Hairy root culture of S. miltiorrhiza has been established as a 
potential means for tanshinone production (Chen, 1999).  
 In higher plants, terpenes or isoprenoids are synthesized via at least two different pathways, the mevalonate 
(MVA) pathway occurring in the cytosol and the non-MVA, m 1-deoxyD-xylulose 5-phosphate (DXP) pathway in the 
plastids of cell (Lchtenthaler ., 2000). HMGR (3-hydroxy-3methylglutaryl CoA reductase) catalyzes the formation of 
mevalonate from 3-hydroxy-3-methylglutaryl CoA, an initial and important step in the MVA pathway, and 1-deoxyD-
xylulose 5-phosphate synthase (DXS) and 1-deoxyD-xylulose 5-phosphate reductoisomerase (DXR) are the first two 
enzymes in the DXP pathway (Laule ., 2003). Although diterpenes are generally believed to be synthesized via the 
non-MVA pathway, there has been growing evidence for the involvement of the cytosolic MVA pathway in diterpene 
biosynthesis and the existence of crosstalk between the two pathways for isoprenoid biosynthesis in some plants. 
The specific biosynthetic pathways for tanshinone production in the S. miltiorrhiza roots are still not clear (Laule, 
2003). 
 
HAIRY ROOT 
 In recent years, hairy roots (HRs) have been successfully used as research tools for screening the potentialities 
of different plant species to tolerate, accumulate, and/or remove environmental pollutants, such as PCBs, TNT, 
pharmaceuticals, textile dyes, phenolics, heavy metals, and radionuclides. This is in part due to several advantages 
of this plant model system and the fact that roots have evolved specific mechanisms to deal with pollutants because 
they are the first organs to have contact with them (Elizabeth Agostini ., 2013). In addition, by using HRs some 
metabolic pathways and enzymatic catalyzed reactions involved in pollutants detoxification can be elucidated as well 
as the mechanisms of uptake, transformation, conjugation, and compartmentation of pollutants in vacuoles and/or 
cell walls, which are important detoxification sites in plants. Plant roots also stimulate the degradation of contaminants 
by the release of root exudates and oxido_reductive enzymes, such as peroxidases (Px) and laccases, that are 
associated with the removal of some organic pollutants(Elizabeth Agostini etal,.2013). HRs are also considered good 
alternatives as enzyme sources for remediation purposes. Furthermore, application of genetic engineering methods 
and development of microbe-assisted Hairy roots disease is caused by the infection of wounded higher plants with 
Agrobacterium rhizogenes (Georgiev, 2012). This gramnegative soil bacterium transfers a DNA segment (TDNA) 
from its large root-inducing (Ri) plasmid into the genome of the infected plant. This T-DNA carries a set of genes that 
encode enzymes which control auxin and cytokinin biosynthesis. The new hormonal balance induces the formation 
of proliferating roots, called hairy roots that emerge at the wounding site. The hairy root phenotype is characterized 
by fast hormone_independent growth, lack of geotropism, lateral branching and genetic stability. Owing to their stable 
and high productivity, hairy root cultures have been investigated for several decades for potential to produce the 
valuable metabolites that are present in wild type roots. Recent progress allows a better understanding of the 
molecular mechanisms involved in the transfer of T-DNA into plants (Gelvin, 2009; Chandra, 2012), and the 
integration of newgenes into hairy roots has opened the way for metabolic engineering. Hairy roots possess a 
tremendous potential for phytoremediation, a process that can eliminate contaminants from industrial effluents. 
(Elizabeth Agostini, 2013). 
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Characteristics of Hairy Root Cultures 
 Hairy roots demonstrate fast hormone-independent growth, intensive lateral branching with numerous 
adventitious roots, and plagiogeotropism (growth at an oblique angle to the stimulus of gravity) (Tepfer, 1984; Shanks 
and Morgan, 1999; Ono and Tian, 2011). Being cultivated at light, hairy roots are able to form chloroplasts (Flores, 
1993; Nagatome, 2000). Such green roots might be further adapted to photoautotrophy that can influence their 
physiological and biochemical characteristics (Flores, 1993). Transgenic plants can be regenerated from hairy roots. 
