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Preface to the Series

Genome sequencing has emerged as the leading discipline in the plant
sciences coinciding with the start of the new century. For much of the
twentieth century, plant geneticists were only successful in delineating
putative chromosomal location, function, and changes in genes indirectly
through the use of a number of “markers” physically linked to them. These
included visible or morphological, cytological, protein, and molecular or
DNA markers. Among them, the first DNA marker, the RFLPs, introduced a
revolutionary change in plant genetics and breeding in the mid-1980s, mainly
because of their infinite number and thus potential to cover maximum
chromosomal regions, phenotypic neutrality, absence of epistasis, and
codominant nature. An array of other hybridization-based markers,
PCR-based markers, and markers based on both facilitated construction of
genetic linkage maps, mapping of genes controlling simply inherited traits,
and even gene clusters (QTLs) controlling polygenic traits in a large number
of model and crop plants. During this period, a number of new mapping
populations beyond F2 were utilized, and a number of computer programs
were developed for map construction, mapping of genes, and for mapping of
polygenic clusters or QTLs. Molecular markers were also used in the studies
of evolution and phylogenetic relationship, genetic diversity, DNA finger-
printing, and map-based cloning. Markers tightly linked to the genes were
used in crop improvement employing the so-called marker-assisted selection.
These strategies of molecular genetic mapping and molecular breeding made
a spectacular impact during the last one and a half decades of the twentieth
century. But still, they remained “indirect” approaches for elucidation and
utilization of plant genomes since much of the chromosomes remained
unknown and the complete chemical depiction of them was yet to be
unraveled.

Physical mapping of genomes was the obvious consequence that facili-
tated the development of the “genomic resources” including BAC and YAC
libraries to develop physical maps in some plant genomes. Subsequently,
integrated genetic–physical maps were also developed in many plants. This
led to the concept of structural genomics. Later on, the emphasis was laid on
EST and transcriptome analysis to decipher the function of the active gene
sequences leading to another concept defined as functional genomics. The
advent of techniques of bacteriophage gene and DNA sequencing in the
1970s was extended to facilitate sequencing of these genomic resources in
the last decade of the twentieth century.
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As expected, the sequencing of chromosomal regions would have led to
too much data to store, characterize, and utilize with the-then available
computer software could handle. But the development of information tech-
nology made the life of biologists easier by leading to a swift and sweet
marriage of biology and informatics, and a new subject was born—
bioinformatics.

Thus, the evolution of the concepts, strategies, and tools of sequencing
and bioinformatics reinforced the subject of genomics—structural and
functional. Today, genome sequencing has traveled much beyond biology
and involves biophysics, biochemistry, and bioinformatics!

Thanks to the efforts of both public and private agencies, genome
sequencing strategies are evolving very fast, leading to cheaper, quicker, and
automated techniques right from clone-by-clone and whole-genome shotgun
approaches to a succession of second-generation sequencing methods. The
development of software of different generations facilitated this genome
sequencing. At the same time, newer concepts and strategies were emerging
to handle sequencing of the complex genomes, particularly the polyploids.

It became a reality to chemically—and so directly—define plant genomes,
popularly called whole-genome sequencing or simply genome sequencing.

The history of plant genome sequencing will always cite the sequencing
of the genome of the model plant Arabidopsis thaliana in 2000 that was
followed by sequencing the genome of the crop and model plant rice in 2002.
Since then, the number of sequenced genomes of higher plants has been
increasing exponentially, mainly due to the development of cheaper and
quicker genomic techniques and, most importantly, the development of
collaborative platforms such as national and international consortia involving
partners from public and/or private agencies.

As I write this preface for the first volume of the new series “Compendium
of Plant Genomes,” a net search tells me that complete or nearly complete
whole-genome sequencing of 45 crop plants, eight crop and model plants,
eight model plants, 15 crop progenitors and relatives, and three basal plants is
accomplished, the majority of which are in the public domain. This means
that we nowadays know many of our model and crop plants chemically, i.e.,
directly, and we may depict them and utilize them precisely better than ever.
Genome sequencing has covered all groups of crop plants. Hence, infor-
mation on the precise depiction of plant genomes and the scope of their
utilization are growing rapidly every day. However, the information is
scattered in research articles and review papers in journals and dedicated
Web pages of the consortia and databases. There is no compilation of plant
genomes and the opportunity of using the information in sequence-assisted
breeding or further genomic studies. This is the underlying rationale for
starting this book series, with each volume dedicated to a particular plant.

Plant genome science has emerged as an important subject in academia,
and the present compendium of plant genomes will be highly useful both to
students and teaching faculties. Most importantly, research scientists
involved in genomics research will have access to systematic deliberations on
the plant genomes of their interest. Elucidation of plant genomes is of interest
not only for the geneticists and breeders, but also for practitioners of an array
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of plant science disciplines, such as taxonomy, evolution, cytology, physi-
ology, pathology, entomology, nematology, crop production, biochemistry,
and obviously bioinformatics. It must be mentioned that information
regarding each plant genome is ever-growing. The contents of the volumes of
this compendium are, therefore, focusing on the basic aspects of the genomes
and their utility. They include information on the academic and/or economic
importance of the plants, description of their genomes from a molecular
genetic and cytogenetic point of view, and the genomic resources developed.
Detailed deliberations focus on the background history of the national and
international genome initiatives, public and private partners involved,
strategies and genomic resources and tools utilized, enumeration on the
sequences and their assembly, repetitive sequences, gene annotation, and
genome duplication. In addition, synteny with other sequences, comparison
of gene families, and, most importantly, the potential of the genome sequence
information for gene pool characterization through genotyping by sequencing
(GBS) and genetic improvement of crop plants have been described. As
expected, there is a lot of variation of these topics in the volumes based on
the information available on the crop, model, or reference plants.

I must confess that as the series editor, it has been a daunting task for me to
work on such a huge and broad knowledge base that spans so many diverse
plant species. However, pioneering scientists with a lifetime experience and
expertise on the particular crops did excellent jobs editing the respective
volumes. I myself have been a small science worker on plant genomes since
the mid-1980s and that provided me the opportunity to personally know
several stalwarts of plant genomics from all over the globe. Most, if not all,
of the volume editors are my longtime friends and colleagues. It has been
highly comfortable and enriching for me to work with them on this book
series. To be honest, while working on this series I have been and will remain
a student first, a science worker second, and a series editor last. And I must
express my gratitude to the volume editors and the chapter authors for pro-
viding me the opportunity to work with them on this compendium.

I also wish to mention here my thanks and gratitude to Springer staff
particularly, Dr. Christina Eckey and Dr. Jutta Lindenborn, for the earlier set
of volumes and presently Ing. Zuzana Bernhart for all their timely help and
support.

I always had to set aside additional hours to edit books beside my
professional and personal commitments—hours I could and should have
given to my wife, Phullara, and our kids, Sourav, and Devleena. I must
mention that they not only allowed me the freedom to take away those hours
from them but also offered their support in the editing job itself. I am really not
sure whether my dedication of this compendium to them will suffice to do
justice to their sacrifices for the interest of science and the science community.

New Delhi, India Chittaranjan Kole
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Preface

Salvia miltiorrhiza is a member of Lamiaceae, the sixth largest family of
flowering plants. It is a deciduous perennial plant widely distributed in China.
It also grows in other countries, such as Korea, Japan, Vietnam, and Australia.
S. miltiorrhiza is a well-known traditional Chinese medicine (TCM) material
and an emerging model medicinal plant. It was recorded in Shen Nong’s
Classic of the Materia Medica, the oldest materia medica book in China
composed in about the second century BC. It was also recorded in many other
ancient Chinese books. Nowadays, over 10% of the traditional Chinese patent
medicines and simple preparations recorded in the Chinese Pharmacopoeia
2015 edition contain S. miltiorrhiza. A huge market has been developed for
S. miltiorrhiza and its products. Annual consumption of S. miltiorrhiza
materials has over 16 million kilograms in China.

Although the knowledge on medicinal plants is relatively poor compared
with model plants and crops, significant progresses have been achieved in
cultivation, bioactive compounds, pharmacological activities, and genes and
genomes of S. miltiorrhiza after the studies of more than 1000 years, par-
ticularly the extensive studies of recent 30 years. With the decoding of
S. miltiorrhiza genomes, studies on this plant are being accelerated. The
information obtained from S. miltiorrhiza will be useful for understanding
the genomes and bioactive components of other medicinal plants.

This is the first book on the genome of S. miltiorrhiza. It dedicates to
recent research progresses on molecular maps, whole-genome sequencing,
chloroplast and mitochondria genomes, epigenetics, transcriptomics, and
functional genomics of S. miltiorrhiza. It also describes the taxonomy, dis-
tribution, morphology, and growth requirements of this significant medicinal
plant and provides useful information on its resources, cultivation, and
breeding. The current knowledge of biochemistry and biosynthesis of tan-
shinones and phenolic acids, two main classes of bioactive components
produced in this plant species, is summarized. The technology of hairy root
induction, tissue culture, and genetic transformation of S. miltiorrhiza is
reviewed and discussed. We hope the book will be useful for students,
teachers, and scientists in academia and industry interested in medicinal
plants and pharmacy. We welcome any criticisms and comments.
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1Salvia miltiorrhiza: An Economically
and Academically Important
Medicinal Plant

Shanfa Lu

Abstract
Salvia miltiorrhiza Bunge is a perennial plant
in the genus Salvia of the family Lamiaceae. It
has a long medicinal history with the first
recorded in about the second century BC. S.
miltiorrhiza has great economic and medicinal
value. Over 10% of the traditional Chinese
patent medicines and simple preparations
contain S. miltiorrhiza. Annual consumption
of S. miltiorrhiza has exceeded 16 million
kilograms in China. So far, more than two
hundred chemical compounds have been iso-
lated from this plant. S. miltiorrhiza and its
ingredients have been clinically used for
managing vascular diseases and academically
shown potential in treating various other
diseases. Moreover, S. miltiorrhiza has great
academic value and is emerging as a model
system in medicinal plant biology. This plant
has a relatively short life cycle and a relatively
small genome size. It is easy to propagate and
cultivate. There are whole genome and tran-
scriptome sequences, in vitro tissue culture
systems, hairy root and crown gall induction
systems and genetic transformation systems
available for the research community of

S. miltiorrhiza. This chapter provides an
overview of the taxonomy, distribution, mor-
phology, propagation, growth requirements,
chemical constituents, and medicinal and
academic significance of S. miltiorrhiza.

1.1 Introduction

Salvia miltiorrhiza Bunge, also known as
Danshen, Zi Danshen, Tan Shen, red sage and
Chinese sage, is a perennial plant in the genus
Salvia with great economic and medicinal value
and a long medicinal history. S. miltiorrhiza was
first recorded in the oldest materia medica book
in China, Shen Nong’s Classic of the Materia
Medica (Shen Nong Ben Cao Jing), composed in
about the second century BC. In this book, it was
classified as a top-tier medicine. Afterward, it
was recorded in many other ancient Chinese
books, such as Collection of Commentaries on
the Classic of the Materia Medica (Ben Cao Jing
Ji Zhu) written over 1500 years ago, Illustrated
Classic of the Materia Medica (Tu Jing Ben Cao)
published in Song Dynasty, Essentials of Mate-
ria Medica Distinctions (Ben Cao Pin Hui Jing
Yao) of Ming Dynasty, and Compendium of
Materia Medica (Ben Cao Gang Mu) written
by Shizhen Li in Ming Dynasty. Nowadays,
S. miltiorrhiza has become one of the most
popular and extensively used traditional Chinese
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medicine (TCM) materials. It is used alone or
often mixed with other herbs for treating dys-
menorrhoea, amenorrhoea, and cardiovascular
diseases in China and other countries, such as
Japan, the USA, and European countries (Zhou
et al. 2005; Cheng 2007; Xu et al. 2007).

1.2 Taxonomy

S. miltiorrhiza is a member of Lamiaceae, the
sixth largest family of flowering plants. Lami-
aceae contains more than 7000 species across
about 236 genera. In an earlier study, 226 of the
236 genera was classified into seven subfamilies,
including Viticoideae, Symphorematoideae,
Ajugoideae, Prostantheroideae, Nepetoideae,
Scutellarioideae, and Lamioideae, whereas the
other ten could not be placed in a subfamily
(Harley et al. 2004). Recently, using large-scale
chloroplast sequences, Li et al. (2016a) recon-
structed the phylogenetic relationship of Lami-
aceae species and described three new
subfamilies, including Cymarioideae, Perone-
matoideae, and Premnoideae. Based on this
analysis, the Lamiaceae family was divided into
ten subfamilies and two unassigned genera (Li
et al. 2016a). Among these subfamilies, Nepe-
toideae, which is characterized by hexacolpate,
three-nucleate pollen, an investing embryo and
the presence of rosmarinic acid, is one of the
most clearly defined subfamilies (Harley et al.
2004; Bräuchler et al. 2010). This subfamily
contains about 3400 species across 118 genera
and is recovered as monophyletic (Harley et al.
2004; Bräuchler et al. 2010; Li et al. 2016a).
Nepetoideae is divided into three tribes, includ-
ing Elsholtzieae, Ocimeae, and Mentheae, of
which tribe Mentheae is the largest and includes
many well-known genera, such as Rosmarinus
(rosemary), Salvia (sage), Mentha (peppermint),
and Nepeta (catnip).

Salvia is the largest genus of the family
Lamiaceae. It is characterized by the well-known
stamina lever mechanism of the flower. Two
monothecic stamens are modified to levers with a
thin ligament between the connective and the
filament to form a joint, which enables a

lever-like reversible movement causing pollen
transfer (Wester and Claßen-Bockhoff 2007).
Filaments are short, horizontal, or erect. Con-
nectives are prolonged, linear, and T-shaped.
Upper arms have fertile elliptic or linear anther
cells. Lower arms are robust or slender, with
fertile or sterile anther cells, separated or con-
nected to each other. Two staminodes are small
or absent (Flora of China Editorial Committee
1994).

Salvia includes approximately 1000 species
and is well-known for its medicinal, ornamental,
esculent, or hallucinogenic plants (Will and
Claßen-Bockhoff 2017). It has radiated exten-
sively in three regions of the world: Central and
South America (500 spp.), western Asia (200
spp.), and eastern Asia (100 spp.). The most
recent common ancestor (MRCA) of Salvia
existed in the later Eocene (34 million years ago)
to the middle Oligocene (26 million years ago)
(Will and Claßen-Bockhoff 2017). Salvia is
polyphyletic. Walker et al. (2004) and Walker
and Sytsma (2007) revealed three distinct evo-
lutionary lineages (Clade I–III). Later, Will and
Claßen-Bockhoff (2014) recognized the Clade III
described by Walker et al. (2004) and Walker
and Sytsma (2007) as two independent lineages
(Clades III and IV). The four clades described
strongly reflect the geographical distribution of
Salvia species, with Clade I mainly in Europe,
Southwest and Central Asia, and Southern
Africa, Clade II mainly in Central and South
America, Clade III mainly in Southwest Asia and
Northern Africa, and Clade IV mainly in East
Asia (Will and Claßen-Bockhoff 2017).

S. miltiorrhiza is a Clade IV species native to
China (Will and Claßen-Bockhoff 2017). China
is the center of diversity in East Asia, with 84
Salvia species (Flora of China Editorial Com-
mittee 1994). Among them, 70 species are
endemic to China, whereas the other 14 are
cosmopolitan species (Wei et al. 2015). The
majority of Salvia species in China, such as S.
miltiorrhiza, Salvia yunnanensis, Salvia plebeia,
Salvia bowleyana, and Salvia trijuga, are mem-
bers of Clade IV (Will and Claßen-Bockhoff
2017). Few of the others, such as Salvia deserta
and Salvia officinalis, belong to Clade I.
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In addition, there are several species introduced
from America and Europe, such as Salvia coc-
cinea, Salvia splendens, and Salvia sclarea.

1.3 Distribution

S. miltiorrhiza is widely distributed in China.
Wild and domestic S. miltiorrhiza can be found
in at least nineteen provinces and cities of China.
It includes Liaoning, Hebei, Beijing, Tianjin,
Jiangsu, Shandong, Shanghai, Anhui, Zhejiang,
Jiangxi, Hunan, Hubei, Henan, Shanxi, Shaanxi,
Gansu, Sichuan, Guizhou, and Yunnan, covering
a total of 192 counties of China (Wei et al. 2015).
S. miltiorrhiza also grows in Mongolia, Korea,
Japan, Vietnam, and Australia (Xu et al. 2007;
Sheng et al. 2009; Li et al. 2011; Tung et al.
2017). It grows at about 100–1300 m elevation
and prefers sunny and wet places in forests,
hillsides, and streamsides (Flora of China Edi-
torial Committee 1994).

1.4 Morphology

S. miltiorrhiza is a deciduous perennial plant
with quadrangular, erect, and branched stems
(Fig. 1.1). The stems are about 40–80 cm tall
and covered with hairs and sticky glands. The
cotyledons and the true leaf are simple leaf.
Compound leaves developed after the true leaf
are odd-pinnate compound with 3–5(–7) leaflets.
Each of the leaflets has 1.5–8 � 1–4 cm in size.
Leaves are ovate or broadly lanceolate and
pilose. Leaf margin is crenate. Leaf apex is acute
to acuminate. Petiole is 1.3–7.5 cm in length.
Petiolule is 2–14 mm in length. S. miltiorrhiza
has a verticillaster inflorescence with densely
villous or glandular villous (Flora of China Edi-
torial Committee 1994).

The flowers of S. miltiorrhiza grow in whorls.
Each whorl has 6–many flowers with light purple
to lavender blue or white corollas. The corolla is
about 2.5 cm in length, glandular pubescent, and
two-lipped (Fig. 1.2). The upper lip of corolla is
vertical and falcate. The lower lip is shorter, and
its terminal is lobulated and trifid. The central

lobe is longer and larger than the two side lobes.
Corolla tube is exserted with imperfectly pilose
annulate inside. The tube is shorter than limb.
The calyxes are dark purple and slightly
bell-shaped and divided into two parts or lips.
The upper lip of calyxes is entire and triangular
with three-mucronate apex. The lower lip is
almost as long as upper and is two-toothed (Flora
of China Editorial Committee 1994).

As the other species of the genus Salvia,
S. miltiorrhiza is also characterized by the
well-known stamina lever mechanism of the
flower (Fig. 1.3) (Wester and Claßen-Bockhoff
2007). The filaments of S. miltiorrhiza are 3.5–
4 mm, and the connectives are 1.7–2 cm. Both
filaments and connectives are much exserted
(Flora of China Editorial Committee 1994).

S. miltiorrhiza plants bloom from April to
August and fruit from September to October. The
nutlets of S. miltiorrhiza are ellipsoid with about
3.2 � 1.5 mm in size (Flora of China Editorial
Committee 1994). S. miltiorrhiza roots are the
medicinal parts of the plant and are well-known
TCM materials. It consists of taproot and lateral
roots. The taproot is thickened, succulent, and
usually scarlet outside (Flora of China Editorial
Committee 1994).

1.5 Propagation

S. miltiorrhiza can be propagated from seeds,
cuttings, and root segments. It can also be
propagated through tissue culture.

S. miltiorrhiza seeds are small, dark brown
nutlets. It cannot be stored for a long time at
room temperature. Seed germination rate will
decrease significantly after three-month storage
at room temperature (Li et al. 2016b). Under
normal circumstances, the optimal storage tem-
perature is 4 °C. For long-term storage, it
requires −20 °C (Li et al. 2016b). Except for
temperature, water content is the other key factor
affecting the vitality of stored seeds. The optimal
water content is about 5% for storage of S. mil-
tiorrhiza seeds (Li et al. 2016b). In practice, the
seeds are usually sown from late March to early
April in the spring or late September in the
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Fig. 1.1 S. miltiorrhiza
plants and its Chinese name

Fig. 1.2 Flowers of S.
miltiorrhiza. The entire flower
(a), style (b), calyx (c), upper
lip of corolla (d), lower lip of
corolla (e), corolla tube, and
lever-like stamens (f) are
shown
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autumn and can be sown into the soil immedi-
ately after harvest (He et al. 2014).

To propagate S. miltiorrhiza from cuttings,
select healthy and strong stems of vigorous
plants during growing season, cut them into
about 10 cm segments, excise the entire leaves
on the lower part and half of the leaves on the
upper part, and slantingly insert the cuttings
about one-third to half of their length into moist
and free-draining soil (Xu 2002; Zhang 2018;
Wang 2018). Arrange the cuttings with space
between each one to avoid overcrowded. Provide
some shade and water regularly to keep the soil
consistently moist. Avoid letting the soil dry out
or waterlogging the cuttings. Once the roots
form, transfer them to the field.

Propagation from root segments is one of the
most popular propagation methods for S. milti-
orrhiza. To propagate using this method, select
healthy and strong roots with about 1.0 cm in
diameter, cut them into about 5 cm segments, put
the segments into pre-prepared soil holes, keep
the segments slantingly with the upper part
upward, and then cover the segments with about

2 cm of soil (Xu 2002; Zhang 2018; Wang
2018). Root segment propagation can be done in
February or March. The roots used for propaga-
tion can be harvested in November and stored in
damp sand until use in February or March of the
next year (Zhang 2018). Alternatively, it can be
kept in the soil until the next February or March
(Xu 2002; Zhang 2018; Wang 2018). Middle and
upper parts of the roots and one-year-old roots
will be greater for shoot emergence (Xu 2002). In
addition, rootstalks can also be used for propa-
gation (Zhang 2018).

Tissue culture is the other useful method for
S. miltiorrhiza propagation (Jia et al. 2016). It
includes suspension cell culture, hairy root cul-
ture, crown gall tissue culture, in vitro shoot
culture, and callus culture. Tissue culture tech-
nology can be widely used for rapid propagation
and elite breeding of S. miltiorrhiza, industrial
production of active compounds, and academic
purposes, such as functional characterization of
genes and mutant library construction (Zhang
et al. 1995; Lee et al. 2008; Cui et al. 2011; Li
et al. 2017a).

Fig. 1.3 Lever-like stamens of S. miltiorrhiza. a The
entire flowers; b A flower with the upper lip of corolla
removed. f, filament; fa, fertile anther; j, joint between

filament and connective; la, lower lever arm of stamen; s,
style; csa, connected sterile anthers; st, stigma; ua, upper
lever arm of stamen
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1.6 Growth Requirements

S. miltiorrhiza seeds can germinate at about
10–30 °C. The optimal germination temperature
is around 20–25 °C (He et al. 2014; Li et al.
2016b). The seeds usually take about two weeks
to germinate. S. miltiorrhiza begins to grow
when soil temperature reaches to 10 °C.
Adventitious buds start to develop on root divi-
sion when soil temperature reaches to 15–17 °C
in spring (Xu 2002). S. miltiorrhiza plants prefer
sunny and wet soil and relatively tolerate cold,
but they are susceptible to drought and waterlog.
The optimal air temperature and relative humid-
ity for S. miltiorrhiza plant growth are 20–26 °C
and 80%, respectively. The plants grow vigor-
ously during growing season and take about
200 days from transplanting to harvesting. The
aerial parts of S. miltiorrhiza plants start to
wither when the air temperature falls below
10 °C in autumn. The underground parts can
overwinter safely even if the temperature drops
to 15 °C below zero (Xu 2002).

1.7 Chemical Constituents

S. miltiorrhiza mainly contains lipophilic diter-
penoid tanshinones and hydrophilic phenolic
acids, which are two major classes of bioactive
compounds. According to the Chinese Pharma-
copoeia 2015 edition (Pharmacopoeia Commis-
sion of People’s Republic of China 2015), total
content of tanshinone IIA, cryptotanshinone, and
tanshinone I should not be less than 0.25% and
salvianolic acidB should not be less than 3% in dry
S. miltiorrhiza medicinal materials. In addition to
tanshinones and phenolic acids, S. miltiorrhiza
also contains monoterpenes, sesquiterpenes,
triterpenes, alkaloids, flavonoids, anthocyanidins,
sterols, saccharides, quinones, and so on. So far,
more than two hundred chemical compounds have
been isolated from this plant (Wang et al. 2017a;
Mei et al. 2019).

Diterpenoid tanshinones are the representa-
tives of lipophilic components in S. miltiorrhiza.
They can be divided into three types, including
diterpenoid tanshinones, tricyclic diterpenoid

tanshinones, and royleanone tanshinones
(Luo2015; Wang et al. 2017a). The basic struc-
ture of diterpenoid tanshinones contains a 1,2-o-
naphthoquinone mother nucleus with a furan or
dihydrofuran ring. Many bioactive tanshinones,
such as tanshinone I, tanshinone IIA, tanshinone
IIB, cryptotanshinone, and dihydrotanshinone
(Zhang and Lu 2017), belong to this type. Tri-
cyclic diterpenoid tanshinones are characterized
by ligation of an isopropyl group, instead of a
furan or dihydrofuran ring, to the naphtho-
quinone mother nucleus. Miltirone, miltirone I,
dehydromiltirone and methylene miltirone
are typical tricyclic diterpenoid tanshinones.
Royleanone tanshinones are characterized
by 1,4-p-quinone. Compounds included in this
type are isotanshinone I, isotanshinone IIA,
isotanshinone IIB, isocryptotanshinone,
2-hydroxyisodihydrotanshinone, danshenxinkun
A, danshenxinkun B, and danshenxinkun C.
Besides these diterpenoid tanshinones, there are
other diterpenes in S. miltiorrhiza, such as fer-
ruginol, sugiol, neotanshinlactone, danshenol A
and danshenol B (Mei et al. 2019). Recently, new
diterpenoid compounds, including salmiltiorins
A–F, normiltirone, and isosalviamides F–H, have
been identified from S. miltiorrhiza (Wei et al.
2017; Ngo et al. 2019). In total, about 90 diter-
penoid compounds have been isolated from S.
miltiorrhiza (Wei et al. 2017; Mei et al. 2019;
Ngo et al. 2019).

Water-soluble phenolic acids are the other
major class of bioactive compounds in S. milti-
orrhiza. It includes more than forty compounds,
which can be classified into single phenolic acids
and polyphenolic acids (Mei et al. 2019). Single
phenolic acids include danshensu, caffeic
acid, ferulic acid, isoferulic acid, protocatechuic
aldehyde, protocatechuic acid, and b-(3,4-
dihydroxyphenyl) lactic acid. Many of them
contain a core skeleton of C6–C3. Polyphenolic
acids includes salvianolic acids A–G, salvianolic
acids I–L, salvianolic acid N, salvianolic acid C1,
lithospermic acid B, 8″-epi-lithospermic acid C,
and rosmarinic acid, most of which are depsides
of danshensu and derivatives or dimer of caffeic
acid (Zhang et al. 2017; Mei et al. 2019). Ros-
marinic acid is a simple depside formed by the
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condensation of a molecule of danshensu and a
molecule of caffeic acid. Salvianolic acid A and
salvianolic acid C are depsides composed of a
molecule of rosmarinic acid and a molecule of
danshensu. Salvianolic acid C contains a
2-arylbenzofuran, which may be converted from
salvianolic acid A through cyclization. Both
salvianolic acid B and salvianolic acid E are
composed of two molecules of rosmarinic acid.
Salvianolic acid B, the major phenolic acid
component in S. miltiorrhiza, contains a
2-aryldihydrobenzofuran with 2R, 3R configura-
tion (Luo 2015). It may be converted from
salvianolic acid E through cyclization. Lithos-
permic acid B has the same planar structure as
salvianolic acid B, whereas its
2-aryldihydrobenzofuran skeleton possesses a
2S, 3S configuration (Luo 2015).

Among the diterpenoids and phenolic com-
pounds isolated from S. miltiorrhiza, some are
nitrogen-containing. These nitrogen-containing
chemical compounds are also known as alka-
loids. So far, various alkaloids have been isolated
from S. miltiorrhiza. They include salvianan,
neosalvianen, salvianen, salviadione, isosalvi-
amines F, salviamiltamide, 3-(3′,4′-dihydrox-
yphenyl)lactamide, and 5-(methoxymethyl)-1H-
pyrrole-2-carbaldehyde (Choi et al. 2001; Don
et al. 2005; Pan et al. 2018).

Through the analysis of volatile terpenes in
root, stem, leaf, and inflorescence of S. miltior-
rhiza by extraction offresh tissueswith hexane and
subjected to GC-MS, Fang et al. (2017) detected
eight monoterpenes and eleven sesquiterpenes,
including a-pinene, camphene, sabinene,
b-pinene, b-myrcene, b-thujene, trans-
b-ocimene, cis-b-ocimene,a-copaene,b-elemene,
b-caryophyllene, b-copaene, cadina-3.5-diene,
a-humulene, trans-cadina-1(6),4-diene, germa-
crene D, b-cadinene, germacrene D-4-ol, and
germacrene B. Among the four organs analyzed,
leaf has the most diversified terpenes, with eight
monoterpenes and ten sesquiterpenes. Analysis of
the composition of essential oil of S. miltiorrhiza
flower showed that the main components are
monoterpenes, sesquiterpenes, fatty acids, and
alkanes. Among them, the sesquiterpenes,
such as b-caryophyllene, b-caryophyllene oxide,

a-caryophyllene, and cadinadiene, are the most
abundant (Qian et al. 2009).

Triterpenes are the other class of bioactive
secondary metabolisms produced in S. miltior-
rhiza (Steinkamp-Fenske et al. 2007; Zhang et al.
2008; Leng et al. 2017; Tung et al. 2017). They
are produced not only in the aerial parts of S.
miltiorrhiza (Zhang et al. 2008; Zeng et al.
2017), but also in the root part of the plant (Tung
et al. 2017). The main triterpenes produced in S.
miltiorrhiza are oleanolic acid and ursolic acid
(Zeng et al. 2017). Other triterpenes, such as
urs-12-ene-2a,3b,7b,16a-tetraol,
2b-hydroxypomolic acid, maslinic acid, and
asiatic acid, can also be detected in S. miltior-
rhiza (Tung et al. 2017).

In addition to terpenoids and phenolic acids,
S. miltiorrhiza also contains abundant flavonoid,
anthocyanidin, saccharide, and quinone com-
pounds (Ravipati et al. 2012; Zeng et al. 2017;
Deng et al. 2018; Li et al. 2019; Liu et al. 2019a).
Flavonoids and anthocyanidins, such as
rutin, isoquercitrin, astragalin, cyanidin-3,5-di-O-
glucoside, delphinidin chloride, are mainly pro-
duced in the aerial parts of S. miltiorrhiza (Zeng
et al. 2017; Li et al. 2019). In S. miltiorrhiza
roots, most of the saccharides are stachyose,
whereas in the aerial parts, the saccharides were
mainly monosaccharides (Zeng et al. 2017).
Plastoquinone (PQ) and ubiquinone (UQ, Coen-
zyme Q, CoQ) are two major lipid-soluble pre-
nylquinones in plants. The structural feature of
PQ and UQ is a medium/long trans-polyprenyl
side chain attached to the benzoquinone skeleton.
HPLC-UV analysis showed that S. miltiorrhiza
contains PQ and UQ. The side chain of PQ
produced in S. miltiorrhiza has nine isoprenoid
units (PQ-9), whereas the side chain of S. milti-
orrhiza UQ can be nine (UQ-9) or ten (UQ-10)
isoprenoid units (Liu et al. 2019a).

1.8 Medicinal Significance

S. miltiorrhiza medicinal materials can activate
blood circulation to remove blood stasis, induce
menstruation to relieve meralgia, clear the heart
to remove troubles, and cool blood to eliminate
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carbuncle (Pharmacopoeia Commission of Peo-
ple’s Republic of China 2015). They can be used
to treat chest stuffiness and pain, abdominal
hypochondriac pain, gynecologic abdominal
lump, arthralgia caused by heat pathogen, vexa-
tion and sleeplessness, menstrual disorder, dys-
menorrhea, and sore ulcer in traditional Chinese
medicine (Pharmacopoeia Commission of Peo-
ple’s Republic of China 2015). In the Chinese
Pharmacopoeia 2015 edition (Pharmacopoeia
Commission of People’s Republic of China
2015), a total of 1493 traditional Chinese patent
medicines and simple preparations were recor-
ded, of which about 157, accounting for over
10%, contain S. miltiorrhiza. It indicates the
huge market for S. miltiorrhiza and its products
(Cheng 2007). Indeed, annual consumption of S.
miltiorrhiza has exceeded 16 million kilograms
in China. In addition, S. miltiorrhiza is the first
Chinese medicinal material entering the interna-
tional market. The Compound Danshen Dripping
Pill, a S. miltiorrhiza-containing traditional
Chinese patent medicine officially listed in the
Chinese Pharmacopoeia 2015 edition (Pharma-
copoeia Commission of People’s Republic of
China 2015), had been approved for phase II and
III clinical trials in the USA by the Food and
Drug Administration (FDA).

In China, various S. miltiorrhiza-containing
traditional Chinese patent medicines and simple
preparations, such as Compound Danshen drip-
ping pills, Fufang Danshen tablets, Tongxinluo
capsule, and Danhong injection, have been clin-
ically used for management of vascular diseases,
such as coronary heart disease, ischemic cardio-
vascular disease, congestive heart failure, chronic
heart failure, hyperlipidemia, cardiovascular
neurosis (Wang et al. 2017a). S. miltiorrhiza and
its ingredients can lower hypertension and
hyperlipidemic and improve atherosclerosis and
myocardial ischemia preperfusion (Wang et al.
2017a; Su et al. 2015). Tanshinone IIA, tanshi-
none VI, cryptotanshinone, danshensu,
salvianolic acid B, protocatechuic acid, proto-
catechualdehyde, catechin, and polysaccharides
are responsible for its cardioprotective effects
through various mechanisms, such as anti-
inflammation, anti-oxidation, anti-thrombosis,

anti-proliferation of vascular smooth muscle
cells, improvement of acute myocardial ische-
mia, and inhibition of adhesion molecule
expression in vascular endothelium and leuko-
cytes (Wang et al. 2005, 2017a; Fang et al. 2008;
Han et al. 2008; Hur et al. 2008; Zhao et al.
2008; Ho and Hong 2011; Xia et al. 2014; Zhang
et al. 2015c; Lu et al. 2015).

In addition to clinical use for vascular disease
treatment, S. miltiorrhiza and its ingredients also
showed activities in anti-Alzheimer’s disease,
anti-Parkinson’s disease, anti-neuropathic pain,
anticancer, anti-hepatocyte injury, and so on (Su
et al. 2015). The pharmacological activities of S.
miltiorrhiza and its ingredients have been
reviewed in details in many papers published
recently (Su et al. 2015; Wang et al. 2017a;
Chong et al. 2019; Jia et al. 2019; Jiang et al.
2019; Mei et al. 2019; Wang et al. 2019), sug-
gesting the significance of S. miltiorrhiza in
medicinal research.

1.9 Academic Significance

S. miltiorrhiza is one of the medicinal plants
extensively studied using modern techniques. In
addition to its medicinal value, S. miltiorrhiza
has great academic value and is emerging as a
model system in medicinal plant biology due to
its relatively short life cycle, easy to propagate
and cultivate, relatively small genome size, and
the availability of in vitro tissue culture systems,
hairy root and crown gall induction systems and
genetic transformation systems for biotechnology
and functional genomics studies (Song et al.
1998, 2000, 2013; Wang et al. 1998, 2009,
2017b; Qiu et al. 2004; Yan and Wang 2007; Lee
et al. 2008; Song and Wang 2011; Zhao et al.
2011; Liu et al. 2015).

So far, the whole genomes of two S. miltior-
rhiza lines have been sequenced and are avail-
able for the research community (Zhang et al.
2015a; Xu et al. 2016b). One of the S. miltior-
rhiza lines is known as 99-3, whereas the name
of the other one is unknown (Zhang et al. 2015a;
Xu et al. 2016b). The genome size of 99-3 esti-
mated by flow cytometry analysis is about
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615 Mb. Its genome was sequenced by Illumina
Hiseq 2000 platform, PacBio RS platform, and
Roche/454. The final size of genome assembly is
about 538 Mb, with contig and scaffold N50 of
12.38 kb and 51.02 kb, respectively (Xu et al.
2016b). A total of 30,478 protein-coding genes
were predicted from the genome assembly and
validated by RNA-seq data (Xu et al. 2015). The
genome size of the other line was estimated by k-
mers (Zhang et al. 2015a). The calculated gen-
ome size is about 645.78 Mb. Genome
sequencing with Illumina and PacBio RS plat-
forms and subsequent de novo assembly resulted
in a final draft genome of 641 Mb, with a contig
N50 of 82.8 kb and scaffold N50 of 1.2 Mb
(Zhang et al. 2015a). A total of 34,598
protein-coding genes were predicted from this
genome assembly (Zhang et al. 2015a). Although
the two genome assemblies are draft and their
quality needs to be improved, the sequence data
provide basic information for gene identification
and comparative analysis.

In addition to the whole genome sequences, a
huge amount of transcriptome sequences of S.
miltiorrhiza have been sequenced using
high-throughput sequencing platforms, such as
Illumina HiSeq 2500, Illumina HiSeq 2000, Illu-
mina Genome Analyzer, 454 GS FLX Titanium,
and PacBio RS, and deposited in the National
Center of Biotechnology Information (NCBI)
databases (https://www.ncbi.nlm.nih.gov/sra).
These sequences were obtained from a wide
variety of organs and tissues, such as root, stem,
leaf, flower, root periderm, root phloem, and root
xylem, and from plants or hairy roots treated with
salicylic acid, yeast extract and Ag+, methyl jas-
monate and drought stress (Li et al. 2010; Wen-
ping et al. 2011; Yang et al. 2013; Gao et al. 2014;
Luo et al. 2014; Xu et al. 2015, 2016a; Zhang et al.
2016b; Song et al. 2017; Zhou et al. 2017; Wang
et al. 2018; Wei et al. 2018).

There are more than two hundred chemical
compounds isolated from S. miltiorrhiza (Wang
et al. 2017a; Mei et al. 2019). These compounds
can be divided into various classes, such as ter-
penoids, phenolic acids, flavonoids, anthocyani-
dins, quinones, alkaloids, and saccharides, which
are the main chemical classes of bioactive

compounds. Therefore, the knowledge obtained
from S. miltiorrhiza may allow us to design
experiments of other medicinal plants for
addressing important questions about their biol-
ogy, particularly the biosynthesis and regulatory
mechanisms of bioactive compounds. So far, the
biosynthetic pathways and biosynthesis-related
genes of diterpenoid tanshinones, phenolic acids
and flavonoids have been intensively studied and
much knowledge has been gained (Fig. 1.4) (Ma
et al. 2012; Guo et al. 2013; Hou et al. 2013; Gao
et al. 2014; Cui et al. 2015; Wang et al. 2015;
Deng and Lu 2017; Zhang and Lu 2017; Deng
et al. 2018; Shi et al. 2018).

The biosynthetic pathway of tanshinones may
be generally divided into three stages (Ma et al.
2012; Zhang and Lu 2017). At the first stage, the
universal isoprene precursor isopentenyl diphos-
phate (IPP) and its isomer dimethylallyl diphos-
phate (DMAPP) are synthesized from pyruvate
and glyceraldehyde-3-phosphate through the
2-C-methyl-D-erythritol 4-phosphate (MEP)
pathway and/or from acetyl-CoA through the
mevalonate (MVA) pathway under the catalysis
of fourteen enzymes. At the second stage, the
intermediate diphosphate precursor geranylger-
anyl diphosphate (GGPP) is synthesized under
the catalysis of GGPP synthase. At the last stage,
GGPP is sequentially converted to copalyl
diphosphate (CPP), miltiradiene and ferruginol
under the catalysis of CPP synthase (CPS),
kaurene synthase-like (KSL), and CYP76AH1,
respectively (Gao et al. 2009; Cui et al. 2015;
Guo et al. 2013). Then, ferruginol is converted
into 11,20-dihydroxy ferruginol and
11,20-dihydroxy sugiol under the catalysis of
SmCYP76AH3 and SmCYP76AK1 (Guo et al.
2016). The downstream pathway of tanshinone
biosynthesis remains to be elucidated.

The biosynthesis of bioactive phenolic acids
requires two independent upstream pathways,
including the phenylpropanoid pathway and the
tyrosine-derived pathway. The phenylpropanoid
pathway leads to the production of 4-
coumaroyl-CoA, caffeic acid, and caffeoyl-CoA,
whereas the tyrosine-derived pathway is devoted
to the biosynthesis of 4-hydroxyphenyllactic acid
and 3,4-dihydroxyphenyllactic acid (danshensu).
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These compounds were used to synthesize the
important intermediate, rosmarinic acid. There are
three proposed pathways for the biosynthesis of
rosmarinic acid: (1) the intermediary precursors,
4-coumaroyl-CoA and 4-hydroxyphenyllactate,
are coupled to 4-coumaroyl-4′-hydroxyphen-
yllactic acid under the catalysis of rosmarinic acid
synthase, and then the 3- and 3′-hydroxyl groups
are introduced to 4-coumaroyl-4′-hydro-
xyphenyllactic acid to form rosmarinic acid under

the catalysis of cytochrome P450-dependent
monooxygenases (Petersen et al. 2009); (2)
rosmarinic acid is synthesized from 4-coumaroyl-
CoA and 3,4-dihydroxyphenyllactate (danshensu)
under the catalysis of rosmarinic acid synthase and
CYP98A14 (Di et al. 2013); and (3) rosmarinic
acid is synthesized from caffeic acid/caffeoyl-CoA
and 4-dihydroxyphenyllactate (Liu et al. 2019b).
The downstream biosynthetic pathways of sal-
vianolic acids remain to be elucidated.