They often have so-called hairy root phenotype with shorter internodes leading to dwarfism, wrinkled leaves, 
heterostyly, and increased root system. Regeneration may be spontaneous or induced with phytohormones (Tepfer 
1984; Casanova, 2005; Christensen, 2008). Many authors indicate a high level of genetic stability in hairy roots in 
contrast to undifferentiated cell cultures (see for review Flores, 1987; Shanks and Morgan, 1999; Giri and Narasu 
2000 and references cited therein). Screening of Datura stramonium hairy root lines for growth characteristics and 
tropane alkaloid production for over 5 years showed remarkable stability of transgenic cultures in comparison to 
normal roots (Maldonado, 1993). It was supported with cytogenetic studies of karyotype and chromosome numbers 
(Baiza, 1999). On the other hand, reduction of chromosome number and loss of regeneration ability of hairy root 
cultures was reported (Xu and Jia, 1996). 
 
Secondary Metabolism in Hairy Roots  
 A broad range of substances belonging to all secondary metabolite groups was isolated from hairy root cultures. 
It is a well-established fact that production of secondary metabolites in hairy roots for the most transformed species 
is similar to or even surpasses that of intact plants and, especially, plant cell cultures (see for review Flores ., 1987; 
Sevon and Oksman_Caldentey 2002; Pistelli ., 2010; Ono and Tian, 2011). A lot of protocols were developed for 
stimulation of secondary compound biosynthesis and accumulation in hairy root cultures.  
 
Agrobacterium rhizogenes Plant Transformation and Characteristics of Hairy Roots 
 Agrobacterium rhizogenes and A. tumefaciens are gram-negative soil bacteria belonging to Rhizobiaceae family. 
Both are able to infect wounded plant tissues after activation with plant phenolic compounds. After bacterium 
attachment to plant cell, transfer of a part of their big plasmids (T-DNA of Ri- and Ti-plasmid, respectively, see for 
review Suzuki, 2009) occurs with further stable integration into plant genome. It causes formation of plant tumors 
called ‘‘hairy root’’ or ‘‘crown gall’’, correspondingly. These tumors are able to produce specific compounds, opines, 
supporting bacterial growth as nutrients. Hairy root disease and its pathogen A. rhizogenes have been described in 
the first half of the last century (Riker, 1930). Molecular mechanisms of T-DNA transfer are similar for both bacteria, 
although some differences were found, e.g., GALLS protein instead of VirE2 takes part in T-DNA transport into 
nucleus in some A. rhizogenes strains (Hodges, 2004). Details of T-DNA transfer are discussed in the recent reviews 
(Tzfira and Citovsky, 2006; Citovsky, 2007; Dafny-Yelin, 2008; Magori and Citovsky, 2011) and are continuously 
updating. 
 Recent taxonomic studies suggested revision of genus Agrobacterium and reclassification of bacteria with 
plasmid-borne tumorigenic and rhizogenic capabilities into species Rhizobium radio_ bacter and R. rhizogenes 
(Young ., 2001) 
 
Production of Secondary Metabolites in Ri-Transformed Plants 
 While extensive study have been done on secondary metabolite production in hairy root cultures obtained 
through transformation with A. rhizogenes, only a few reports are available regarding analysis of secondary 
metabolites in roots and shoots of Ri-transformed plants. Secondary metabolite productions in Ri-transformed plants 
are at levels, comparable to or even greater than that in nontransformed plant in many cases, whereas in some 
plants reduction of specific secondary metabolite is also reported. In A4 transformed shoots of T. indica, tylophorine 
content was 20–60 % higher than that in the control (Chaudhuri, 2006). Similarly, in A4 transformed plants of B. 
monnieri, the content of four bacopa saponins (bacopasaponin D, bacopasaponin F, bacopaside II, and bacopaside 
V) were up to five times higher than non-transformed plants of same age (Majumdar, 2011). Ri-transformed plants 
of P. indica are also reported to have an increased plumbagin content compared to non-transformed plants 
(Gangopadhyay, 2010). On the contrary, Ri-transformed plants of Hyoscyamus muticus showed reduced alkaloid 
production (Sevón, 1997) and same was in case of transgenic plants of D. myoporoides 9 D. leichhardtii for 
scopolamine and hyoscyamine (Celma, 2001). 
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Process Intensification: 
 Process intensification approaches are utilized in plant cell and tissue cultures to enhance biomass production 
and metabolite yield. Elicitation, the introduction of compounds that trigger an increase in metabolite production, and 
ultrasound, a method utilized to enhance mass transfer in plant cell cultures, have both been applied to hairy root 
bioreactor cultures. 