Fig. 1.4 Biosynthetic pathways of bioactive compounds
in S. miltiorrhiza. Solid arrows represent single biosyn-
thetic steps. Dashed arrows denote multiple steps. Three
proposed pathways for rosmarinic acid biosynthesis are
shown with pink, blue and yellow arrows, respectively.
Bioactive compounds are shown in red. CPP, copalyl

diphosphate; DMAPP, dimethylallyl diphosphate; FPP,
farnesyl diphosphate; GGPP, geranylgeranyl diphosphate;
GPP, geranyl diphosphate; IPP, isopentenyl diphosphate;
MEP, 2-C-methyl-D-erythritol 4-phosphate; MVA,
mevalonate
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The biosynthesis of flavonoids starts from the
condensation and subsequent intramolecular
cyclization of one p-coumaroyl-CoA molecule
and three malonyl-CoA molecules, which are
synthesized from the phenylpropanoid pathway
and the Krebs cycle, respectively (Deng and Lu
2017). The first step of flavonoid biosynthesis is
catalyzed by chalcone synthase. The product
(chalcone) of the first step is then converted to
different flavonoid molecules under the catalysis
of a series of enzymes, such as chalcone
isomerase, flavone synthase, flavanone
3-hydroxylase, flavanone 3b-hydroxylase, flavo-
noid 3′-hydroxylase, flavonoid 3′,5′-hydroxylase,
and flavonol synthase. Dihydroflavonol synthe-
sized from the flavonoid pathway may further
convert to leucoanthocyanidin under the catalysis
of dihydroflavonol 4-reductase, and then to
anthocyanidin under the catalysis of antho-
cyanidin synthase/leucoanthocyanidin dioxyge-
nase. Through genome-wide prediction and
molecular cloning, genes encoding these
enzymes have been identified in S. miltiorrhiza
(Deng et al. 2018).

In addition to the pathway and enzyme-
encoding genes, the regulatory factors of bioac-
tive compound biosynthesis, such as transcrip-
tion factors, miRNAs and DNA methylation,
have also been intensively studied (Shao and Lu
2013, 2014; Zhang et al. 2014, 2015b, 2016a,
2018; Li and Lu 2014; Xu et al. 2014; Li et al.
2015, 2017b, 2018a, b; Shao et al. 2015). Recent
advances on these factors have been reviewed in
details in Chaps. 6 and 8 of this book.

1.10 Conclusion

S. miltiorrhiza has been recorded as a medicinal
material for more than two thousand years and is
a popular and extensively used TCM material in
China. The demand for S. miltiorrhiza has been
rising rapidly. Meanwhile, scientists have made
great progress in cultivation, chemical con-
stituents, pharmacological activities, and genes
and genomes of S. miltiorrhiza. The biosynthetic
pathways and regulatory mechanisms of various
bioactive compounds are being elucidated.

Metabolic engineering of tanshinone and phe-
nolic acid biosynthesis has been conducted (Lee
et al. 2008; Kai et al. 2011; Shi et al. 2014, 2016;
Yang et al. 2017; Xing et al. 2018). With more
and more pharmacological activities and the
underlying mechanisms to be elucidated, more
and more sequence data to be available, and
more and more genes to be identified and func-
tionally analyzed, the economic and academic
significance of S. miltiorrhiza will be more
prominent.
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2Salvia miltiorrhiza Resources,
Cultivation, and Breeding

Chun Sui

Abstract
Salvia miltiorrhiza Bunge is the source species
of Danshen listed in Chinese Pharmacopoeia
(2015 edition). Currently, the germplasm of S.
miltiorrhiza and its related species are col-
lected and preserved in several universities,
research institutes, and companies where pro-
jects on Danshen have been conducted or are
being conducted. Attempts have been made to
use molecular markers and DNA barcoding in
evaluating the genetic diversity and species
identification of medicinal Danshen materials.
Different cultivation modes, such as direct
seeding and root propagation, are used in
different production areas in China, and the
latter is more popular than the former. From
growing seedlings, transplanting, field man-
agement, root harvesting, to primary process-
ing and storage, experiments have been
conducted by researchers to establish efficient
standard operating procedures (SOPs). Elite
cultivars are crucial in elevating farming
economic values. Bulk selection, system

selection, cross-breeding, and space mutation
breeding are adopted to obtain new cultivars.
With the need for excellent cultivated varieties
and the advancement of the application of
next-/third-generation sequencing technolo-
gies, the preservation, evaluation, and utiliza-
tion of S. miltiorrhiza and its related species
will go even further, and new groundbreaking
cultivars and breeding techniques will emerge.
The nationwide standardization project of seed
quality, plantation, reproduction, and crude
medicinal material and decoction should pro-
mote the Danshen production industry. The
release of the genome sequence of S. miltior-
rhiza and related transcriptome analysis would
accelerate germplasm evaluation and utiliza-
tion and promote the breeding of elite cultivars.

2.1 Introduction

Danshen (Salvia miltiorrhiza Bunge) is one of
the most important herbs in China (Deng et al.
2016; Guo et al. 2014). It has gradually been
known worldwide for its value in treating car-
diovascular diseases (Hao and Xiao 2017;
Imanshahidi and Hosseinzadeh 2006; Liu et al.
2016). With the increasing research on the
molecular biology of medicinal plants, S. milti-
orrhiza has been deemed a model medicinal
plant (Song et al. 2013). The annual yield and
average yield per hectare of Danshen in China
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have been approximately 20,000 tons and 4500–
6000 kg in recent years, respectively. Main
production areas have formed with the long-term
cultivation in several provinces of China, such as
Shandong, Shaanxi, Henan, and Sichuan (Liu
et al. 2019). Well-known brands and companies
with Danshen have been formed. Few species of
Salvia Lamiaceae are listed in some local phar-
macopoeias of China and used as medicinal
Danshen (Zhang 2016; Li and Xiao 2013). Those
species are less explored and utilized than
S. miltiorrhiza. Exploring the germplasm of
S. miltiorrhiza and its related species will
improve the production performance of current
cultivated varieties. In this chapter, natural and
domestic Danshen resources, their current culti-
vation and cultivar breeding status, and future
challenges in the genomic era are described.

2.2 Danshen Resources

According to the record in Chinese Pharma-
copoeia (2015 edition), S. miltiorrhiza is the
source species of medicinal Danshen. S. milti-
orrhiza has two varieties; the original variety is
S. miltiorrhiza var. miltiorrhiza, which has oddly
pinnate compound leaves, ovate leaflets, or
elliptic-ovate to broadly lanceolate leaves; and
S. miltiorrhiza var. charbonnelii (H. Léveillé)
C. Y. Wu with simple leaves, which sometimes
have three-foliolate, blades, or orbicular-to-
suborbicular leaflets. The original variety has
been found growing in hillsides, streamsides, and
grassy places in forests at 100–1300 m above sea
level in the Chinese provinces of Anhui, Hebei,
Henan, Hunan, Jiangsu, Shaanxi, Shandong,
Shanxi, and Zhejiang. It is also distributed in
Japan. The other variety has been found growing
in the hillsides and grassy places of Hebei,
Henan, Hubei, and Shanxi. The original variety
has two forms, namely the original form (i.e.,
f. miltiorrhiza) and white form (i.e., f. alba
C. Y. Wu et H. W. Li in Addenda 582). The
difference between them lies in the color of
flowers. The former’s flower is purple, and the
latter’s is white and found in Shandong.
Figure 2.1 shows the purple- and white-flowered

S. miltiorrhiza and the light-purple-flowered
breeding line, whose color is between purple
and white.

In addition to the S. miltiorrhiza recorded in
the national pharmacopoeia, other species of
Salvia were recorded in several local medicinal
material standards. For example, Salvia yunna-
nensis, with the common name “Dian Danshen,”
was recorded in Yunnan Drug Standard and
Quality Standard of Traditional Chinese Medic-
inal Materials in Guizhou Province; Salvia
prezwalskii, with the common name “Gansu
Danshen,” was recorded in Chinese Herbal
Medicine, Qinghai Drug Standard, and Quality
Standard of Traditional Chinese Medicinal
Materials in Gansu Province; S. bowleyana,
which is called Danshen, was recorded in Stan-
dard of Traditional Chinese Medicinal Materials
in Zhejiang Province; and S. castanea f. tomen-
tosa, with the common name “Zang Danshen,”
was approved by the Food and Drug Adminis-
tration of Tibet Autonomous Region as Danshen
(Wang et al. 2016; Zhang 2016). Table 2.1
shows the distribution and action of some Salvia
species with medicinal usage.

DNA barcoding and molecular markers have
been studied for identifying different germplasm
resources and exploring genetic diversities (Song
et al. 2010; Wang et al. 2011; Wang et al. 2013a;
Zhang et al. 2012). Salvia shandongensis,
S. miltiorrhiza, and S. miltiorrhiza f. alba can be
identified by using the plastid psbA-trnH inter-
genic region (Li et al. 2013). Different regions
and their combinations of rbcL, matK, trnlL-F,
and psbA-trnH from the chloroplast genome and
ITS, ITS1, and ITS2 from the nuclear genome
were screened for authenticating the genus Salvia
using sequences from 27 Salvia species. ITS1 is
reportedly a powerful barcode for identifying
Salvia species, especially S. miltiorrhiza (Wang
et al. 2013a). In addition, the complete chloro-
plast genome of S. miltiorrhiza was sequenced,
which is significant for developing new barcodes
or markers (Qian et al. 2013).

The contents of tanshinones and phenolic
acids, which are the two main groups of the
medicinal components of Danshen, vary in dif-
ferent species and environments. The contents of
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the two groups have been found to be indepen-
dent variables, and one is usually higher than the
other in most species. In addition, tanshinone IIA
and salvianolic acid B were selected as the
biomarkers in Chinese Pharmacopoeia (2015
edition), whereas the rosmarinic acid content is
mostly abundant in the roots of some species (Li
and Xiao 2013). Besides their ethnomedicinal
usage, Salvia plants have an extensive applica-
tion potential in ornamental and aromatic indus-
tries. Currently, the effective protection of wild
Salvia resources is a great challenge to scientists
because it is the essential foundation of future
development and utilization (Wu et al. 2011).
The main departments in China that collected,
evaluated, and preserved Danshen resources are

listed in Table 2.2. Communication and opening
to the public will promote the application of
existing resources.

2.3 Danshen Distribution
and Cultivation

2.3.1 Wild and Cultivated
Distribution

Danshen has been recognized as an extensively
dispersed species since the Song Dynasty and
recorded to be distributed in 19 provinces and
districts, including Liaoning, Hebei, Henan,
Shandong, Shanxi, Jiangsu, Anhui, Zhejiang,

Fig. 2.1 Purple (a, b)-, white (c, d)-, and light-purple (e)-flowered S. miltiorrhiza; medicinal root (f), and seedlings for
transplanting (g)
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Table 2.1 Some species of Salvia with medicinal usage

Original plants Growing environment Actions

Salvia
miltiorrhiza

Sichuan, Shanxi, Shaanxi; altitude:
120–1300 m

Chest bi disorder, heart pain, pain in the
epigastrium and abdomen, hypochondriac pain,
painful heat bi disorder, insomnia caused by
vexation, menstrual irregularities, dysmenorrhea,
amenorrhea, sore, ulcer, swelling, and pain

Salvia aerea Southwest Sichuan, northwest Yunnan,
northeast and southwest Guizhou; altitude:
2550–3300 m

High fever in warm disease, loss of consciousness.
To activate blood, regulate menstruation. For
irregular menstruation, kidney deficiency and low
back pain

Salvia
bowleyana

Zhejiang, Hunan, Jiangxi; altitude:
30–960 m

Promoting blood circulation to dispel blood and
stasis, regulate menstruation, and relieve pain. For
chest cramps, irregular menstruation

Salvia castana Sichuan, Yunnan; altitude: 2100–4100 m Promoting blood circulation to dispel blood,
menstrual irregularities. For bruising, insomnia, etc.

Salvia
digitaloides

Sichuan, Yunnan; altitude: 2100–3500 m Qi deficiency with lack of strength, regulate
menstruation, and relieve pain. For irregular
menstruation, malignant sore

Salvia
evanaiana

Sichuan, Yunnan; altitude: 3300-4200 m Promoting blood circulation to dispel blood,
disperse swelling, and relieve pain. For irregular
menstruation, bruises

Salvia flava Northwest Yunnan, southwest Sichuan;
altitude: 2500–4000 m

To cool the blood and resolve stasis. For irregular
menstruation, congestion, and swelling

Salvia
maximowicziana

West Hubei, Sichuan, northeast Yunnan,
south Shaanxi; altitude: 1800–3450 m

Dispel wind, remove dampness

Salvia
prezwalskii

West and northwest Yunnan; altitude:
2100–4050 m

To activate blood, eliminate stasis, nourish blood,
and tranquilize mind. For irregular menstruation,
upset, and insomnia

Salvia
yunnanensis

East Yunnan, central to west and southwest
Sichuan, west Guizhou; altitude:
1800–2600 m

To activate blood, eliminate stasis, tranquilize
mind, and calm the heart. For angina pectoris,
dysmenorrhea

Salvia plebeia Sichuan, Guizhou, Yunnan; altitude: under
2000 m

To clear heat remove toxin, remove toxin, cool
blood, prostration urination. For sore throat,
bronchitis

Salvia chinensis South Jiangsu, south Anhui, Sichuan;
altitude: 120–500 m

To activate blood, eliminate stasis, clear heat, drain
dampness. For irregular menstruation, rheumatism,
and bone pain

Salvia prionitis Zhejiang, Anhui, Jiangxi; altitude:
100–800 m

To cool wind and eliminate stasis, clear heat, drain
dampness. For colds, fever, vomiting, fetal leakage

Salvia
roborowskii

Southwest Gansu, west Sichuan, southwest
Qinghai, etc; altitude: 2500–3700 m

To clear the leaver, improve vision. For red eyes
and swelling, aponeurosis

Salvia japonica Zhejiang, south Anhui, Jiangsu; altitude:
220–1100 m

To clear heat, drain dampness, active blood, and
regulate menstruation. For jaundice, red squat, wet
under the tropics

Salvia cavaleriei
var.
simplicifolia

Sichuan, Hunan, Jiangxi; altitude:
460–2700 m

Qi deficiency with lack of strength, regulate
menstruation, and relieve pain. For irregular
menstruation, traumatic bleeding

Salvia
substolonifera

Zhejiang, Fujian, Hunan; altitude:
40–950 m

To clear heat, resolve phlegm, to tonify the kidney
and regulate menstruation. For lung heat cough,
menorrhagia, etc.
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Table 2.2 Main Chinese departments and their Danshen resources which were preserved and/or created

Institute or any type of
organization

Germplasm Achievement appraisal and evaluations

Collected (number) Selected or
created (type
and number)

Release time Achievement title

Institute of Medicinal
Plant Development,
Chinese Academy of
Medical Sciences and
Peking Union Medical
College
(IMPLAD-CAMS and
PUMC)

93 27 (hybrid
lines)

– –

– 17 (white
flower
Danshen
autotetraploid
line); 180
(triploid line
F1 plant)

2010-3 Breeding and
promotion of new
triploid varieties of
Salvia miltiorrhiza

Nankai University
(NKU)

48 16 (male
sterile line)

2011-12-24 –

Medicinal Plant
Research Center,
Shandong Academy of
Agricultural Sciences
(MPRC-SAAS)

More than 10,000
including cultivated,
genetically related
species, wild types,
natural mutants, and
spaceflight mutants-

2016-10-10 Research and
application of key
technologies system
of Salvia miltiorrhiza
resources and quality
control

Zhejiang Sci-Tech
University (ZSTU)

– 3 lines 2005 Breeding and
industrialization
development of white
flower types of Salvia
miltiorrhiza

Laiwu Vegetable
Research Institute,
Shandong Province
(LVRI-SD)

48 – 2012 Identification,
evaluation, and
innovative utilization
of germplasm
resources of Salvia
miltiorrhiza

Institute of Agro-Food
Science and
Technology, Shandong
Academy of
Agricultural Sciences
(IAST-SAAS)

500 accessions (48
species including 6
varieties and 1 variant)

– 2016 Research and
application of key
technologies in
modern industrial
Chain of Salvia
miltiorrhiza

Sichuan Agricultural
University (SAU)

More than 50 species
of Salvia

– 2015 Metabolic regulation
of active components
in Salvia

Shanghai Chen Shan
Botanical Garden

– 4 (excellent
variation
types)

2011 Research and
application of key
techniques for
high-yield cultivation
of genuine medicinal
material Salvia
miltiorrhiza in Henan

Henan Agricultural
University (HAU)

70 (including 32 with
diverse characters)

– 2009 Breeding and
application of
excellent varieties of
S. Miltiorrhiza

(continued)
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Jiangxi, Fujian, Hubei, Hunan, Guangdong,
Guangxi, Shaanxi, Ningxia, Gansu, Sichuan, and
Guizhou (Xu 1992). The distribution of wild and
cultivated locations in China is shown in
Fig. 2.2. The cultivated area is basically identical
to a wild distribution.

According to herbal textual research, the
S. miltiorrhiza product has been gradually
developing in China from north to west and then
from west to southwest for the past 2000 years.
At the earliest, it spread from Tai Mountain and
Linyi District of Shandong and Tongbai Moun-
tain of Henan to other areas. In the Song
Dynasty, it extended to Shaanxi, Shanxi, and
Suizhou of Hubei. In the Ming Dynasty, Suizhou
was emphasized. In the Qing Dynasty, cultivated
S. miltiorrhiza appeared in Sichuan. S. miltior-
rhiza plants from Anhui and Sichuan were con-
sidered the best in the early 1900. After the
founding of the People’ Republic of China, those
from Sichuan were considered genuine (Zhan
et al. 2016). Ten Danshen production provinces
are generally classified into three categories,
namely the first is Shandong producing area, the
second is Henan and Shanxi producing area, and
the third is Anhui, Hebei, Sichuan, Hubei,
Shaanxi, Zhejiang, and Jiansu producing area,
according to the comprehensive literature data
analysis of the pharmacognostic characteristics
and chemical component of crude drug. For
Danshen from provinces in the third category,

the characteristic values of the category are
generally lower than those of the other two cat-
egories and only some individual indicators are
higher (Liu et al. 2019).

Climatic factors control the geospatial distri-
bution of the active ingredients of Danshen. The
main climatic factors include air temperature,
precipitation, atmospheric vapor pressure, and
sunshine duration. The warming in high-latitude
regions can cause the continued northward
expansion of planting areas suitable for S. milti-
orrhiza (Zhang et al. 2019).

2.3.2 Cultivation Procedures

Before the Qing Dynasty, Danshen was mainly
wild, and the cultivation of Danshen was recor-
ded in the Qing Dynasty. According to Zhong-
jiang County History of Medicine, “recorded in
Kangxi Records (written in 1715 AD), the pro-
duction of Danshen in Zhongjiang had reached a
certain scale at that time.” This indicates that
Danshen has been cultivated artificially since the
middle of Qing Dynasty (Zhan et al. 2016).

S. miltiorrhiza, a perennial herb, usually
grows in temperate climate with sufficient sun-
light in air and wet environments. Wild S. mil-
tiorrhiza grows at hillsides, streamsides, and
forests in China and Japan. For cultivation, an
area with annual temperature and relative

Table 2.2 (continued)

Institute or any type of
organization

Germplasm Achievement appraisal and evaluations

Collected (number) Selected or
created (type
and number)

Release time Achievement title

Institute of Economic
Crops, Hebei Academy
of Agricultural and
Forestry Sciences

56 (including 12
different types)

1 excellent
type

2006 Study on
standardized
production
technology of Salvia
miltiorrhiza

Shijiazhuang Institute of
Herbal and Medicinal
Botany

Note The data on the resources were obtained from achievement appraisal and evaluation reports. Only the first
accomplished units are listed. Other contents, except resources and certificated varieties, are excluded

22 C. Sui



humidity averages of 17.1 °C and 77%, respec-
tively, is the most suitable for growing. S. mil-
tiorrhiza adapts to the pH value of soil and can
grow well in neutral, slightly acidic, and slightly
alkaline soil. However, fertile sandy loam is
preferred. The degree of soil weathering is clo-
sely related to the yield of Danshen, and high
terrain and good drainage are vital to its cultiva-
tion. Seed sowing and root segment propagation
are the two main methods of Danshen cultivation.
The optimal germination temperature of seeds is
20–25 °C. At the appropriate temperature, the
germination potential and rate are higher under
full light than those without light, and germina-
tion could be conducted in the wide pH range of

2–10 (Shan et al. 2013). In addition, alternately
changing the temperature between 15 °C/25 °C
and 20 °C/30 °C promotes germination, while
high light intensity inhibits germination (Li et al.
2016). Seeds treated with 0.5–1.0% hydrogen
peroxide for 12 h or 600 mg L−1 gibberellin for
24 h show elevated germination rate, and the
effect of gibberellin is better than that of hydrogen
peroxide (Wu and Niu 2017).

Different cultivation modes were compared.
Compared with traditional cultivation methods,
the plastic film mulching method increases the
fresh and dry weights from 14.68 to 48.62%. By
maintaining the soil moisture content, the pho-
tosynthetic efficiency and yield of Danshen are

Fig. 2.2 Distribution of wild (blue dots) and cultivated (red dots) S. miltiorrhiza in China
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improved (Yang et al. 2016). However, mild
drought could significantly increase the shoot
and root biomasses, the accumulation of medic-
inal active ingredients, and the trace elements in
root. Experimentally, the suitable soil moisture
content was 55–60%, and the ridge culture mode
was suggested (Liu et al. 2011). Generally, the
key period of fertilizer demand for S. miltiorrhiza
is 90–110 days after seedling transplanting when
more nutrients are needed for rhizome expansion.
Thus, it is the nutrient-efficient period and the
best time to fertilize. Additionally, spraying of
trace elements could increase the root yield. The
investigation of the content and distribution of
available elements in the 26 rhizosphere soil
samples from 8 provinces growing S. miltior-
rhiza shows that insufficient N and Mn were
available, and all tested soil samples were
extremely B deficient. The available N, B, Mn,
and Fe contents were positively correlated with
the quality of Danshen, implying that the usage
of N, B, and Mn fertilizers should be controlled
according to different stages of plant growth, and
P fertilizer should be reduced in all growing areas
of S. miltiorrhiza (Shen et al. 2016).