 
Elicitation 
 Elicitors are compounds that trigger the increased production of compounds in plant cells such as pigments, 
flavones, phytoalexins, and other chemicals related to defense (Sreedhar, 2009). In general, elicitors are classified 
as either biotic or abiotic. Biotic elicitors are derived from a pathogen or from the plant itself (Vasconsuelo, 2007), 
while abiotic elicitors are either physical or chemical compounds. The effectiveness of elicitation depends on multiple 
variables, such as the specificity of the elicitor, the concentration, treatment interval, culture growth stage, medium 
composition, and light. Abiotic elicitors are generally less expensive than biotic, and biotic elicitors also have the 
disadvantage that they may require additional facilities for the cultivation of the source microorganism (Georgiev ., 
2007). In many studies, both abiotic and biotic elicitors are tested. For example, Pitta-Alvarez . tested the effects of 
different biotic (salicylic acid, yeast extract) and abiotic (CaCl2 AgNO3) elicitors on the accumulation and release of 
scopolamine and hyoscyamine in Brigmansia candida hairy root cultures (Pitta-Alvarez, 2003). Salicylic acid 
significantly increased the release of both alkaloids, AgNO and yeast extract preferentially increased the release of 
scopolamine, and CdCl increased the release of both alkaloids but also inhibited growth. Azadirachta indica A. Juss 
hairy roots exposed to a biotic elicitor (the fungus Claviceps purpurea), 100 mM jasmonic acid, or 200 mM salicylic 
acid achieved an approximate 5, 6, and 9-fold increase in azadirachtin yield, respectively (Satdive, 2007). A review 
by Georgiev (Georgiev, 2007)   includes additional examples of secondary metabolite yield increases in response to 
elicitation of hairy roots.  
 Plant hairy roots are transformed roots formed after the infection of wounded plant tissue by the soil bacterium, 
Agrobaterium rhizogenes Hairy root culture represents a convenient experimental system for plant science research 
and a promising bioprocess for the production of medicinal plants and their active constituents, which are mostly 
plant secondary metabolites (A. Gir, 2000). Salvia miltiorrhiza Bunge. (Lamiaceae) is a well-known Chinese herbal 
plant, and its roots, known as Danshen in Chinese, are widely used for the treatment of menstrual disorders and 
blood circulation diseases, and for the prevention of inflammation. The chief bioactive ingredients of S. miltiorrhiza 
roots are the diterpenoid pigments, particularly the phenanthrofurane  quinine  derivatives generally known as 
tanshinones (Tang, 1992). Hairy root culture of S. miltiorrhiza has been established as a potential means for 
tanshinone production (Hu, 1993). In higher plants, terpenes or isoprenoids are synthesized via at least two different 
pathways, the mevalonate (MVA) pathway occurring in the cytosol and the non-MVA, 1-deoxyD-xylulose 5-
phosphate (DXP) pathway in the plastids of cell (Lichtenthaler, 2000 ). HMGR (3-hydroxy-3methylglutaryl CoA 
reductase) catalyzes the formation of mevalonate from 3-hydroxy-3-methylglutaryl CoA, an initial and important step 
in the MVA pathway, and 1-deoxyD-xylulose 5-phosphate synthase (DXS) and 1-deoxyD-xylulose 5-phosphate 
reductoisomerase (DXR) are the first two enzymes in the DXP pathway. Although diterpenes are generally believed 
to be synthesized via the non-MVA pathway, there has been growing evidence for the involvement of the cytosolic 
MVA pathway in diterpene biosynthesis and the existence of crosstalk between the two pathways for isoprenoid 
biosynthesis in some plants (Laule, 2003). The specific biosynthetic pathways for tanshinone production in the S. 
miltiorrhiza roots are still not clear. 
 The accumulation of diterpenoid tanshinones and related secondary metabolism pathways in hairy root cultures 
of Salvia miltiorrhiza Bunge (Lamiacae) induced by a biotic elicitor, the carbohydrate fraction of yeast extract (YE, 
100 mg/mL), and an abiotic elicitor, Ag + (30 mM). The activity of 3-hydroxy-3-methylglutaryl CoA redutase (HMGR) 
was only stimulated by Ag D-xylulose 5-phosphate synthase (DXS) was stimulated by both, but more strongly by YE. 
While the non-MVA pathway inhibitor fosmidomycin inhibited the tanshinone accumulation induced by both elicitors, 
the MVA-pathway inhibitor mevinolin only suppressed the Ag-induced tanshinone accumulation. The results suggest 
that the tanshinone accumulation induced by the two elicitors was mainly synthesized via the non-MVA pathway 
(DXS activity), but could depend on crosstalk between the MVA and non-MVA pathways. Furthermore, the 
pretreatment of hairy roots with Ag +for 24–48 h potentiated the YE-induced tanshinone production and DXS activity 
(Xiuchun, 2004).  
 
Phytohormones 
 Phenolic acids mainly including caffeic acid, rosmarinic acid and salvianolic acid B are a group of active 
ingredients in S. miltiorrhiza. Abscisic acid (ABA), gibberellin (GA) and ethylene are three important phytohormones. 
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In this study, effects of the three phytohormones and their interactions on phenolic production in S. miltiorrhiza hairy 
roots were investigated. The results showed that ABA, GA and ethylene were all effective to induce production of 
phenolic acids and increase activities of PAL and TAT in S. miltiorrhiza hairy roots. Effects of phytohormones were 
reversed by their biosynthetic inhibitors (Zongsuo Liang, 2013). Antagonistic actions between the three 
phytohormones played important roles in the biosynthesis of phenolic acids. GA signaling is necessary for ABA and 
ethylene-induced phenolic production (Weiss D, 2007). 
 Yet, ABA and ethylene signaling is probably not necessary for GA3-induced phenolic production. The complex 
interactions of phytohormones help us reveal regulation accumulations of phenolic acids in plants were affected by 
ABA, GA3 and ethylene. ABA treatment could suppress PAL activity and phenolic acids accumulation in soybeans 
(Weiss D ., 2007). However, in strawberry, PAL activity and phenolic production led to significant increases of RA 
and LAB contents, but could not affect CA production. It was probably because that CA located on a branch pathway 
before RA and SAB biosynthesis, and ethephon facilitated metabolic flux to RA and SAB biosynthesis. Like ABA and 
ethylene, GA3 can also affect production of phenolic acids. Chlorogenic acid accumulation in tobacco callus was 
induced by high concentration of GA3, but was reduced by the low concentration treatment (Li HC, 1970),have found 
that CA production was not affected by GA3 treatment, while RA and SAB productions were significantly increased 
by GA3 at 10–150 mM. Simultaneously, PAL and TAT activities were significantly induced by Eth and GA3 
treatments. It demonstrated that increases of phenolic acids contents in S. miltiorrhiza hairy roots induced by the 
three phytohormones were probably depended on the improvement of PAL and TAT activities. Increasing evidence 
showed that effects of exogenous hormones on secondary metabolite accumulations can be arrested by their 
biosynthetic inhibitors. Now day showed that the ABA induced tanshinone and phenolic productions were probably 
via the biosynthesis of endogenous ABA (Yang, 2012). Paclobutrazol was an inhibitor of GA biosynthesis (Cui, 2012). 
The GA3-induced tanshinone   were significantly inhibited by paclobutrazol in S. miltiorrhiza hairy roots (Yuan, 2008). 
Also observed    that  increases   of   RA   and   SAB contents induced by GA3 were significantly arrested by 
paclobutrazol. It was inferred that endogenous GA was probably involved in accumulations of RA and SAB under 
GA3 treatment. CoCl was considered to be effective to block the conversion of ACC to ethylene. Effects of ethylene 
on plants were significantly inhibited by CoCl. In the present study, in this studies have found that CoCl could 
significantly reduce increases of phenolic production and enzyme activities induced by ethylene. The inhibitory effect 
of CoCl2 was probably caused by the inhibition of ethylene biosynthesis. Interaction of phytohormones in regulating 
plant development and metabolism is a very complex process (McSteen, 2008). GA was regarded as an antagonist 
of ABA and ABA also acted as a competitive  inhibitor of GA (Steffens, 2006). The antagonistic action between GA 
and ABA is an important factor regulating the developmental transition from embryogenesis to seed germination 
(Gomez-Cadenas, 2001). The same results were obtained in our experiments. Contents of phenolic acids in 
GA3+ABA treatment were less than those in GA3 or ABA treatment alone. It demonstrated that the antagonistic 
action between ABA and GA played an important role in phenolic production. ABA acted through inhibition of GA 
biosynthesis (Beevers, 1970). This studies obtained the same results. The increase of RA and SAB induced by ABA 