In long-term cultivation, the occurrence of
diseases is a major concern of planters. Root rot
is the worst devastating disease, followed by
Fusarium (Wang et al. 2018a). Continuous
cropping is one of the main causes of diseases,
including root rot and nematode. Meloidogyne
can kill approximately 80% of plants when it
occurs. Moreover, continuous cropping inhibits
plant development and root elongation. Thus,
rotation is usually adopted in Danshen produc-
tion areas along with soil sogginess prevention
and the timely removal of diseased plants.

The roots of S. miltiorrhiza are generally
harvested in October or November, at least one
year after seedling transplant. Differently aged
roots have altered bioactive ingredients profiles
(Wang et al. 2013b). Harvested roots can be
dried by different means, such as drying under
the sun, drying in the shade, and drying by
baking at different temperatures. Drying in the
shade or at 40 °C economically retains the most
active components (Wang et al. 2017). In

addition, the effects of various temperature dry-
ing modes (i.e., first at a low temperature of 30
or 40 °C and then high temperature at 60, 70, or
80 °C), using an air-dry oven on the content of
active components, have been investigated.
Results revealed that variable temperature drying
can significantly affect the contents of active
components in roots of S. miltiorrhiza f. alba.
Compared with the traditional process of
shade-drying, low-temperature drying can sig-
nificantly increase the content of water-soluble
active components and has a significant promo-
tion effect on liposoluble components, such as
tanshinone IIA, cryptotanshinone, and tanshi-
none I. Most importantly, the variable tempera-
ture drying mode can effectively shorten the
process of drying and enables the industrializa-
tion and standardization of the drying process
(Zhou et al. 2017).

Several regulations or standards on Danshen
cultivation have been released by China National
Standardization Management Committee or
Provincial Quality Supervision Bureau, such as
Product of Geographical Indication Fangcheng
Salvia miltiorrhiza Bge. (Yu Danshen) (GB/T
22745-2008), Quality Standards for Seed
Reproductive Material of Radix S. miltiorrhizae
(DB51/T 1044-2010), Standards for Cultivation
Techniques of S. miltiorrhiza (DB12/T
827-2018), Technical Regulations for Cultiva-
tion of S. miltiorrhiza (DB34/T 460-2017), and
Regulations for Underforest Cultivation Tech-
niques of S. miltiorrhiza (DB41/T 1217-2016).
In addition, regular companies in China usually
have their own technical specifications for the
standardized production of S. miltiorrhiza Bunge
(SOP) to regulate the production process.

2.3.3 Cultivation-Related Research
Findings

Rhizosphere bacteria play a vital role in plant
nutrition absorption, growth, and disease resis-
tance. High-throughput sequencing technology
is used to analyze the rhizosphere bacterial
communities of Danshen (Jiang et al. 2019).
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One species of Alternaria was found to markedly
enhance S. miltiorrhiza root growth and active
ingredient accumulation under greenhouse and
field conditions (Zhou et al. 2018a). Works on
this aspect can hopefully provide a reference for
improving the soil environment and gains of
Danshen cultivation.

Molecular markers were developed based on
transcriptome sequences (Deng et al. 2009).
A few of genetic linkage maps were constructed
(Pan et al. 2016; Liang et al. 2016; Zong et al.
2015). For example, two genetic maps were
constructed with near-isogenic lines of sterile
male and fertile S. miltiorrhiza, and differential
fragments and markers with potential functions
were found (Liang et al. 2016).

Late embryogenesis abundant (LEA) proteins
are a group of proteins associated with tolerance
to water-related stress. A LEA gene was cloned
from S. miltiorrhiza and revealed that
SmLEA-transformed S. miltiorrhiza plants exhi-
bit faster root elongation, have a lower malon-
dialdehyde concentration, and experience a less
rapid rate of water loss with greater superoxide
dismutase activity and higher glutathione con-
centration than the control plants (Wu et al.
2014). A transcription factor gene, CBF1/
DREB1B, was introduced into S. miltiorrhiza.
Transgenic plants display tolerance to drought
because of the activation of different downstream
DREB/CBF genes by AtDREB1B. Furthermore,
no growth inhibition was detected in transgenic
plants (Wei et al. 2016).

Using second-generation Illumina sequencing,
one gene, SmGASA4, was identified by the
comparison of wide type and mutant S. miltior-
rhiza. The results showed that SmGASA4 is
positively regulated by Gibberellin and signifi-
cantly enhances plant resistance to salt, drought,
and paclobutrazol stress, thereby up-regulating
the genes involved in salvianolic acid biosyn-
thesis but inhibiting the expression of the genes
involved in tanshinone biosynthesis (Wang et al.
2018b). The ability of small RNA to regulate the
replanting disease was explored. Five miRNAs
were predicted to be involved in plant responses
to replanting disease (Zhang et al. 2016).

2.4 Danshen Breeding

The application of bred cultivars with combined
virtues that adapt to diverse planting environ-
ments mostly symbolizes agricultural modern-
ization and standardization. Continuous efforts
are required for cultivar breeding. The S. milti-
orrhiza germplasm is complex and diverse with
rich wild and cultivated populations. Through
decades, especially in recent years of breeding
practice, some cultivars have been bred and
reported (Wang et al. 2012; Wei and Yang
2018). Table 2.3 lists the basic information of
cultivars, which have been identified by the
provincial authoritative departments in China.
The traits of cultivars include root yields, con-
tents of medicinal active components, and stress
resistance. Methods, such as system selection,
bulk selection, cross-breeding, polyploidy
breeding, and space mutation, were employed.

2.4.1 System and Bulk Selection

Given the simplicity and efficiency, bulk and
system selections were used at the early stage of
the cultivar breeding of S. miltiorrhiza. Several
cultivars were bred by bulk or system selection
(Table 2.3). Usually, in bulk selection, the
germplasms collected from different locations are
planted in the field, and the spontaneously pol-
linated seeds are harvested and sowed. The
progeny plants were then evaluated on traits,
such as botanic characteristics, yield, content of
medicinal active components, and stress resis-
tance (Wang et al. 2012). In system selection,
low generations of self-pollination plants are
crossed within the population in which the
genetic consistency and prevention of inbreeding
degradation are balanced. Although this kind of
method could promote the rapid usage of exist-
ing wild or domesticated resources, inherent
adverse agronomic traits are usually difficult to
avoid, and some improvements are further nee-
ded. Especially, when sexual propagation is
adopted, the traits of cultivars are impossible to
retail.
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2.4.2 Cross-breeding

Cross-breeding is one of the effective methods of
creating elite cultivars. Based on the successful
experience in crop cross-breeding, researchers
have conducted related works on Danshen.
Before 2005, a male sterile individual plant was
found and cultivated as a line for cross-breeding
(Shu et al. 2005). The sterility characteristics
were explored as the basis of cross-breeding
(Song et al. 2009; Zhong et al. 2010).
GGE-biplot was applied to analyze the stability
of yield and quality traits of hybrid lines (Chen
et al. 2017). Two hybrid cultivars of S. miltior-
rhiza were reported with high-yield and active
compounds content derived from male sterile and
self-pollinating lines (Chen et al. 2016). Select-
ing a continuous cropping tolerant cultivar is one
of the effective countermeasures to continuous
cropping. Hybrids were obtained by crossing
between high-generation self-pollinating materi-
als with artificial male removal and assisted
pollination. Seven lines with good performance
in a three-year continuous cropping soil were
screened from 50 hybrid lines (Ni et al. 2017).

2.4.3 Polyploidy Breeding

Polyploidy breeding is one of the effective
methods of creating new varieties and has been
widely used in many crops and vegetables.
Owing to chromosome addition, the vegetative
organs of polyploid plants often exhibit “giant-
ism,” showing larger roots, stems, leaves, flow-
ers, and fruits than normal diploid plants. The
medicinal parts of many medicinal plants are
roots or whole overground vegetative organs.
Thus, polyploidy varieties imply the increase of
yield and profit for most of medicinal plant
species. Danshen is usually diploid with
2n = 2x = 16, although a few natural mutants in
wild-type and cultivated populations were found
with 2n = 4x = 32 (Zhao et al. 2006). Chromo-
some doubling has been shown to enhance bio-
mass and the production of some medicinal
active components (Chen et al. 2018). Triploid,
autotetraploid, and allotetraploid S. miltiorrhiza

have been created in some laboratories (Chen
and Li 2009; Fang et al. 2011; Li and Chen 2012;
Liu et al. 2009). Meanwhile, the utilization of
polyploidy is rare in Danshen production.

2.4.4 Space Mutation

The botanic characteristics, medicinal quality,
and chemical fingerprint of the plants derived
from the dried seeds of S. miltiorrhiza carried by
the Shenzhou 7 spaceship of China in 2008 for
68 h were investigated. The outer space envi-
ronment brought inheritable variations, which are
a rich germplasm bank for the new cultivar
selection and breeding of S. miltiorrhiza (Yang
et al. 2013).

A total of 28 lines of second-generation S.
miltiorrhiza responding to a spaceflight envi-
ronment were surveyed on their root yields and
the active constituents’ characterizations, which
varied remarkably among the 28 lines. Compared
with untreated plants, the lines with much
increased yield and active constituents could be
selected among 28 lines. The positive relation-
ships lie between the contents of tanshinone I and
tanshinone IIA (r = 0.790, p < 0.01), and ros-
marinic acid and salvianolic acid B (r = 0.728,
p < 0.01; Peng et al. 2014).

2.5 Perspectives

Generally, Danshen, as one of the most important
Chinese traditional herbs and a model medicinal
plant, has received significant attention and
work. Rich wild and cultural resources contribute
to the wide development and utilization prospect
of Danshen. Not only can Danshen be used as
medicine, but also for perfume and gardening.
Currently, field management in China, including
seeds and seedlings quality control, is being
standardized from different levels of government
regulations and industry specifications. Large
specialized plantations which linked to related
drug companies are being encouraged to con-
struct. The breeding of cultivars has made
progress.
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Based on the analysis of the current situation,
a few of key issues on Danshen resources, cul-
tivation, and breeding should be considered in
future work. To date, few resources of Danshen
have been explored. Many wild and cultivated
germplasms of S. miltiorrhiza and related species
are unevaluated and underexplored. The com-
munication among departments that preserve and
study Danshen resources must be strengthened.
A big room for cultivar improvement exists with
such rich resources. Even for existing cultivars,
the performance in distinct growing environ-
ments and adaptable field management tech-
niques must be determined further. This will
broaden the planting area and elevate the applied
values of existing cultivars. Good agriculture
practice and the related traceability system of
medicinal material production is a long-term
continuous optimization process. Owing to the
traditional usage of wild resources, the accep-
tance of bred medicinal cultivars, especially
those obtained by interspecies cross or
transgenic-related methods is a highly contro-
versial topic. Technically, root processing for
decoction requires few thin branching rootlets.
A high content of active components may be
attractive for extraction. In such situation, dif-
ferent breeding goals may be set first, such as the
use for decoction or extraction, and the high
content of salvianolic acid or tanshinone.

With the release of the S. miltiorrhiza genome
and transcriptome sequencing results, more
functional genes will be identified. Newly
emerging biological technologies, such as
gene-editing technology, will be used. The genes
involved in the biosynthetic pathways of active
medicinal components have been edited using
the CRISPR/Cas9 tool (Li et al. 2017; Zhou et al.
2018b). The resources of Danshen will be
intensively explored, and the effective production
and high quality of Danshen will benefit the
health of the people of China and around the
world.
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3Molecular Maps and Mapping
of Genes and QTLs of Salvia
miltiorrhiza

Xingfeng Li, Jianhua Wang and Zhenqiao Song

Abstract
Salvia miltiorrhiza is an important medicinal
crop in traditional Chinese medicine (TCM).
Knowledge of its genetic foundation is
limited. The first genetic linkage map of
S. miltiorrhiza was constructed in 94 F1
individuals from an intraspecific cross, con-
sisting of 53 SSR, 38 SRAP, and 2 ISSR loci
in eight linkage groups. Another genetic map
was constructed based on 111 genomic SSRs
markers. Moreover, specific length amplified
fragment sequencing (SLAF-seq) is a recently
developed high-throughput strategy for
large-scale SNP, which was used to construct
a high-density genetic map for S. miltiorrhiza.
The results not only provide a platform for
mapping quantitative trait loci but also offer a
critical new tool for S. miltiorrhiza genome
and comparative genomics as well as a
valuable reference for TCM studies. A total
of six QTL have been identified through
interval mapping. It includes three salvianolic
acid B (SAB) content-related QTL on linkage

group LG7, two lithospermic acid (LA) con-
tent markers on LG2 and LG4, and one
rosmarinic acid (RA) content-linked QTL on
LG7. These QTL could be used in marker-
assisted breeding for phenolic acid contents of
S. miltiorrhiza. The results provide important
basis for QTL mapping, map-based cloning,
and association studies for commercially
important traits in S. miltiorrhiza.

3.1 Introduction

Salvia miltiorrhiza Bunge, also known as
Danshen in Chinese, is a typical herb plant used
for traditional Chinese medicine (TCM). This
plant has been extensively used for thousands of
years to treat various diseases, particularly coro-
nary heart disease and cerebrovascular diseases,
in China and Japan and recently in the USA and
many European countries (Zhou et al. 2005).
Currently, more than 200 compounds have been
isolated, of which diterpenoid quinones and
hydrophilic phenolic acids are the major con-
stituents (Ma et al. 2015). Moreover, recent
studies have found several new bioactivities of
Danshen constituents, such as antioxidant,
antitumor, and protective effects on the kidney
and liver. It suggests the potential for new
applications. More than 320 Danshen prepara-
tions are produced by different pharmaceutical
manufacturers.
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There is constantly increasing demand for S.
miltiorrhiza because of its varied and diverse
pharmacologic properties. Currently, the annual
demand for Danshen in China is approximately
10 million kg. Interest in biotechnology research
on Danshen is increasing in many research
groups. A large number of genes involved in the
biosynthesis of phenolics and terpenoids have
been identified through either molecular cloning
or transcriptome-wide analysis (Gao et al. 2014;
Luo et al. 2014; Xu et al. 2015). However, the
genetic background and regulators of these two
biosynthetic pathways, especially in the later
steps, remain unknown. Danshen is of consider-
able research interest, and its superior genetic
characteristics, such as its modest genome size,
low number of chromosomes, vitality, short
generation cycle, and mature tissue culture
technology, have resulted in Danshen becoming
an ideal model plant among TCM (Song et al.
2013).

At present, almost all of the Danshen prepa-
rations are primarily obtained by extraction from
plants. An important and urgent task is to focus
on improvements in Danshen for optimizing
desirable traits, e.g., effective components,
resistance, and yield. According to the literature
on S. miltiorrhiza, several molecular markers,
including amplified fragment length polymor-
phisms (AFLPs) (Yang et al. 2012), sequence-
related amplified polymorphisms (SRAPs) (Song
et al. 2010), EST-simple sequence repeats
(SSRs), and inter-SSRs (ISSRs), have been used
to analyze the genetic diversity of Danshen.
Previous studies have shown that S. miltiorrhiza
is a cross-pollinated plant with high differentia-
tion of its germplasm (Song et al. 2010). These
results provide an important basis for further
construction of genetic maps with the aim of
selecting parents and markers. Genetic linkage
maps, particularly high-density genetic maps, are
valuable tools in meeting the requirement of
high-throughput superior trait selection among
various germplasms, including plants and
animals.

Secondary metabolites are usually synthesized
in specific organs or tissues of plants with a
relatively low level of contents, which were

generally considered as complex agronomic
traits, and controlled by multiple genes known as
quantitative trait loci (QTL). QTL analysis based
on linkage maps is useful for screening closely
linked molecular markers of complex traits. It
can effectively elucidate the genetic basis of
complex agronomic traits, estimate gene actions
and genetic parameters, and further accelerate the
breeding progress through marker-assistant
selection (MAS) in different species (Shehzad
and Okuno 2016).

Since the construction of genetic map of
Artemisia annua L. and the identification of QTL
affecting yields of artemisinin were reported
(Graham et al. 2010), progresses have been
obtained for various plant species, such as
Bupleurum chinense DC., Siraitia grosvenorii,
Eucommia ulmoides, and Dendrobium officinale
(Zhan et al. 2010; Liu et al. 2011; Li et al. 2015;
Lu et al. 2018). Although this opens a new door
for genetic breeding researches of medicinal
plant, genetic researches about active compound
contents of medicinal or aromatic plants only
conducted in a few species. The studies on
medicinal or aromatic plants are behind far from
other crops.

3.2 Molecular Linkage Map
Construction

3.2.1 Map Strategy and Mapping
Populations

An appropriate mapping population, which gen-
erally includes RIL, DH, F2 or backcrossed
progeny, is very important in the construction of
genetic maps (Grattapaglia and Sederoff 1994).
However, similar to most medicinal species, it is
very difficult to obtain a typical family-based
population in S. miltiorrhiza due to its high
heterozygosity resulting from a long history of
natural cross-pollination and inbreeding depres-
sion. The double pseudo-testcross strategy was
first proposed by Grattapaglia and Sederoff
(1994) and was successfully applied to construct
a genetic map of forest trees. In the pseudo-
testcross, an F1 progeny is developed as a
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mapping population by hybridizing two unre-
lated and highly heterozygous individuals, where
gene segregation patterns can be interpreted as a
backcross. This strategy has been widely used in
plant species that lack appropriate pedigrees
(Myburg et al. 2003; Feng et al. 2013; Sudarshini
et al. 2014).

Because of its cross-pollinated habit and lack
of basic genetic and breeding study, it is difficult
to construct the F2 and RIL populations in S.
miltiorrhiza. In many fruit and forest trees with
cross-pollination and asexual reproduction, the
F1 mapping populations were used for genetic
study of interested agronomic traits based on the
principle of ‘pseudocrossing’, such as Mangifera
indica L. (Luo et al. 2016) and Sesamum indicum
L. (Zhang et al. 2013a, b). Because both parents
were heterozygous, the genotype among different
F1 progeny was different, which provides a fea-
sible method for most medicinal plants. Many
medicinal plants have a cross-pollinating habit.
There is no doubt that this tendency provides
favorable conditions for the selection of mapping
parents. If there is a poor genetic basis and the
lack of a typical family-based population, the
pseudo-testcross is the most promising method
for creating genetic maps of medicinal plants at
the present time.

Study route for genetic mapping and QTL
location of S. miltiorrhiza showed on Fig. 3.1.
The first step is to select female and male parents
with significant different characteristics, which is
the guarantee for the analysis of QTL for
important trait. A considerable difference
between the parents was required to generate
large polymorphic markers. The next step is to
create F1 interspecific hybrid population, which
usually contains at least 100 F1 lines. The third
step is the main part of work, which includes two
parallel elements. One is DNA extraction,
genotyping by various molecular markers and
further genetic map construction. Another is to
investigate agronomic traits. The fourth step is
association of agronomic traits with genotyping
by software to identify the location, number of
loci, and genetic effect of QTL. The final aim is

to identify molecular markers closely linked to
important trait, providing important basis for
marker-assisted selection (MAS) and map-based
gene cloning.

3.2.2 F1 Genotyping, Data Analysis
and Map Construction
Method

The marker analysis was carried out according to
the isolation types of parents and F1 population.
Marker segregation types can be divided into
three categories: parental heterozygous markers,
maternal-specific markers, and paternal-specific
markers, including ab � cd, ef � eg, hk � hk,
lm � ll, and nn � np (Fig. 3.2). There are four
different amplification bands in the ab � cd
segregation type with ab derived from maternal
parent and cd from paternal parent, which pro-
duce four types including ac, ad, bc, and bd with
same ratio of 1:1:1:1 in their F1 population. For
the ef � eg type, the “e” amplification band was
a common one from two parents, but “f” and “g”
were the unique markers from maternal parent
and paternal parent, respectively. There will
appear four types including ee, eg, fe, and fg in
F1 population with the ratio of 1:1:1:1. The two
parents have the same bands type in the hk � hk
type, and the F1 population show hh:hk:kk with
the ratio of 1:2:1. There are two different
amplification bands in lm � ll type or nn � np
type, with “l” or “n” as a common band of two
parents, “m” and “p” as unique band in maternal
parent and paternal parent, respectively. There-
fore, their F1 population displays two types with
same ratio of 1:1.

Markers with blurred or missing data are
labeled as “−”. According to different types of
markers, the data were analyzed by statistical
analysis, and the obtained data were tested for
segregation ratios using the Chi-squared (v2) test.
The distorted markers (p < 0.05) were assigned a
“*” suffix. JoinMap 4.0 software was employed
to establish the genetic linkage map at likelihood
of odds (LOD) score at least 3.0 with a
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cross-pollinator (CP) population type. Map dis-
tances were calculated using Kosambi’s mapping
function. MapChart 2.2 was used to draw the
genetic map (Cui et al. 2015).

3.2.3 Genetic Linkage Map
Construction
of S. miltiorrhiza

In our group, we selected the lines ZH74, ZH23,
and ZH105 as female parents and BH18 as male
parent (Fig. 3.3) to create three F1 interspecific
hybrid population of S. miltiorrhiza for marker
genotyping and the construction of genetic link-
age maps using the double pseudo-testcross
mapping strategy. A total of four genetic link-
age maps were constructed using the above three
F1 populations.

3.2.3.1 The First Linkage Genetic Map
and Another Map Based
on Integration of Multiple
Markers

The first genetic linkage map of S. miltiorrhiza
was constructed in 94 F1 individuals from
crossing ZH74 and BH18 by using simple
sequence repeat (SSR), sequence-related ampli-
fied polymorphism (SRAP) and inter-simple
sequence repeat (ISSR) markers. A total of 93
marker loci in the linkage map, consisting of 53
SSR, 38 SRAP, and 2 ISSR loci, were made up
of eight linkage groups, covering a total length of
400.1 cm with an average distance of 4.3 cm per
marker. The length of linkage groups varied from
3.3 to 132 cm and each of them included 2–23
markers, separately (Zong et al. 2015).

Another map was constructed in 138 F1
individuals from crossing ZH105 and BH18

Fig. 3.1 Study route for
genetic mapping and QTL
location of S. miltiorrhiza
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based on integration of multiple markers. A set of
503 SSR primers, 100 SRAP primers, and 8
ISSR primers developed from S. miltiorrhiza
were screened in the two parents. A total of 340
primers yielded amplification effectively, with
206 primers possess polymorphism. It contained
158 SSR primers, 46 SRAP primers, and 2 ISSR
primers with the percentage to be 31.4, 46.0, and
25.0%, respectively. It included 9 linkage
groups, contained 111 loci, and covered genome
857.4 cM with a mean marker interval of

7.7 cM. The length of linkage groups varied
from 41.6 to 149.7 cM and each of them inclu-
ded 2–27 markers, respectively. Seventeen point
one percent partially segregated markers dis-
tributed in the map were mainly located on LG1,
LG2, and LG3 linkage groups.

3.2.3.2 The Genomic SSR Linkage
Genetic Map

Genome SSR was developed by simplified
genome sequencing of female parent ZH23.

Fig. 3.2 Five segregation types in F1 population of S. miltiorrhiza
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A total of 665 pairs of SSR primers were syn-
thesized and used to analyze the polymorphism
between ZH23 and BH18, of which 568 pairs of
primers generated clear bands. A total of 138
pairs of genomic SSR primers that amplified 151
loci were polymorphic and stable among the
parents and 206 F1 lines. Among 138 pairs of
polymorphic SSR primers, a total of five sepa-
ration types were produced. The separation types
of ab � cd, ef � eg, hk � hk, lm � ll, and nn
np involved 1, 13, 0, 48, and 49 primer pairs,
respectively. One hundred fifty-one polymorphic
loci were subjected to the v2 test to determine if
they met the expected segregation ratio given by
the JoinMap4.0 software program. The LOD
value was selected to 3.0, and finally, 111 SSR
markers were used to construct the genetic link-
age map.

The second genetic map of S. miltiorrhiza was
constructed based on genomic SSRs. Simple
sequence repeat (SSR) is one of the most popular
and versatile marker type and is considered as an
ideal co-dominant marker for plant genetic
mapping (Morgantae and Olivieri 2010). It has
several prior characteristics, such as neutrality,
abundance and polymorphism, high information
content, and mostly single-gene inheritance.
Totally, 111 SSR markers were finally assigned
into eight linkage groups, which corresponded to
the haploid chromosome number of S. miltior-
rhiza (2n = 16). The genetic distance spanned
397.5 cM in this maps accounting for about
92.7% of the entire genome of S. miltiorrhiza.
The length of individual linkage group ranged
from 24.8 cM (LG4) to 102.0 cM (LG1) with the
number of markers on each group ranged from 6

Fig. 3.3 Lines ZH74, ZH23,
and ZH105 as female parents
and BH18 as male parent for
creating three F1 interspecific
hybrid population of S.
miltiorrhiza
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to 24. Average distance between markers was
3.6 cM, with intervals between loci ranged from
1.8 to 9.7 cM (Feng et al. 2019).

3.2.3.3 The High-Density Linkage
Genetic Map

To construct a high-density genetic map, specific
length amplified fragment sequencing
(SLAF-seq) was used for the rapid discovery of
SNPs in the F1 population. Analysis of the F1
mapping population indicated that 83,154 SLAFs
were generated, with an average depth of
6.17-fold for each offspring. Among the 151,035
high-quality SLAFs, 62,834 were polymorphic,
resulting in a polymorphism rate of 41.60%. Of
the 62,834 polymorphic SLAFs, 47,701 were
classified into eight segregation patterns. For the
F1 population, five segregation patterns, includ-
ing ab � cd, ef � eg, hk � hk, lm � ll, and
nn � np, were used for genetic map construc-
tion, and a total of 5198 SLAFs were used for
map construction (Fig. 3.4) (Liu et al. 2016).

Then, the high-density genetic map was con-
structed. After completing the data preparation,
5164 of the 5198 SLAFs were mapped onto the
genetic map (i.e., a ratio of 99.34%). There were a
total of 2966 BH18 (male) markers, 3038 ZH74
(female) markers, and 5164 SLAFs (7554 SNPs),
which fell into 8 LGs, for the integrated map. The

coverage of the markers was 75.67-fold in the
female parent, 91.20-fold in the male parent, and
10.36-fold in each F1 individual (on average).
The final map was 1516.43 cM in length, with an
average inter-marker distance of 0.29 cM
(Table 3.1). According to the formula for genetic
linkage maps, the coverage ratio of the total
length to the expected length was 99.83%, which
is considerably stronger compared to the value of
84.4% obtained for the first map. The current
linkage map covers nearly the entire genome with
a resolution of 0.29 cM (Liu et al. 2016).

3.3 Quantitative Trait Loci Analysis
of Important Agronomic Traits
in S. miltiorrhiza

3.3.1 Quantitative Trait Loci
(QTL) Mapping Method

Quantitative trait loci (QTL) mapping was per-
formed using the MapQTL 6.0 software based on
the interval mapping (IM) algorithm with a sig-
nificance level of 0.05, 1000 times of permuta-
tion and walking speed of 1 cM. Quantitative
trait loci (QTL) identified in this way were
marked by the marker with the highest LOD
score in the corresponding QTL region.

Fig. 3.4 SNP number and
percentage of five segregation
types in F1 population of S.
miltiorrhiza
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3.3.2 QTL Analysis for Phenolic Acid
Content

The main peaks in the chromatograms of ros-
marinic acid (RA), salvianolic acid (SAB), and
lithospermic acid (LA) were identified by HPLC,
based on their retention time and UV absorp-
tions. Measurement of three phenolic acid con-
tents showed significant differences between two
parents. The variation coefficients of these traits
varied from 33.64% (SAB content) to 53.03%
(RA content), which showed a significant varia-
tion among F1 individuals. Skewness and
peakedness test indicated that these traits were
segregated continuously and controlled by mul-
tiple genes, suggesting their suitability for QTL
analysis.

Six QTL were identified for three phenolic
acids content traits with phenotypic variance
explained from 10.8 to 15.9%. Among them, 4
QTL was anchored on LG7, 1 QTL on LG2, and
1 QTL on LG4, respectively. Three QTL for
SAB content were detected in a continuous
interval between DSSR-540 and DSSR-98
markers on LG7 with a length of 27.2 cM
(Fig. 3.5), in which, three continuous QTL
explained 13.8, 12.9, and 13.6% of the pheno-
typic variation, respectively. Two QTL for LA
content were located on LG2 and LG4, explained
10.8 and 15.9% of the phenotypic variation,
respectively. These two QTL were localized with

a single marker DSSR-140 and DSSR-77,
respectively. Only one QTL for RA content was
detected on LG7, which accounted for 12.4% of
the phenotypic variation, and this locus was in
the same region of QTL for SAB content.

3.3.3 QTL Analysis for Root Yield

Various characters in ZH105/BH18 F1 genera-
tion groups showed continuous distribution of
the root traits of S. miltiorrhiza. These characters
conformed the quantitative trait loci for genetic
and normal distribution. Twenty-six loci were
detected in the ten phenotypic traits of S. milti-
orrhiza by the interval mapping method. Root
diameter, root range, root fresh weight, and root
number were detected QTL loci, explaining the
phenotypic variation rate raged from 8.0 to
13.7%.

3.4 Discussion

Most of the genetic maps constructed in medic-
inal plants mainly use the universal markers
(ISSR, SRAP, and AFLP), which indicates that
the related genetic research of medicinal plants is
still in its infancy, far behind that of food crops
and other crops. The genetic map of Danshen,
even though it is an emerging model medicinal

Table 3.1 Genetic map for eight linkage groups (LGs)

Total marker Total distance (cM) Max gap (cM)

Female
map

Male
map

Integrated
map

Female
map

Male
map

Integrated
map

Female
map

Male
map

Integrated
map

LG1 347 316 559 141.153 107.028 132.85 15.79 6.68 7.88

LG2 341 371 613 186.544 180.181 190.39 17.24 13.01 7.88

LG3 426 430 747 195.187 216.418 213.66 21.86 9.12 9.6

LG4 378 390 652 183.249 175.127 181.17 10.38 18.74 9.11

LG5 279 266 478 153.085 108.194 130.64 13.01 26.95 10.45

LG6 404 372 675 196.998 202.857 207.41 114.00 18.44 11.53

LG7 352 353 610 115.325 170.161 163.048 6.68 20.27 19.22

LG8 511 468 830 293.022 297.244 297.25 26.95 17.24 20.67

Total 3038 2966 5164 1464.563 1457.21 1516.43 26.95 26.95 20.67
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plant, only recently begun to be constructed. The
first map, which was constructed using SRAPs,
ISSRs, and SSRs in the F1 population, includes
94 loci with an average interval distance of
4.3 cM. However, this unsaturated genetic map
has limited future application. SNPs are the most
abundant and stable form of genetic variation in
most genomes and have become the marker type
of choice in many genetic studies. Subsequently,
a high-density genetic map of S. miltiorrhiza was

constructed, which contained 5164 high-quality
SLAFs and spanned 1516.43 cM, with an aver-
age marker interval of 0.29 cM. Due to different
parents and different population, the genetic
maps usually have poor versatility. In integra-
tion, the genomic SSR was essential because of
the characteristics of co-dominance, easy to
score, simple banding, and convenient identifi-
cation (Wu et al. 2016; McCallum et al. 2016).
Species-specific SSR markers need to be further

Fig. 3.5 Genetic map of the F1 population (SNDS1 �
BH18) based on the simple sequence repeat (SSR) markers
and distribution of quantitative trait loci (QTL) effecting
phenolic acid concentration. Genetic linkage map of S.
miltiorrhiza presented as eight pseudo-chromosomes. The
names of loci are shown on the right, and the positions of

the loci are shown, in Kosambi centiMorgan (cM), on the
left. QTL are shown on the light blue boxes on LG2 and
LG4 for two loci of lithospermic acid content. The light
red box showed an important cluster consisting of four
QTL, one for rosmarinic acid and three for salvianolic
acid B content
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developed and widely used in TCM. The meth-
ods used in this study for genetic mapping and
for the development of markers provide a valu-
able reference for other medicinal plants.

Quantitative trait loci analysis based on link-
age map can effectively elucidate the genetic
basis of complex agronomic traits (Ma et al.
2014). A large number of QTL have been map-
ped in many crops related to various important
agronomic traits, such as quantity (Tharanya
et al. 2018), quality (Vallejo et al. 2015), plant
adaptation and tolerance to stresses (Pilet-nayel
et al. 2017), and some of which had been suc-
cessfully utilized in breeding programs (Singh
and Miklas 2015).

Phenolic acids are one of the main active
components in S. miltiorrhiza root. Thus,
improvement of phenolic acid contents has been
an important objective of its genetic and breeding
research. In our group, QTL analyses of phenolic
acid contents in S. miltiorrhiza were firstly
reported. It opened a new window for future MAS
breeding of phenolic acids and identification of
genes associated with phenolic acids biosynthesis.

Quantitative trait loci for correlated traits
often position on the same chromosomal regions.
Consistently, QTL for rosmarinic acid (RA) and
three QTL for salvianolic acid (SAB) content
were located within the same region. This region
can be considered as further target region for fine
mapping and marker-assisted selection in S.
miltiorrhiza breeding programs. Besides, SAB
content also had a significantly high correlation
with the other two secondary compounds con-
tents. Selection of SAB content will have posi-
tive effects on other traits. The same
phenomenon of overlaps in QTL regions was
also reported in many plant species, such as
Pyrus L. (Zhang et al. 2013a, b), Glycine max L.
Merr. (Akond et al. 2014), and Cynodon dactylon
var. dactylon (Guo et al. 2017a, b). The above
findings may be due to two genes controlling
different traits. These QTL are likely to be either
within the same region or in adjacent locations
on a chromosome or a single gene tended to have
pleiotropic effect (Zhang et al. 2013a, b). A lim-
ited number of QTL for phenolic acid contents
were detected due to the genetic maps with low

density. Improvement in the marker density
would increase the identification of QTL number.
It is suggested that the density of the genetic map
is a key to perform QTL fine mapping of inter-
ested agronomic traits.

In future breeding of S. miltiorrhiza, attention
should be paid to the continuous recording and
dynamic analysis of agronomic traits for many
years. It will greatly improve the predictability and
accuracy of the selection of good genotypes for
quantitative traits and will effectively improve the
MAS efficiency. In addition, expanding mapping
population, increasing the number of markers in
genetic map, constructing ultra-high density map,
and integrating and locating physical map can
effectively improve the establishment of closely
linked QTL and lay an important foundation for
molecular breeding of S. miltiorrhiza.
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4The Genome of Salvia miltiorrhiza

Zhichao Xu

Abstract
Salvia miltiorrhiza is one of the most commonly
used medicinal plants that belong to the Salvia
genus of the Lamiaceae family. It is highly
valued for its dried root or rhizome in traditional
Chinesemedicine (TCM),which is better known
for its use in the treatment of cardiovascular
diseases and its anti-oxidative function. This
species is a source of bioactive natural products,
particularly diterpenoid tanshinones and pheno-
lic acids. The S. miltiorrhiza genome and
transcriptome data provide important basis for
the molecular mechanism of active compound
biosynthesis and regulation. So far, the 538 Mb
draft genome with 54.44% repeat elements has
been decoded, with 30,478 predicted genes.
Four potential TPS/CYP gene clusters that are
probably involved in the biosynthesis of diter-
penoids have been identified. In addition, a
combination of the next-generation sequencing
(NGS) and the single-molecule real-time
(SMRT) sequencing has been used to analyze
various root tissues, particularly the periderm.
The results provide a relatively complete viewof
the S. miltiorrhiza transcriptome and further
insight into tanshinone biosynthesis.

4.1 Introduction

Salvia miltiorrhiza Bunge, belongs to the Salvia
genus of the Lamiaceae family, is considered a
potential model medicinal plant of traditional
Chinese medicine (TCM) research due to its
significant medicinal value, relatively small
genome, short life cycle, efficient transgenic
system and undemanding tissue culture (Cheng
2006; Song et al. 2013; Zhou et al. 2005). The
dried root or rhizome of S. miltiorrhiza, named
Danshen or Tanshen in Chinese, is one of the
most commonly used herbs in traditional Chinese
medicine (TCM) (Pharmacopoeia Commission
of People’s Republic of China 2015). Danshen is
better known for its use in the treatment of
cardiovascular diseases and its anti-oxidative
function. The main active constituents of
S. miltiorrhiza are lipophilic diterpenoid com-
ponents and hydrophilic phenolic acids (Dong
et al. 2011; Ma et al. 2015; Zhou et al. 2005).
Phytochemical analysis and bioactivity assays
suggested that the hydrophilic phenolic
acids, such as rosmarinic, lithospermic and sal-
vianolic acids, and the reddish diterpenoid tan-
shinones, including tanshinone I, tanshinone IIA
and cryptotanshinone, had antitumor, anti-
inflammatory, anti-atherosclerotic and antioxi-
dant activities through various therapeutic
pathways. More than 90 lipophilic diterpenoid
components and 40 hydrophilic phenolic acids
have been isolated and identified from S. milti-
orrhiza, including tanshinone I, tanshinone IIA,
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cryptotanshinone, dihydrotanshinone, salvianolic
acid A, salvianolic acid B, rosmarinic acid,
lithospermic acid and dihydroxyphenyllactic
acid. Clarifying the biosynthetic pathway and
regulatory mechanisms of the active constituents
will provide the theoretical basis to cultivate
TCM and produce innovative medicines (Xu
et al. 2016c; Xin et al. 2019; Chen et al. 2015).

Recently, the biosynthesis of active com-
pounds of S. miltiorrhiza has drawn wide atten-
tion (Cui et al. 2015; Guo et al. 2013; Kai et al.
2011; Ma et al. 2015). Many key enzymes
involved in the biosynthetic pathways have been
cloned and identified, such as enzymes of the
2-C-methyl-D-erythritol 4-phosphate (MEP) and
the mevalonate (MVA) pathways involved in
tanshinones biosynthesis (Ma et al. 2012), and
the phenylpropanoid and tyrosine-derived path-
ways related to phenolic acid biosynthesis (Wang
et al. 2015; Xu et al. 2016b). With the remark-
able advances in high throughput sequencing, the
whole genome, chloroplast genome and tran-
scriptome of S. miltiorrhiza have been gradually
improved (Qian et al. 2013; Xu et al. 2015; Luo
et al. 2014). An early report used unsequenced
cDNAs from hairy root cultures to construct a
microarray. Differential expression correlated
with either culture time/development or induc-
tion (both of which are associated with tanshi-
none accumulation) was utilized to highlight
cDNAs for sequencing (Li et al. 2010). Tanshi-
nones are labdane-related diterpenoids (Gao et al.
2014), whose biosynthesis requires a copalyl
diphosphate synthase (CPS) and a cyclase related
to kaurene synthases involved in gibberellin
phytohormone metabolism. The latter is often
termed kaurene synthase-like (KSL). Functional
characterization of the two inducible diterpene
synthases found in the microarray study
(SmCPS1 and SmKSL1) led to identification of
the resulting diterpene olefin precursor of tan-
shinones, miltiradiene (Gao et al. 2009). Later,
next-generation sequencing (NGS)-based
RNA-Seq analysis of similarly induced hairy
root cultures led to the identification and func-
tional characterization of a cytochrome P450
(CYP) involved in tanshinone biosynthesis (Guo
et al. 2013). The P450 is known as CYP76AH. It

carries out the initial hydroxylation of aromatized
miltiradiene to form ferruginol. Recent works
suggest that genes for synthesis of the same
metabolites tend to arrange in tandem array. It
facilitates the elucidation of these pathways by
gene cluster analysis. S. miltiorrhiza whole-
genome sequencing can greatly help in identifi-
cation of genes involved in the tanshinone
biosynthetic pathway (Xu et al. 2016a).

4.2 The Sequencing and Assembly
of S. miltiorrhiza Genome

4.2.1 Sequencing of the
S. miltiorrhiza 99-3
Genome (Xu et al. 2016a)

The genome of S. miltiorrhiza line 99-3 was
estimated to be 615 ± 12 M in size by flow
cytometric analysis. It is noteworthy that no
obvious peak was observed in the k-mer distri-
bution of the Illumina reads, highlighting com-
plexity of this genome. The young leaves of
S. miltiorrhiza were used to extract genomic
DNA and total RNA for genome and transcrip-
tome sequencing, respectively. For Illumina
sequencing, PE and MP libraries with multiple
insert sizes ranging from 350 bp to 8 kb were
prepared following the manufacturer’s instruc-
tions and sequenced on an Illumina HiSeq 2000
platform (Illumina, USA). For 454 sequencing,
shotgun libraries were prepared following the
manufacturer’s instructions and sequenced on
Roche/454 platform (Roche, Swiss). For PacBio
sequencing, SMRTbell DNA template libraries
with an insert size of 8–10 kb were prepared in
accordance with the manufacturer’s protocol and
sequenced on a PacBio®RS platform (Pacific
Biosciences, USA). Firstly, 158.2 Gb short reads
were produced for different pair-end and
mate-pair libraries (350, 400, 500, 700, 3000,
5000, 8000 bp) using Illumina HiSeq 2000
platform (Table 4.1). The Trimmomatic was
employed to remove the adapters and low-quality
reads of Illumina raw data. Then, in order to
improve the assembly quality, 8.19 Gb long
reads with the average length of 3740 bp were
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generated by the PacBio RS platform. Because of
the low quality of PacBio reads with about 0.85,
8.65 Gb Roche/454 high-quality reads were
harvested for the error correction of long reads.

4.2.2 Genome Assembly
of the S. miltiorrhiza

Totally, 158.2 Gb Illumina reads were used for
de novo assembly using Phusion2. This resulted
in a draft assembly of 558 Mb with contig N50
of 2.47 Kb. In addition, SOAPdenovo assembler
gave similar assembly metrics, implied intrinsic
complexity of S. miltiorrhiza. The PacBio RS
long reads were used to improve the assembly
performance, and the length of about 4 Gb Pac-
Bio high-quality reads showed longer than 2 Kb,
after the base error correction with 454 data using
CAP3 and BLASR. The corrected long reads
were assembled with Celera v7.0. The resulted
contigs were combined with Roche/454 data for
re-assembly. Illumina reads were then mapped
onto these contigs, and SNPs and small indels in
homozygotes, which presumably resulted from
sequencing chemistry bias of Roche/454 plat-
form, were used for error correction of the orig-
inal contigs. After scaffolding with mate-pair
data, a final assembly of 538 Mb genome was
derived, with contig and scaffold N50 of 12.38
and 51.02 Kb, respectively (Table 4.2).