was significantly inhibited by paclobutrazol, which suggested that ABA-induced phenolic production probably 
depended on GA signaling. Yet, GA3induced phenolic production was almost not affected by the inhibitor of ABA 
biosynthesis were rapidly stimulated by ABA (iang Yetal, 2003). The previous work suggested that activities of PAL 
and TAT as well as accumulations of CA, RA and SAB were significantly improved by ABA treatment (Cui Liang, 
2012). It indicated that the responses of different plants to ABA were diverse and ABA was effective to stimulate the 
biosynthesis of phenolic acids in S. miltiorrhiza hairy roots. Ethylene was regarded as a plant senescence hormone, 
and it was effective to improve production of phenolic acids in strawberry (McSteen, 2008) and carrots (Heredia, 
2009). In S. miltiorrhiza hairy roots, application of ethephon it has been suggested that effect of ethylene could be 
counteracted directly by the application of ABA (Beaudoin, 2000). In the opposite, effect of ABA could be also 
counteracted by ethylene (Linkies, 2009). Enhanced levels of ethylene are known to reduce the endogenous ABA 
concentration in rehydrated Xanthium leaves (Zeevaart, 1983). ABA can antagonize ethylene-induced hyponastic 
growth in Arabidopsis (Benschop, 2007). In S. miltiorrhiza hairy roots, have found that ABAinduced CA production 
was counteracted by ethylene, and ethylene-induced RA production was counteracted by ABA. It demonstrated that 
the ABA-ethylene antagonistic action was involved in production of phenolic acids in S. miltiorrhiza hairy roots. The 
previous work suggested that the function of ABA signaling in the root growth requires the cascade of ethylene 
signaling (Ghasemian, 2008). ABA treatment led to increase of ethylene production, and application of inhibitors of 
ethylene biosynthesis reversed the inhibitory effect of ABA on flowering (Wilmowicz, 2008). The inhibitory effect of 
ethylene on Pharbitisnil flowering may depend on its influence on the ABA level (Wilmowicz, 2008). In tomato, 
exogenous ABA treatment promoted ethylene synthesis and fruit ripening, and it was proposed that ABA may act at 
upstream metabolic events of ethylene action/perception (Zhang, 2009). In experiments, observed that ABA-induced 
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phenolic production was reversed by CoCl and ethylene-induced phenolic production was also inhibited by fluridone. 
It was suggested that ethylene was probably involved in ABA-induced phenolic production and ABA probably also 
participated in ethylene-induced response of S. miltiorrhiza hairy roots. It was inferred that the balance between ABA 
and ethylene levels probably played an important role in the biosynthesis of phenolic acids. Ethylene and gibberellic 
acid are antagonistic on growth of seedlings of Alaska pea. Ethylene interfered severely with the action of gibberellic 
acid but did not completely suppress it (Fuchs, 1968). In the other hand, the potential of GA3 to counteract the effects 
of ethylene has also been reported (Goldschmidt, 1968). Although both GA3 and ethylene could increase RA and 
SAB content, the ethyleneinduced effects were antagonized by GA3 treatment. Notably, the increase of CA content 
in ethylene treatment was completely suppressed by GA3. It indicated that GA3 acted as a competitive inhibitor of 
ethylene on the biosynthesis of phenolic acids. However, in deepwater rice, ethylene and GA have a synergistic 
effect on the growth rate of emerged roots (Steffens B, 2006). Ethylenemediated enhancement of apical hook 
formation in Arabidopsis thaliana seedlings is gibberellin dependent (Vriezen WH, 2004). Results showed that 
ethylene-induced phenolic production was also inhibited by paclobutrazol, which suggested that GA signanling was 
probably involved in the ethylene-induced biosynthesis of phenolic acids. In lowland rice, gibberellin-dependent early 
response to submergence is not necessarily mediated by ethylene (Dubois, 2011). This conclusion held true for S. 
miltiorrhiza, therefor observed that effects of GA3 on phenolic acid accumulation was not affected CoCl. Probably, 
ethylene signaling is not necessary for GA3-induced phenolic production. In conclusion, phytohornones including 
ABA, GA3 and Ethylene were effective to improve production of phenolic acids and increase activitives of PAL and 
TAT in S. miltiorrhiza hairy roots. Antagonistic actions between the three phytohormones played important roles in 
the biosynthesis of phenolic acids. GA signaling is necessary for ABA and ethylene-induced phenolic production. 
Yet, ABA and ethylene signaling is not necessary for GA3-induced phenolic production. The complex interactions 
among phytohormones help us understand regulation mechanism. 
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