4.2.3 Genome Annotation
and Repeat Element
Analysis

Structural repeat annotation of the S. miltiorrhiza
genome was performed by the RepeatModeler
(http://www.repeatmasker.org/RepeatModeler/;
version 1.0.9) package. Two de novo repeat
finding programs, RECON and RepeatScout,
were employed for identifying and classifying
repeat elements. Repbase (version 21.12) was
also used, and consensus classification of TEs
was performed according to the default param-
eters. Finally, RepeatMasker (version 4.0.6) was
used to count and mask the TE sequences.
RMBlast, a modified version of the National
Center for Biotechnology Information (NCBI)
Blast program, was used for all-by-all align-
ments by RepeatModeler and RepeatMasker.
The results showed that repeat elements
accounted for 54.44% of the S. miltiorrhiza
genome, twice that of Sesamum indicum
(28.5%). Among them, the long terminal repeats
spanned 18.03% of the S. miltiorrhiza genome,
and 55.58% of the repeats were unclassified
(30.26% of the genome) (Table 4.3).

The repeat elements were masked using
RepeatMasker, and then the masked genome
were performed gene prediction using MAKER
package (http://www.yandell-lab.org/software/
maker.html) (Cantarel et al. 2008). Augustus

Table 4.1 Statistics of raw sequencing data using different platforms for S. miltiorrhiza (Xu et al. 2016a)

Platforms Length of insert reads (bp) Sequencing read length (bp) Total raw data (Gb) Coverage

Illumina HiSeq 350 100 96.50 156.9�
Illumina HiSeq 400 100 69.33 112.7�
Illumina HiSeq 500 100 90.40 147.0�
Illumina HiSeq 700 100 58.98 95.9�
Illumina HiSeq 3000 100 36.64 59.6�
Illumina HiSeq 5000 100 35.88 58.3�
Illumina HiSeq 8000 100 8.51 13.8�
PacBio RS 8000–10,000 3740 8.19 13.3�
Roche 454 500 364 8.65 14.1�
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was employed for Ab initio gene prediction using
default parameters, and the Arabidopsis genome
was selected as model reference. Homology-
based annotation was based on the following:
(1) BLASTN alignment of RNA transcripts
derived from trinity-assembled transcriptomes
from root, shoot and leaf materials (http://
trinityrnaseq.sourceforge.net) and (2) BLASTX
searches of 35,838 available proteins (trimmed
proteins from mitochondria and chloroplast)
from Lamiales species. A total of 30,478 putative
genes in S. miltiorrhiza genome were predicted,
with an average transcript length of
2825 bp. Most of the genes (27,793; 91.19%)
had homologs in the Nr database (with E-value
less than 10−5 using BLASTP), and more than
half (56.60%) could be assigned to KEGG
pathways.

A total of 1602 transcription factor (TF) genes
were identified. It includes genes encoding 171
APETALA2, 139 basic helix-loop-helix, 291
MYB and 78 WRKY TFs. These genes might be

involved in plant developmental regulation. TPSs
and CYP are essential enzymes for biosynthesis
of plant terpenoids. TPSs are involved in syn-
thesizing the hydrocarbon backbone of
monoterpenes, sesquiterpenes, diterpenes and
isoprene. CYPs are mono-oxygenases that cat-
alyze various reactions, albeit largely hydroxy-
lations, in various secondary metabolite
production pathways. Total 82 TPSs and 456
CYPs were annotated in the assembled S. milti-
orrhiza genome. Some of them have been known
to participate in the biosynthesis of phenolic
acids and tanshinones.

4.2.4 Genome Family Evolution
of S. miltiorrhiza

The amino acid sequences of eight vascular
plants, including S. miltiorrhiza, tomato, blad-
derwort, grape, sesame, rice, Arabidopsis and
potato, were clustered using OrthoMCL (V1.4)

Table 4.2 Summary
statistics of de novo
genome assembly
(Xu et al. 2016a)

Illumina PacBio + 454 + Illumina

Contig Number 310,742 60,349

Average length (Kb) 1.64 8.69

N50 length (Kb) 2.47 12.38

Total length (Mb) 510 524

Scaffold Number 223,112 21,045

Average length (Kb) 2.50 25.56

N50 length (Kb) 9.38 51.02

Total length (Mb) 558 538

Table 4.3 Statistics of
repeat element in
S. miltiorrhiza genome
(Xu et al. 2016a)

Repeat elements

Total interspersed repeats 292,782,059 bp (54.44%)

SINEs 9312 (0.00%)

LINEs 15,849,707 (2.95%)

LTR elements 96,960,659 (18.03%)

DNA elements 17,208,679 (3.20%)

Unclassified 162,753,702 (30.26%)

Satellites 66,389 (0.01%)

Simple repeats 9,070,284 (1.69%)

Low complexity 1,305,919 (0.24%)
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(Li et al. 2003). A core set of genes from 8018
gene families were found to present in all eight
plants, while S. miltiorrhiza contained 956
unique gene families. Interestingly, 19.2% of
these S. miltiorrhiza specific genes are involved
in plant–pathogen interactions (KEGG Pathway
Entry Ko04626), amino sugar and nucleotide
sugar metabolism (Ko00520), amino acid
biosynthesis (Ko01230) and plant hormone sig-
nal transduction (Ko04075). Among the genome
families analysis, 1824 one-to-one single-copy
orthologous genes were used to construct a
phylogenetic tree for eight selected plant
genomes. Divergence times between potato–
tomato (7.2–7.4 MYA) and monocot–eudicot
(128.7–234.4 MYA) were used as references for
time calibration. The phylogenetic analysis indi-
cated that S. miltiorrhiza was most closely related
to sesame. The divergence time between them
was approximately 67 million years ago (MYA).

In addition, we recently sequenced the gen-
ome of Scutellaria baicalensis and Scutellaria
barbata. Comparative analysis showed that two
Scutellaria species were most closely related to
S. miltiorrhiza with an estimated divergence time
of 51.35 MYA. The Ks distribution of S. milti-
orrhiza showed that no recent whole-genome
duplication (WGD) events occurred after the
speciation of S. miltiorrhiza; however, the dis-
tribution of Ks values peaked around 1.02, 0.89
and 0.86 in S. miltiorrhiza, S. baicalensis and S.
barbata, respectively. An ancient WGD event,
occurred 72.04–85.44 MYA, was shared in S.
miltiorrhiza, S. baicalensis and S. barbata. It
suggests that the At-a event might be the
Lamiaceae-specific WGD event.

Gene family evolution among eight plant
species was analyzed by CAFÉ (De Bie et al.
2006). The results indicated that the gene fami-
lies underwent significant expansion (P < 0.01)
in the S. miltiorrhiza genome were mainly
involved in stilbenoid, diarylheptanoid and gin-
gerol biosynthesis (Ko00945), terpenoid
biosynthesis (Ko00902) and steroid biosynthesis
(Ko00100). It is consistent with the high pro-
duction of tanshinones and phenolic acids in this
herbal plant.

4.2.5 Gene Clusters Related
to Tanshinone
Biosynthesis

Analysis of the S. miltiorrhiza genome identified
82 terpene synthase genes (TPS) and 437
CYP450s. Physical clustering of TPSs and CYPs
showed that four TPS/CYP pairs, including
CPS1, CPS2, CPS5 and CPS7, were found in the
draft S. miltiorrhiza genome. Among them,
SmCPS1 and SmCPS2 are involved in tanshinone
biosynthesis in roots and leaves, respectively,
while SmCPS5 is required for gibberellin phy-
tohormone metabolism (Cui et al. 2015).
CYP76AH1, CYP76AH3 and CYP76AK1 have
been reported to be involved in tanshinone
biosynthesis (Guo et al. 2016, 2013). Interest-
ingly, SmCPS1 and SmCPS2 are clustered with
the members from the CYP76AH subfamily,
respectively. The SmCPS1 clustered with two
CYP450s, CYP76AH12 and CYP76AH13; and
SmCPS2 clustered with CYP76AH1, CYP76AH3
and CYP76AH28. However, the assembled
scaffolds are rather short (N50 of 51.02 Kb), so
the gene cluster analysis need to be further con-
firmed via the assembly of high-quality genome.

4.3 The Chloroplast Genome
of S. miltiorrhiza

Qian et al. (2013) reported the complete chloro-
plast (cp) genome sequence of S. miltiorrhiza.
Salvia miltiorrhiza cp genome is similar to the
typical angiosperm cp genomes. It has
151,328 bp in length and exhibits a typical
quadripartite structure of the large (LSC,
82,695 bp) and small (SSC, 17,555 bp) single-
copy regions, separated by a pair of inverted
repeats (IRs, 25,539 bp). The genome contains
114 annotated unique genes, including 80
protein-coding genes, 30 tRNAs and four
rRNAs. Chloroplast genome comparison of S.
miltiorrhiza and three other Lamiales chloroplast
genomes showed a high degree of sequence
similarity and a relatively high divergence of
intergenic spacers. Phylogenetic analysis
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demonstrated a sister relationship between
S. miltiorrhiza and S. indicum. The results of
phylogenetic analysis of chloroplast genome are
consistent with the evolutionary of single-copy
genes from whole genome.

4.4 The Full-Length Transcriptome
Based on S. miltiorrhiza
Genome

4.4.1 Full-Length Transcriptome
Analysis

Xu et al. (2015) reported the full-length tran-
scriptome sequences and splice variants obtained
by a combination of sequencing platforms
applied to different root tissues of S. miltiorrhiza
and tanshinone biosynthesis. Since medicinally
active constituents of S. miltiorrhiza mainly exist
in the root, two experiments to identify transcript
isoforms and quantify them using two sequenc-
ing platforms were carried out. First, nine mRNA
samples of three root tissues (periderm, phloem
and xylem; triplicate) were subjected to 2 � 100
pair-end sequencing using the HiSeq 2500 plat-
form, and then, 489,309,772 reads were pro-
duced. Second, full-length cDNAs of nine pooled
poly(A) RNA samples were normalized and
subjected to single-molecule long-read survey
using the PacBio platform. In total, 1,202,336
raw reads (4.8 billion bases) of PacBio RS were
generated. After filtering using the RS_Su-
breads.1 of PacBio software, 796,011 subreads
representing 4.3 billion bases were obtained.
Next, the RS_IsoSeq.1 protocols were performed
to classify, cluster and map the sequence reads to
reference genome. A total of 70,761 consensus
CCS reads and 725,250 subreads, which could
not produce CCS reads because of insufficient
sequencing, were obtained. Finally, 223,368
full-length reads were obtained by detecting the
poly(A), 5′ primers and 3′ primers.

All of the long reads were mapped against the
S. miltiorrhiza genome, and 96% of the reads
were identified as one or more mappings using
BLAST. Although 70,761 CCS reads compared

with the reference genome and showed constant
quality, 90% of long reads could not undergo
CCS. To resolve the high error rates of non-CCS
reads, 636,855 long reads were corrected to high
constant using about 50 M NGS reads as input
data via LSC software (Au et al. 2012).

The transcripts assembled from Illumina short
reads by Trinity could not cover entire RNA
molecules, although the coverage was suffi-
ciently high (about 200�) (Grabherr et al. 2011).
Approximately, 61% of transcripts assembled
from NGS reads were less than 600 bp, but only
4% of transcripts assembled from PacBio reads
were less than 600 bp. Meanwhile, the mean
full-length read lengths from different libraries
(<1 kb, 1–2 kb, 2–3 kb and >3 kb) produced by
PacBio were 923, 1283, 2026 and 3020 bp,
respectively. After removing redundant sequen-
ces to all TGS subreads using cd-hit-est
(c = 0.90), 160,468 non-redundant reads were
produced and the mean read length was 2059 bp.

The SpliceMap (Au et al. 2010) was used to
analyze 60,584,058 Illumina short reads from
velamen tissue of S. miltiorrhiza, and then,
113,613 junctions were detected, 110,715 of
which were chosen after nUM filtering with
approximately 95% high sensitivity. A total of
1,313,216 long reads combined corrected long
reads that have lost some flanking sequences and
original subreads as input long data were sub-
jected to IDP with detected junctions to detect
and predict gene isoforms (Au et al. 2013). To
identify alternative splicing in S. miltiorrhiza,
multiexon genes were mainly focused. Approxi-
mately, 84% of long reads (1,109,011) covered at
least one junction detected using SpliceMap.
Although there are 30,478 annotated gene loci
and 26,064 multiexon genes in the S. miltiorrhiza
genome, the total number of multiexon gene loci
identified by cufflinks(Trapnell et al. 2012) in the
root is only 10,245 with the expression of
FPKM > 10 (fragments per kilobase of exon
model per million mapped reads). In total, 4035
gene isoforms compared with annotated multi-
exon gene transcripts with an FPKM > 10 were
directly detected using IDP with a 36% detection
rate. According to the spliced alignment of long
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reads, 16,241 gene isoforms were predicted,
which expanded the sensitivity of isoform iden-
tification up to 65%.

4.4.2 Identification of Alternatively
Spliced Isoforms Using
Full-Length
Transcriptome Data

To confirm the distribution of different alterna-
tively spliced types in S. miltiorrhiza, all of the
junctions and isoforms detected using SpliceMap
and IDP were further analyzed. A total of 12,264
identified junctions contained annotated junc-
tions and novel junctions, which represented
alternatively spliced (AS) isoforms of known
genes. Twenty-one percent and four percent of
the alternative splicing were resulted from intron
retention events and exon skipping events,
respectively. Eighteen percent and thirty-nine
percent of the junctions were characterized as
alternative 5′ splice site events and alternative 3′
splice site events, respectively.

After mapping all of the detected and pre-
dicted isoforms to gene loci, 10,323 gene loci
were covered. About 40% of detected gene loci
expressing alternatively spliced isoforms were
characterized. Among them, 25 and 10% of gene
loci harbored two and three isoforms, respec-
tively. Another 5% of gene loci were identified to
be more than or equal to four isoforms. Two gene
loci, including the StAR (steroidogenic acute
regulatory protein)-related protein of
SMil_00002871 and transporter from the MFS
family (major facilitator family) of
SMil_00012576, could express seven isoforms.
According to the expression statistics of different
isoforms using IDP and cufflinks, only one or
two of all isoforms from 94% of the gene loci
were dominantly expressed.

The complexity of alternative splicing events
played a potential role in tanshinone biosynthe-
sis. Six gene loci from 41 expressed terpenoid
synthases and three gene loci from 33 candidate
tanshinone biosynthesis-related CYP450s
underwent alternative splicing. Compared with
40% AS events in S. miltiorrhiza, the terpenoid

synthases and CYP450s showed lower alterna-
tive splicing efficiency. It indicates that the high
conservatism of evolution and function in ter-
penoid synthases and CYP450s can result in high
constitutive splicing in S. miltiorrhiza. Moreover,
based on full-length transcriptome and gene
co-expression analysis, candidate CYP450s
involved in the catalysis of miltiradiene and
ferruginol to tanshinones were identified. Further
study of candidate genes with transgenics and
biochemical reaction might clearly decode tan-
shinone biosynthesis.

4.5 Conclusion

Genome survey showed the high heterozygosity
of S. miltiorrhiza. In order to produce a
high-quality genome, the PacBio long reads and
Illumina short reads were used to perform the de
novo assembly of S. miltiorrhiza genome. The
resulting draft genome of S. miltiorrhiza provides
new insights for the biosynthesis of active com-
pounds, such as tanshinones and phenolic acids.
Based on genome annotation, CPS, KSL, can-
didate CYP450s, SDRs and 2OGDs were iden-
tified and determined to be involved in
tanshinone biosynthesis (Xu and Song 2017). In
addition, four TPS/CYP clusters, including
CPS1, CPS2, CPS5 and CPS7, were found in the
draft S. miltiorrhiza genome. It provides impor-
tant information for analysis of tanshinone
biosynthesis. However, the assembly statistics of
S. miltiorrhiza genome need to be improved for
discovering gene clusters of tanshinone biosyn-
thesis. Following the significant progress of
sequencing platforms, we will try to sequence
and de novo assemble the S. miltiorrhiza genome
using new PacBio Sequel or Oxford Nanopore
platforms, which produce the average read length
over 10 kb. In addition, the Hi-C technology
could be used to construct the chromosomes for
high-quality genome assembly (Belton et al.
2012; Burton et al. 2013; Servant et al. 2015).
Furthermore, the chloroplast genome of
S. miltiorrhiza was assembled to trace the phy-
logenetic relationship with the closely related
plants, such as sesame.
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The study in full-length transcriptome in S.
miltiorrhiza is the first attempt to directly
sequence the full-length transcriptome of plants.
It provides good model for the identification of
full-length transcripts and AS events via hybrid
sequencing. In previous studies, applying NGS
analysis to identify novel introns and splicing
variants indicated that up to 60% of multiexonic
genes underwent alternative splicing events in
different plants, such as Arabidopsis thaliana
(Marquez et al. 2012), Glycine max (Shen et al.
2014), Brachypodium distachyon (Walters et al.
2013) and Oryza sativa (Reddy et al. 2013).
Although the NGS data have shown impressive
performance in the detection of spliced junctions
using SpliceMap or Tophat, the length of
assemble transcripts limited the detection of
isoforms. Combined PacBio long reads and NGS
short reads could sensitively detect and predict
the isoforms and alternative splicing events in the
medicinal plant S. miltiorrhiza (Xu et al. 2015).
Therefore, with the progress of sequencing
technology and bioinformatics, high-quality
omics of S. miltiorrhiza, including genome and
transcriptome, will be further elucidated.
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5The Chloroplast and Mitochondrial
Genomes of Salvia miltiorrhiza

Haimei Chen and Chang Liu

Abstract
Salvia miltiorrhiza is one of the most widely
used medicinal plants. Here, we discuss
research progresses made on its chloroplast
and mitochondrial genomes. In these studies,
strand-specific RNA-Seq and single-molecule
real-time (SMRT) sequencing analyses were
conducted. Then, the RNA-Seq reads were
mapped to the genome assembly to determine
the relative expression levels of genes, DNA
modifications and RNA editing events. For the
chloroplast, the expression levels of all 80
protein-coding genes and 136 putative anti-
sense and intergenic noncoding RNA
(ncRNA) genes were detected. A total of
2687 putative modification sites were identi-
fied. Further analysis identified two DNA
modification motifs: “TATANNNATNA” and
“WNYANTGAW”. For the mitochondrial
genome, the assembled genome has been
validated extensively. A pipeline was devel-
oped to predict the RNA editing events using

REDItools. A total of 1123 editing sites were
identified, including 225 “C” to “U” sites in
the protein-coding regions. The nucleotides on
both strands at 115 of the 225 sites had
undergone RNA editing, which were called
symmetrical RNA editing (SRE). Taken
together, a complex interplay among DNA
transcriptome, modifications in S. miltiorrhiza
plastome has been reported. In addition,
symmetrical RNA editing events have been
identified in its mitochondrial genome.

5.1 Introduction

Salvia miltiorrhiza Bunge (Danshen in Chinese)
is a deciduous perennial flowering plant in the
family Lamiaceae from the order Lamiales. It is
one of the mostly used traditional Chinese
medicinal herbs, widely cultivated in China
(Zhong et al. 2009). The dried roots of S. milti-
orrhiza, commonly known as “Chinese sage” or
“red sage” in western countries, are widely used
in the treatment of several diseases, including but
not limited to cardiovascular, cerebrovascular
and hyperlipidemia diseases (Wang 2010; Zhou
et al. 2005; Cheng 2007; Chan et al. 2010). To
date, more than 70 compounds have been iso-
lated and structurally identified from the root of
S. miltiorrhiza (Li et al. 2008, 2009). These
compounds can be divided into two major
groups: the hydrophilic phenolic acids, including
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rosmarinic, lithospermic and salvianolic acids;
and the lipophilic components, including diter-
penoids and tanshinones (Wang 2010; Li et al.
2008). In addition to the significant medicinal
value described above, S. miltiorrhiza is exem-
plary for its relatively small genome size
(*600 Mb), short life cycle and genetic trans-
formability (Ma et al. 2012; Lee et al. 2008; Yan
and Wang 2007; Xiao et al. 2011). These char-
acteristics make S. miltiorrhiza an attractive
model to investigate the mechanism of medicinal
plant secondary metabolism.

Chloroplasts and mitochondria are all integral
part of plant cells. Chloroplasts and mitochondria
both contain their own genomes, which interact
with each other as well as those from the nucleus.
Recent studies have shown that chloroplasts are
ideal hosts for the expression of genes related to
the production of secondary metabolites (Verma
andDaniell 2007). A detailed understanding of the
gene content of the chloroplast genome (plas-
tome), and the expression and regulation of these
genes is a prerequisite for the development of
effective chloroplast-based transgenic systems.
For these purposes, detailed studies of the tran-
scriptome and methylome of the plastome of S.
miltiorrhiza have been carried out. Similarly,
mitochondria play important roles inmany cellular
metabolic pathways and protein syntheses, illus-
trating its gene content, gene expression and reg-
ulation will improve our understanding regarding
the interaction among the nucleus and the mito-
chondria. In this chapter, we discuss the recent
research progress made regarding the chloroplast
and mitochondrial genome of S. miltiorrhiza.

5.2 Transcriptome of S. miltiorrhiza
Chloroplasts

To date, two draft plastome sequences of S.
miltiorrhiza have been reported (Xu et al. 2016;
Zhang et al. 2015). Strand-specific RNA-Seq and
SMRT technologies were used to characterize the
genome, transcriptome and DNA modifications
of the S. miltiorrhiza plastome.

Chloroplast genes are of prokaryotic origin.
Therefore, a protocol designed for prokaryotic

transcriptome can be used to analyze that of S.
miltiorrhiza. Using Tophat (Trapnell et al. 2012),
553,014 (1.0%) of the reads were mapped to the
S. miltiorrhiza plastome. The overall results are
summarized in Fig. 5.1, which include the fol-
lowing information: the putative DNA modifi-
cation sites on the positive strand (a) and
negative strand (b); the expression level of non-
coding genes on the positive strand (c) and
negative strand (d); the expression level of cod-
ing genes on the positive strand (e) and negative
strand (f); and the identified polycistrons on the
positive strands (g) and negative strands (h).

Except for 14 out of 18 tRNA genes, all genes
were expressed, including 80 protein-coding
genes, 4 rRNA genes and 16 tRNA genes
(Table 5.1). By contrast, 16 tRNA genes were
expressed, 9 of which were embedded in poly-
cistrons (Table 5.1) and 3 have large introns. The
expressed four tRNA genes (trnF-GAA, trnN-
GUU, trnS-GGA and trnQ-UUG) were embed-
ded in long noncoding transcripts. These
expression levels of these genes were quantified
using the cuffdiff software. The most highly
expressed genes were the rRNA 23S and rRNA
16S, as well as psbA, psbB, psbC, psbD and
rbcL. This result is consistent with the involve-
ment of rRNA in the protein synthesis as well as
with the participation of psb genes and rbcL in
photosynthesis, two of the most important
biosynthesis pathways. Two tRNA genes,
namely trnA-UGC and trnI-UUC, were highly
expressed at levels comparable to those of rRNA
genes and psb genes. The trnA-UGC and trnI-
GAU transcripts accounted for 60.60 and 38.18%
of all tRNA transcripts, respectively, even
though alanine and isoleucine only account for
2/30 (6.7%) of the amino acids in the S. milti-
orrhiza plastome. These two tRNA genes are
located in polycistron pc17, which contains the
rRNA genes. Their expression levels are con-
sistent with those of other genes in the same
polycistron. Most genes from plastomes are
transcribed in polycistrons (Stern et al. 1997). In
total, there are 19 polycistronic transcripts con-
taining 71 genes, which include 58
protein-coding genes, 9 tRNA and all 4
rRNA genes.
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Noncoding RNAs (ncRNAs) are RNAs that
do not encode proteins, but have multiple func-
tions. A number of studies have elucidated the
regulatory roles of chloroplast ncRNA. For the
first example, an ndhB asRNA covers two editing

sites of the ndhB gene and a group II intron
splice acceptor site, and might play an important
role in RNA maturation or stability (Georg et al.
2010). For the second example, two different
antisense RNAs of psbT gene were found to form

Fig. 5.1 An ideogram showing the transcriptome and
DNA modifications of the S. miltiorrhiza plastome (Chen
et al. 2014b). The predicted genes are drawn on the
outermost circle. Those drawn outside the circle are
transcribed in a clockwise direction, whereas those drawn
inside the circle are transcribed in a counterclockwise
direction. The distribution of DNA modification motif 1
on the positive strand (a) and the negative strand (b) is
shown as bars. The red bar indicates motifs that are

significantly modified. The expression levels of the
noncoding genes on the positive (c) and negative strands
(d); the coding genes on the positive (e) and negative
strand (f) are shown in black and white arcs on grey
background, the polycistrons on the positive (g) and
negative strands (h) are shown as green and yellow arcs
on white background. The heights of the arcs in (c) to
(h) represent the expression levels of the corresponding
transcripts
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Table 5.1 Expression levels of all genes and polycistrons determined using RNA-Seq analysis

Gene namea Start End Strand Arbitrary
log
abundance

Gene name Start End Strand Arbitrary
log
abundance

1 psbA 392 1450 Nb 12.93 psbB 71218 72744 P 14.08

1 trnK-UUU 1672 4266 N 6.90 13 psbT 72921 73028 P 1.85

1 matK 1972 3534 N 5.46 psbN 73089 73220 N 5.46

rps16 4834 5944 N 5.85 13 psbH 73308 73547 P 5.56

2 psbK 7380 7559 Pb 8.21 13 petB 73673 75022 P 8.88

2 psbI 7905 8066 P 5.18 13 petD 75216 76418 P 7.88

trnG-UCC 8923 9677 P 3.85 14 rpoA 76595 77602 N 5.46

3 atpA 10042 11565 N 9.67 14 rps11 77674 78090 N 6.44

3 atpF 11661 12913 N 7.96 14 rpl36 78200 78313 N 3.85

3 atpH 13187 13432 N 8.74 14 infA 78409 78642 N 5.18

3 atpI 14403 15146 N 5.66 14 rps8 78769 79173 N 5.54

4 rps2 15374 16084 N 7.02 14 rpl14 79363 79731 N 5.31

4 rpoC2 16293 20480 N 6.98 14 rpl16 79863 81143 N 7.06

4 rpoC1 20638 23451 N 7.69 14 rps3 81279 81941 N 6.66

4 rpoB 23478 26690 N 7.06 14 rpl22 81926 82393 N 6.31

5 trnC-GCA 27834 27904 P 1.70 14 rps19 82463 82741 N 3.85

5 petN 28061 28156 P 2.85 15 rpl2 82801 84283 N 9.38

psbM 29133 29237 N 4.85 2nd copy 149748 151230 P –

6 trnD-GUC 29758 29831 N 1.85 15 rpl23 84302 84583 N 7.06

6 trnY-GUA 29942 30025 N 1.85 2nd copy 149448 149729 P –

6 trnE-UUC 30097 30169 N 1.70 ycf2 84911 91762 P 7.38

7 psbD 32159 33220 P 14.92 2nd copy 142269 149120 N –

7 psbC 33168 34589 P 13.64 16 trnL-CAA 92362 92442 N 1.70

7 psbZ 35262 35450 P 8.62 2nd copy 141589 141669 P –

8 rps14 36188 36490 N 10.09 16 ndhB 93002 95155 N 12.80

8 psaB 36613 38817 N 12.50 2nd copy 138876 141029 P –

8 psaA 38843 41095 N 12.58 16 rps7 95484 95951 N 12.59

ycf3 41886 43817 N 9.64 2nd copy 138080 138547 P –

trnS-GGA 44634 44720 P 3.44 163′-rps12 96005 96785 N 10.72

rps4 44997 45602 N 6.66 2nd copy 137246 138026 P –

9 trnL-UAA 46728 47267 P 5.02 17 rrn16S 98690 100180 P 18.34

9 trnF-GAA 47566 47638 P 2.85 2nd copy 133851 135341 N –

9 ndhJ 48171 48647 N 6.94 17 trnI-GAU 100479 101490 P 13.16

9 ndhK 48758 49435 N 9.43 2nd copy 132541 133552 N –

9 ndhC 49487 49849 N 8.90 17 trnA-UGC 101555 102422 P 13.82

trnV-UAC 50799 51447 N 5.66 2nd copy 131609 132476 N –

10 atpE 51904 52305 N 5.66 17 rrn23S 102581 105397 P 18.79

10 atpB 52302 53798 N 9.76 2nd copy 128634 131450 N –

(continued)
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double-stranded RNA/RNA hybrids, which
results in translational inactivation of the psbT
mRNA. The hybrid was further hypothesized to
provide protection against nucleolytic degrada-
tion of mRNA during photo-oxydative stress
conditions (Zghidi-Abouzid et al. 2011). A sys-
tematic analysis was performed to identify
ncRNA in the plastome of S. miltiorrhiza. Non-
coding RNA (ncRNA) was defined as any tran-
scribed RNA transcripts that do not encode
proteins and have a length >100 bp. 136 ncRNA
transcripts were identified based on these criteria.
These ncRNAs are classified into two groups,
namely intergenic ncRNA (Fig. 5.2a) and anti-
sense ncRNA (asRNA, Fig. 5.2b), based on their
positions relative to the cRNA genes. Intergenic
ncRNA are those located between two transcripts
or polycistrons and its distance to the start or end
position of each transcript was at least 100 bp
(Fig. 5.2a). Three types of ncRNAs, namely A1,

A2 and A3, were found. A special case of
intergenic ncRNA expresses from both strands
and was defined as bilateral ncRNA (A4,
Fig. 5.2a).

5.3 Methylation of S. miltiorrhiza
Plastome

DNA can undergo a large variety of functionally
important modifications (He et al. 2011). The
most common modification, DNA methylation,
involves the addition of a methyl group to
nucleotides cytosine or adenine by methyl
transferase (MTase). The most common types of
methylation are N6-methyladenine (m6A),
N4-methylcytosine (m4C) and 5-methylcytosine
(m5C) (Clark et al. 2012). In plants, DNA
methylation is essential for growth and devel-
opment, and it affects gene expression, genomic

Table 5.1 (continued)

Gene namea Start End Strand Arbitrary
log
abundance

Gene name Start End Strand Arbitrary
log
abundance

rbcL 54563 56017 P 13.52 17 rrn4.5S 105497 105599 P 7.56

accD 56708 58195 P 8.57 2nd copy 128432 128534 N –

psaI 58658 58768 P 1.85 17 rrn5S 105824 105954 P 2.85

ycf4 59224 59778 P 5.31 2nd copy 128077 128207 N –

cemA 60326 61015 P 5.44 17 trnR-ACG 106188 106261 P 3.85

petA 61221 62183 P 6.66 2nd copy 127770 127843 N –

11 psbJ 63245 63367 N 4.44 ndhF 108206 110422 N 7.85

11 psbL 63497 63613 N 6.56 rpl32 110875 111045 P 1.85

11 psbF 63637 63756 N 7.56 ccsA 111907 112884 P 2.85

11 psbE 63771 64022 N 9.60 18 ndhD 113116 114630 N 9.29

12 petL 64829 64924 P 1.70 18 psaC 114766 115011 N 5.31

12 petG 65103 65216 P 1.85 18 ndhE 115262 115567 N 6.76

psaJ 65939 66073 P 5.66 18 ndhG 115783 116313 N 7.88

rps18 66890 67195 P 2.85 19 ndhI 116689 117195 N 7.35

rpl20 67427 67813 N 4.18 19 ndhA 117276 119352 N 9.72

5′-rps12 68623 68736 N 1.85 19 ndhH 119354 120535 N 7.31

clpP 68860 70769 N 6.71 ycf1 121333 126849 N 4.66

This table was reproduced from our previous publication (Chen et al. 2014b)
a The number in front of each gene name indicate the polycistron number
b P: positive strand; N: negative strand c 2nd copy: the 2nd copy of the same gene on the other IR region
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imprinting, heterochromatin assembly and pro-
tection of the genome against migrating trans-
posable elements (Martienssen and Colot 2001;
Henderson and Jacobsen 2007). Identification of
potential DNA modification sites in the S. milti-
orrhiza plastome would provide valuable infor-
mation on the epigenetic regulation of its gene
expression.

SMRT technology can provide detailed kinetic
information of the DNA polymerase during DNA
replication through the detection of the fluores-
cent signal during the period when the DNA
polymerase is “holding” a nucleotide. These form
fluorescent “pulses” as DNA polymerase con-
tinue incorporating nucleotides into the

elongating DNA strand. The interpulse duration
(IPD) is the time difference between two “pulses”.
IPD ratio is calculated as [IPD at a site at a con-
dition under study]/[IPD at the same site at the
control condition]. Based on the IPD ratio, the
DNA modification status of the base can be
inferred (Clark et al. 2012). Using the DNA
modification analysis module of SMRT Portal
1.3.2, we identified 2687 (p < 0.01) putatively
modified bases throughout the plastome
(Fig. 5.3a). Among these, 90.3% IPD ratio ran-
ged from −2 to 2. Two DNA motifs using the
motif analysis module were identified, namely
“TATANNNATNA” (Fig. 5.3b) and
“WNYANTGAW” (Fig. 5.3c), whose percentage
of putatively modified sites was 35/97 (36.1%)
and 91/369 (24.7%), respectively (Table 5.2).

5.4 Basic Information
for S. miltiorrhiza
Mitochondrial Genome

Mitochondria are membrane-bound organelles
found in most eukaryotic cells and play impor-
tant roles in energy conversion, the storage of
calcium ions and other metabolic tasks, such as
regulation of the membrane potential, steroid
synthesis and so on (Henze and Martin 2003).
The plant mitochondrial genomes (mi-
togenomes) have been known to be highly
polymorphic. As a result, validation of any
genome assembly is of greater importance for
mitochondrial genomes. Three methods were
used to validate the assembly of the mitogenome
sequence of S. miltiorrhiza. Firstly, short reads
generated from the same species and sequenced
using the Illumina platform were mapped to the
reference genome. The entire assembly was
covered with short reads at an average coverage
of 1390�. Secondly, long reads generated from
the same species and sequenced with the
PacBio RS II platform were mapped to the ref-
erence genome (Chen et al. 2014a). The average
coverage was 30� and only 0.72% of the refer-
ence genome had zero coverage. Last, the pre-
dicted CDS sequences were extracted from the
reference genome and translated to the protein

Fig. 5.2 Schematic representations of various types of
ncRNA identified in S. miltiorrhiza (Chen et al. 2014b).
Protein-coding genes and their exons are presented in
black, whereas ncRNA are presented in grey. The arrows
indicate the direction of the transcripts. a Intergenic
ncRNA, which are ncRNA expressed in the intergenic
region. Four different types, namely A1, A2 and A3, A4
are shown. b Antisense ncRNA, which are ncRNA
transcribed from the antisense strand of protein-coding
genes. This ncRNA overlaps with either the 5′ (B1) end or
3′ (B2) end of the coding region, is embedded in (B3A) or
spans (B3B) one entire protein-coding gene, or spans two
protein-coding genes (B4). Intronic asRNA (B5) is
transcribed entirely from an intron of a coding gene
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sequences. The protein sequences were then used
to search the public databases to identify their
homologous sequences, which were then sub-
jected to multiple sequence alignment. The

alignments of the mitochondrial proteins of
S. miltiorrhiza and their homologs show that no
significant discrepancy was observed. Results
from these three lines of analyses suggest that the

Fig. 5.3 Identification of putative DNA modification
sites and motifs in the S. miltiorrhiza plastome using
SMRT technology (Chen et al. 2014b). a Distribution of
interpulse duration (IPD) ratio across the genome. “m”
indicates that the corresponding IPD ratio (“m”) has a

p < 0.05, which suggests that the base at this position is
modified. b Sequence LOGO for putative DNA modifi-
cation motif 1 (DMM1). c Sequence LOGO for putative
DNA modification motif 2 (DMM2)

Table 5.2 Putative DNA modification motifs associated with base modifications

DMM id Motif sequence Total no.
of motifs
in genome

No. of
motifs
modified

Fraction
of motifs
modified

Mean
IPD
ratio

Mean
coverage

Position
modified

CPGDMM1 TATANNNATNA 97 35 0.36 1.71 66.00 −1

CPGDMM2 WNYANTGAW 369 91 0.25 1.77 84.71 −3

This table was reproduced from our previous publication (Chen et al. 2014b)
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reference genome is of high quality, particular
for the regions encoding proteins, can be used for
downstream analysis.

5.5 RNA Editing of S. miltiorrhiza
Mitogenome

RNA editing is an important mechanism to
increase the diversities of transcriptomes and
proteomes in eukaryotic organisms through
post-transcriptional modifications of mRNA
sequences (Gott 2003; Mallela and Nishikura
2012). The phenomenon has been observed in
the nuclei of higher eukaryotes (Gott 2003; Gott
and Emeson 2000) and plant mitochondria
(Giege and Brennicke 1999; Handa 2003;
Mower and Palmer 2006; Notsu et al. 2002;
Picardi et al. 2010) and plastids (Hoch et al.
1991). The modifications of mRNA sequences
include the insertion, deletion and substitution of
nucleotides; among them, base substitution is the
most frequently observed. RNA editing can
occur in the coding and noncoding regions.
Most RNA editing sites were observed at the first
or second position of a codon, thereby directly
altering the coded amino acid (Takenaka et al.
2013). Particularly, RNA editing can create a
start or stop codon (Brennicke et al. 1999; Tak-
enaka et al. 2008) or remove a stop codon,
thereby producing proteins having different sizes
(Brennicke et al. 1999; Grewe et al. 2009). In
contrast, RNA editing in the introns and
untranslated regions has been found to regulate
the stability of particular mRNA molecules
(Castandet et al. 2010).

To determine if RNA editing events also
occur in the mitochondria of S. miltiorrhiza, we
carried out an extensive analysis (Wu et al.
2017). Briefly, the sequence for the mitogenome
of S. miltiorrhiza was downloaded from RefSeq
(NC_023209). The RNA-Seq data of the
flower, leaf and root samples (SRR1043988,
SRR1045051 and SRR1020591) were generated
in our previous study (Chen et al. 2014a) and can
be downloaded from GenBank SRA database
(http://www.bemd.ncbi.nlm.nih.gov/sra). The
cleaned reads from the three tissues were mapped

to the mitogenome by bowtie2 (version 2.2.1)
with mismatch = 7.

The results showed that 569,489 reads from
the leaf, 221,727 reads from the flower, and
52,485 reads from the root were successfully
mapped (Chen et al. 2014b). These mapped reads
were grouped based on the strands to which they
were mapped by samtools. RNA editing sites
from each strand were identified by REDItools.
A total of 1123 sites were found to have under-
gone RNA editing, and these sites will be called
RNA editing site for simplicity. Among them,
575 sites were found on the forward strand and
548 were found on the reverse strand.

Some of the observed nucleotide changes in
mRNAs might result from the polymorphism at
these sites in the genome DNA. As a result,
possible SNP sites in the genome need to be
identified and excluded them from the analyses.
A low-coverage sequencing (*40�) was con-
ducted with total genomic DNA. The resulting
data were subjected to putative SNP site identi-
fication in the mitogenome. A total of 63 SNPs
and 32 indels were identified; 24 of these sites
overlapped with the predicted RNA editing sites
and 7 sites overlapped with SRE (see below)
sites. These sites were excluded from the fol-
lowing analyses. Among the 1123 putative edit-
ing sites, 24 sites were excluded because they
overlapped with the predicted high-quality SNP
sites. The schematic representation of all pre-
dicted RNA editing sites is shown in Fig. 5.4. As
shown, the outermost circle showed the location
of the annotated genes on the S. miltiorrhiza
mitogenome as constructed with Organel-
larGenomeDRAW(4.1). The inner circles were
drawn by custom Perl scripts. The following
information are shown in Fig. 5.4: the predicted
RNA editing sites on the positive and negative
strands; the types of RNA editing sites; the
editing frequency of each site; and the 225 “C to
U” predicted editing events in the CDS regions.

We then predicted RNA editing sites using
data of each tissue. All RNA editing sites found
in each tissue. 89 and 97 RNA editing sites on
the positive and negative strands were found
across all three tissue types. And, 126 and 124
RNA editing sites on the positive and negative
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strands were only found in the flower tissue,
more unique RNA editing sites found in the leaf
and root tissues, suggesting that RNA editing
events might occur more frequently in the flower
tissue than in the other two tissues.

A RNA editing site that was found missing in
a particular type of tissue might be due to two
reasons. Firstly, no reads were found in the
region containing the RNA editing sites. Alter-
natively, there were reads found in the regions

Fig. 5.4 An ideogram showing the location, types and
frequencies of RNA editing on the mitogenome of S.
miltiorrhiza (Wu et al. 2017). The predicted genes are
shown on the outermost circle. Genes outside the circle
are on the positive strand and oriented clockwise. Genes
inside the circle are on the negative strand and oriented
anticlockwise. The eight rings correspond to: all RNA

editing events found on the positive (a) and negative
strands (b), events found in the flower sample on the
positive (c) and negative strands (d), events found in the
leaf sample on the positive (e) and negative strands (f),
and events found in the root sample on the positive
(g) and negative strands (h). The height of the bar
represents the relative frequency
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containing the RNA editing sites. However, the
coverage and/or the editing frequency did not
pass our threshold. Many RNA editing sites
failed to be predicted could result from either the
failure to pass the threshold or the missing of
read coverage. These results highlight the impact
of read coverage on the prediction of RNA
editing sites.

We filtered out the sites that have undergone
more than one type of RNA editing here. As a
result, the sites reported here are associated with
only one type of RNA editing. Twelve types of
RNA editing events (Fig. 5.5) were identified;
these events included all possible intra-base
transitions: “A to C”, “A to G”, “A to U”, “C
to A”, “C to G”, “C to U”, “G to A”, “G to C”,
“G to U”, “U to A”, “U to C” and “U to G”.

Overall, the “C to U” transition is the most
abundant type, which represents 30.26 and
41.42% of all RNA editing sites on the forward
and reverse strands, respectively (Fig. 5.5a). The
complementary “G to A” is the second-most
abundant type, which represents 25.39 and
17.70% of all RNA editing sites on the forward
and reverse strands, respectively. In terms of the
editing frequency, the majority of the sites have
frequencies between 91 and 100%, including
59.13% on the forward strand and 9.85% on the
reverse strand (Fig. 5.5b).

In the CDS regions, the “C to U” transition is
also the most abundant type, which represents
64.17 and 14.29% of all events on the forward and
reverse strands, respectively (Fig. 5.5c). Simi-
larly, the complementary “G to A” is the

Fig. 5.5 Distribution of RNA editing events on the
mitogenome of S. miltiorrhiza (Wu et al. 2017). The types
and frequencies of RNA editing sites across the entire

genome are shown in Panels a and b, respectively. The
types and frequencies of RNA editing sites in the CDS
regions are shown in Panels c and d, respectively
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second-most abundant type, which represents
5.28% and 48.40% of all RNA editing sites on the
forward and reverse strands, respectively. In terms
of the editing frequency, the majority of sites have
frequencies between 91 and 100%, including
69.72% on the forward strand and 58.60% on the
reverse strand (Fig. 5.5d). Interestingly, an obvi-
ous bias of “C to U” sites exists on the strands,
such that more “C to U” sites are on the forward
strand; this trend probably reflects the fact that
more genes are coded on the forward strand.

Sixteen predicted RNA editing sites were
randomly selected for experimental validation:
cox2-544, cox2-557, cox2-632, cox3-419, cox3-
422, nad1-889, nad1-919, nad5-835, nad6-463,
nad6-569, rps3-1471, rps-1525, rpl12-196, rpl16-
146, orf214-305 and orf456-493. Compared with
those observed for the products amplified from
the control (gDNA), the predicted “C to U”
conversions are visible in the chromatograms at
the predicted RNA editing sites for the products
amplified from the corresponding cDNA sam-
ples, confirming the RNA editing of these sites.
For sites such as rps3-1471 and rps3-1525, two
overlapping peaks were seen at the predicted
RNA editing sites; these peaks might result from
the incomplete RNA editing at these sites for all
mRNA molecules.

The use of strand-specific RNA-Seq data
allowed us to distinguish RNA editing events
observed on particular strands. Carefully

examining the identified RNA editing sites in the
protein-coding regions revealed that the nucleo-
tides on both strands at 115 sites were edited. We
designated these RNA editing events as sym-
metrical RNA editing (SRE). To validate these
predicted strand-specific editing events, the
cDNA was reverse transcribed with forward and
reverse primers specific for four predicted SRE
sites: rps3-1525, nad5-835, orf214-305 and
rpl16-146. The transcribed products were then
subjected to PCR amplification and Sanger DNA
sequencing as described. Compared with those
amplified from gDNA, the “C to U” editing
events on the sense strand (the strand coding for
proteins) and “G to A” editing events on the
antisense strand were simultaneously observed,
agreeing with the predictions.

To determine the potential functional effects of
these RNA editing events, the RNA and protein
sequences resulting from the 225 “C to U” type of
RNA editing were subjected to structure predic-
tion. Some significant changes in the RNA and
protein tertiary structures were observed. For
example, the RNA secondary structure of the
Rps3 gene was changed after editing; the large
loop (highlighted with the arrowhead) was divi-
ded into two smaller loops (Fig. 5.6a). The ter-
tiary structure of the Rps3 protein was also altered
(Fig. 5.6b); part of the domain was separated
from the others, thereby suggesting the creation
of a protein product with novel functions.

Fig. 5.6 Potential effects of
RNA editing at Rps3-1558 on
the structures of the mRNA
(Wu et al. 2017) (a) and
protein (b) of the Rps3 gene
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5.6 Conclusion and Perspectives

This chapter first reviewed one study taking
advantage of two advanced technologies,
RNA-Seq and SMRT, to identify asRNA and
DNA modifications and then characterize their
effects on gene expression in the S. miltiorrhiza
plastome. RNA-Seq is a revolutionary tool for
transcriptomic analysis (Wang et al. 2009). It has
several advantages over other transcriptomic
methods such as tiling microarray and cDNA or
EST sequencing (Martin andWang 2011), namely
independence from genomic sequence, low
background noise, wide dynamic range to quantify
gene expression level, and high throughput,
among others. Moreover, strand-specific
RNA-Seq methods provide information on the
orientation of transcripts, which is valuable for
transcriptome annotation particularly for regions
with overlapping transcription from opposite
directions (Sultan et al. 2012). SMRT is a novel
technology for detecting DNA methylation while
simultaneously determining the context of the
corresponding DNA sequence (Clark et al. 2012).

The SMRT technology allows the collection
of kinetic data for the enzyme during the incor-
poration of each dNTP into the DNA strand.
Significant changes in kinetic parameters such as
IPD ratio should be observed when the DNA
polymerase encounters m6A, m5C or 5-hmC on
the template strand. These distinct kinetic sig-
natures allow the identification of the type and
position of the base modification in the DNA
template (Clark et al. 2012). The SMRT tech-
nology is likely to enhance DNA modification
studies on samples that were not previously
accessible for this type of research, such as
organelle genomes. However, the validation of
these prediction results is a challenge.

Mapping the RNA-Seq reads to the genome
assembly allowed the determination of the rela-
tive expression levels of 80 protein-coding genes.
In addition, the expression levels of 19 poly-
cistronic transcription units and 136 putative
antisense and intergenic noncoding RNA
(ncRNA) genes were also detected. Comparison

of the abundance of protein-coding transcripts
(cRNA) with and without overlapping antisense
ncRNAs (asRNA) suggests that the presence of
asRNA is associated with increased cRNA
abundance (p < 0.05), 2687 potential DNA
modification sites and two potential DNA mod-
ification motifs were predicted.

Then, the identification of RNA editing sites
from stand-specific RNA-Seq data was reviewed
for S. miltiorrhiza in this chapter (Wu et al.
2017). The predictions were validated using re-
sults from reverse transcription, RT-PCR ampli-
fication and Sanger sequencing experiments.
Putative sequence motifs were characterized. In
total, 1123 editing sites, including 225 “C to U”
sites in the protein-coding regions were identi-
fied. Fourteen of sixteen (87.5%) sites were
validated. Three putative DNA motifs were
identified around the predicted sites. The
nucleotides on both strands at 115 of the 225
sites had undergone SRE. Four of six these SRE
sites (66.7%) were experimentally confirmed.
These studies have identified complex mecha-
nisms for gene expression regulation in the
chloroplast and mitocondria of S. miltiorrhiza.
Future work needs to setup the appropriate
experimental system to validate the predictions
and also to illustrate the potential functions of the
modifications described here.
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6Salvia miltiorrhiza Epigenetics

Xiaoxiao Qiu, Hong Zhou and Shanfa Lu

Abstract
Epigenetics refers to the heritable changes in
phenotype or gene expression without
changes in the underlying DNA sequence. It
includes DNA methylation, histone modifica-
tion, and noncoding RNA regulation. These
epigenetic modifications play significant roles
in plant growth and development, such as
developmental regulation, stress response, and
environmental adaption. This chapter reviews
the studies on the regulation mechanisms and
functions of microRNAs (miRNAs), long
noncoding RNAs (lncRNAs), and DNA
methylation in Salvia miltiorrhiza.

6.1 Introduction

‘Epigenetics’ was coined by Waddington and
could be broadly defined as meiotically and
mitotically inherited changes that can modulate

gene expression without any changes in DNA
sequences. It includes post-transcriptional regu-
lation, reversible modification of DNA, and
chromatin (Holliday 2006). Salvia miltiorrhiza, a
well-known traditional Chinese medicine
(TCM) with great medicinal and economic value,
is becoming the model medicinal plant (Song
et al. 2013). Its genome (Xu et al. 2016a; Zhang
et al. 2015), transcriptomes from different tissues
and treatments (Luo et al. 2014; Xu et al. 2015),
DNA methylome, degradome, and small RNA
datasets (Xu et al. 2014; Zhang et al. 2016) have
been decoded successfully. These rich genomic
resources have begun to provide insight into the
epigenetic ‘landscape’ of this organism. Here, we
review the emerging and prominent roles of
miRNAs, long noncoding RNAs, and DNA
methylation in epigenetic inheritance in S. milti-
orrhiza (Fig. 6.1).

6.2 miRNAs in S. miltiorrhiza

Plant miRNAs are a class of small noncoding
endogenous RNAs of about 21 nucleotides in
length. They play important roles in a variety of
developmental and physiological processes
through regulating the expression of target genes
at the transcriptional or post-transcriptional level
(Voinnet 2009; Bartel 2004; Chen 2009). The
biogenesis of miRNAs requires multiple steps in
order to generate mature miRNAs from MIR
genes. First, a MIR locus is transcribed to a
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primary-MIRNA (pri-MIR), which is usually a
long sequence of more than several hundred
nucleotides and typically contains an imperfect
hairpin structure. This step is catalyzed by Pol II
enzymes. Second, the pri-MIR is processed to a
stem-loop intermediate called MIRNA precursor
(pre-MIR). This step is catalyzed by Dicer-like 1
enzyme (DCL1). Third, pre-MIR is cleaved into
miRNA:miRNA* duplex, which comprises a
mature miRNA on a side and a miRNA* on the
other side, by DCL1 in the nucleus. Then, this
duplex is translocated into the cytoplasm by
HASTY. In the cytoplasm, the duplex is
unwound to release a single-stranded mature
miRNA by helicase. Finally, the mature miRNA
is incorporated into a ribonucleoprotein complex,
known as the RNA-induced silencing complex
(RISC), to repress target gene expression
(Voinnet 2009).

The first miRNA, termed lin-4, was first dis-
covered in Caenorhabditis elegans by Lee et al.
(1993). However, it was not until 2001 that lin-4
was recognized as a founding member of a new
and large class of small RNAs (Lee and Ambros
2001; Lau et al. 2001). Since then, thousands of
miRNAs have been found in various organisms,

including animals, plants, and viruses. Compared
with animal miRNAs, plant miRNAs were
identified in about 10 years later. In 2002,
Reinhart et al. (2002) reported the first plant
miRNAs in Arabidopsis, opening a new era in
plant miRNA research. In the past decades, with
the rapid development of high-throughput
sequencing technology and bioinformatics,
thousands of miRNAs have been identified in
more than 100 plant species (Yi et al. 2015). To
date, 10,414 miRNAs from 82 plant species have
been deposited in the miRBase database (version
22, released in June 2018, http://www.mirbase.
org/). However, there is only one S. miltiorrhiza
miRNA, termed Smi-miR12112, has been
included (Kozomara et al. 2019; Li et al. 2017).

Currently, several small RNA (sRNA) data-
sets have been generated from different tissue
type and developmental stages of S. miltiorrhiza
(Xu et al. 2014; Zhang et al. 2016). It greatly
enriches the knowledge of miRNAs in S. milti-
orrhiza. Xu et al. (2014) constructed four sRNA
libraries from root, stem, leaf, and flower of S.
miltiorrhiza and obtained approximately 40
million raw data. A total of 589 pre-MIRs, which
can generate 452 known miRNAs, have been

Fig. 6.1 Diagrammatic representation of epigenetic mechanisms in regulating the growth and development of
S. miltiorrhiza
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identified by mapping the sRNAs to the known
plant precursors or miRNAs in miRbase. In
addition, 40 novel miRNAs corresponding to 24
pre-MIRs were identified through blast against
the specific genomes. Tissue-specific expression
analysis showed that different miRNAs had dif-
ferent expression patterns. Among the miRNAs
identified in S. miltiorrhiza, 62 were
root-specific, 95 were stem-specific, 19 were
leaf-specific, and 71 were flower-specific. The
results are consistent with the opinion that the
expression of miRNAs has spatiotemporal
specificity. Tissue-specific miRNAs may have
some crucial functions in specific developmental
stages and tissues. In order to identify the miR-
NAs involved in plant response to replanting
disease, Zhang et al. (2016) constructed two
sRNA libraries for roots from first-year
(FPR) and second-year (SPR) plants. A total of
14.73 million raw data were obtained. Analysis
of these data revealed 110 known miRNAs
belonging to 31 families and 7 novel miRNAs.
Among them, 39 known and 2 novel
miRNAs were expressed differentially in FPR
and SPR. miR160, miR156, miR164, miR165,
and miR396 may be involved in the response of
S. miltiorrhiza to replanting disease by regulating
genes encoding auxin response factors (ARFs),
SQUAMOSA promoter binding protein-likes
(SPLs), NAC1, class-III homeodomain leucine
zippers (HD-ZIP IIIs) and GRFs, respectively.
These ever-increasing sRNA databases shed light
on the overall features of miRNAs in S. milti-
orrhiza and laid the data foundation for further
functional studies. It is worth mentioning that
these reported S. miltiorrhiza miRNAs need to be
further verified since their pre-MIRs lack
genome-wide analysis and the hairpin structure
of most precursors does not conform to existing
standards (Meyers et al. 2008). Therefore,
genome-wide characterization of small noncod-
ing RNAs is necessary to be carried out in S.
miltiorrhiza.

Although miRNAs are relatively small, they
play important roles in plant growth and devel-
opment by regulating gene expression at
post-transcriptional level (Voinnet 2009; Chen
2009). The versatile functions of S. miltiorrhiza

miRNAs are becoming clearer based on the
analysis of degradome and transcriptome (Xu
et al. 2014; Zhang et al. 2016). What is more, the
discovery of gene families will be more con-
ducive to accurately predict the target genes and
functions of miRNAs. Currently, several tran-
scription factors and protein gene families have
been identified in S. miltiorrhiza, such as
SmSPLs (Zhang et al. 2014), SmARFs (Xu et al.
2016b), SmDCLs (Shao et al. 2015), SmAGOs
(Shao and Lu 2013), SmMYBs (Li and Lu 2014),
SmPPOs (Li et al. 2017), and SmDMLs (Li et al.
2018b). Post-transcriptional regulation analysis
showed that miRNAs could be involved in the
development and secondary processes of S. mil-
tiorrhiza by controlling the levels of these tran-
scription factors and protein genes. The majority
of functions of miRNAs in S. miltiorrhiza were
investigated through bioinformatics analysis and
a few were verified by 5′ RLM-RACE experi-
ments. Functions of several S. miltiorrhiza
miRNAs (Smi-miRNAs) are discussed below.

6.2.1 miRNAs and Development
of S. miltiorrhiza

The miR156/157 family is highly conserved in
plants (Axtell and Bowman 2008). It is involved
in morphology and development of plants
through direct cleavage of SPL transcripts. In
Arabidopsis, 11 of the 17 identified AtSPLs
are targeted by miR156/157 (Spanudakis and
Jackson 2014). Among them, AtSPL3, AtSPL4,
and AtSPL5 redundantly control floral transition
(Cardon et al. 1997; Jung et al. 2011), AtSPL9
and AtSPL15 regulate shoot maturation and
flowering (Schwarz et al. 2008), and AtSPL9 can
induce the expression of miR172 (Wu et al.
2009). Both the miR156/157 and the miR172
families are major constituents of the aging
pathway and act sequentially to regulate flower-
ing time (Wu et al. 2009). In S. miltiorrhiza, 15
SmSPLs were identified from the genome-wide
level. Among them, eight SmSPLs (Table 6.1)
were predicted and experimentally validated to
be regulated by miR156/157. The age-dependent
decrease in miR156/157 levels also exists in
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S. miltiorrhiza. This phenomenon is accompa-
nied by a concomitant increase in the expression
of miR156/157-targeted SmSPLs. It suggests the
functions of miR156/157-SmSPL regulatory
pathway in S. miltiorrhiza development. With the
maturation of plants, miR156/157 levels decline,
resulting in a concomitant increase in SPL and
miR172 expression in Arabidopsis. Negative
correlation of the expression between miR156/
157 and miR172 also exists in S. miltiorrhiza.
Taken together, the SmSPL-, miR156/157-, and
miR172-mediated regulation of developmental
timing in S. miltiorrhiza were significant and
intricate (Zhang et al. 2014).

6.2.2 miRNAs Involved in Signal
Transduction

miRNAs play vital roles in hormone-mediated
signal transduction through regulating key com-
ponents of hormone signaling pathways and
further regulating hormone homeostasis and
related developmental processes (Mallory et al.
2005; Guo et al. 2005). Auxin, typified by
indole-3-acetic acid (IAA), is an important hor-
mone in plants. It can affect many aspects of
plant growth and development (Santner and
Estelle 2009). Auxin response factors (ARFs)
can function as transcriptional activators or

Table 6.1 The roles of miRNAs in S. miltiorrhiza

miRNA
family

Target
family

Confirmed targets Function References

miR156/157 SPL SmSPL2, SmSPL3, SmSPL5, SmSPL6, SmSPL8,
SmSPL11, SmSPL14, SmSPL15

Growth and
development

Zhang
et al.
(2014)

miR159/319 MYB SmMYB96, SmMYB78, SmMYB80, SmMYB99 Growth and
development

Li and Lu
(2014)

miR828 MYB SmMYB2, SmMYB36, SmMYB49 Secondary
metabolites

Li and Lu
(2014)

miR858 MYB SmMYB2, SmMYB6, SmMYB12, SmMYB19,
SmMYB22, SmMYB24, SmMYB28, SmMYB31,
SmMYB33, SmMYB38, SmMYB40, SmMYB43,
SmMYB46, SmMYB48, SmMYB52, SmMYB56,
SmMYB62, SmMYB69, SmMYB75, SmMYB76,
SmMYB79, SmMYB80, SmMYB81, SmMYB83,
SmMYB84, SmMYB85, SmMYB87, SmMYB88,
SmMYB89, SmMYB91, SmMYB92, SmMYB97,
SmMYB101

Secondary
metabolites

Li and Lu
(2014)

miR168 AGO SmAGO1 miRNA
function

Shao and
Lu (2013)

miR403 AGO SmAGO2 miRNA
function

Shao and
Lu (2013)

miR160 ARF SmARF1, SmARF13, SmARF14, SmARF15, SmARF16 Signaling
transduction

Xu et al.
(2016b)

miR167 ARF SmARF8, SmARF9, SmARF10, SmARF19, SmARF24,
SmARF25

Signaling
transduction

Xu et al.
(2016b)

miR7972 DML SmDML1 DNA
methylation

Li et al.
(2018b)

miR12112 PPO SmPPO1, SmPPO2, SmPPO3, SmPPO5, SmPPO6,
SmPPO7, SmPPO8, SmPPO9, SmPPO10, SmPPO11,
SmPPO12, SmPPO13, SmPPO14, SmPPO16,
SmPPO17

Secondary
metabolites

Li et al.
(2017)
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repressors to regulate the expression of auxin
response genes by specifically binding to auxin
response elements (AREs) (Hagen and Guilfoyle
2002). A total of 25 ARF genes have been
identified in S. miltiorrhiza from the
genome-wide level. Among them, 11 SmARFs
have complementary sites with miRNAs.
SmARF1, SmARF13, SmARF14, SmARF15, and
SmARF16 are potential targets of miR160, and
SmARF8, SmARF9, SmARF10, SmARF19,
SmARF24, and SmARF25 are potential targets of
miR167 (Xu et al. 2016b). In Arabidopsis,
miR160 controls the expression patterns of
AtARF10, AtARF16, and AtARF17 to negatively
regulate seed germination and post-germination
activities (Liu et al. 2007, 2010). Phylogenetic
tree analysis showed that these three AtARFs
were closely related to miR160-targeted
SmARFs. This finding implies that miR160 in
S. miltiorrhiza may perform similar functions
with Ath-miR160 through inhibiting the expres-
sion of SmARF1, SmARF13, SmARF14,
SmARF15, and SmARF16. Additionally, miR167
was found to target AtARF6 and AtARF8 to
regulate female and male reproduction or to
promote jasmonic acid production and flower
maturation in Arabidopsis (Nagpal et al. 2005).
AtARF6 and AtARF8 were closely related to
miR167-targeted SmARFs in the NJ tree (Xu
et al. 2016b). It suggests that miR167 in S. mil-
tiorrhiza might be involved in certain develop-
mental processes by inhibiting the expression of
SmARF8, 10, 19, 24, and 25 as described for
AtARF6 and AtARF8. Since SmARF25 was
identified as the best candidate regulator of
flower development, Smi-miR167 targeting
SmARF25 for cleavage may also play vital roles
in organ formation.

6.2.3 miRNAs Regulating miRNA
Biogenesis and Function

The biogenesis and function of plant small RNAs
involve a series of protein families, such as
Dicer-likes (DCLs), RNA-dependent RNA
polymerases (RDRs), and Argonautes (AGOs)

(Voinnet 2009; Bartel 2004; Chen 2009). Among
them, DCLs were the core components of small
RNA biogenesis. A total of four DCLs were
found in Arabidopsis, of which AtDCL1 was one
of the key enzymes in miRNA biogenesis,
whereas AtDCL2, AtDCL3, and AtDCL4 were
mainly involved in the derivation of siRNAs
(Bouché et al. 2006). Meanwhile, AtDCL1 was
negatively regulated by miR162 (Xie et al.
2003). There are five DCL genes in S. miltior-
rhiza. They were named SmDCL1, SmDCL2,
SmDCL3, SmDCL4a, and SmDCL4b, respec-
tively. SmDCL1 clusters with its Arabidopsis
counterpart, AtDCL1, in the NJ tree. However,
the miR162-mediated feedback regulation of
DCL1 was absent in S. miltiorrhiza as the loss of
miR162 target site in SmDCL1 (Shao et al.
2015). There may be an alternative mechanism
for maintaining SmDCL1 at a proper level in S.
miltiorrhiza, and its regulatory mechanism still
needs further analysis.

It has been shown that there is a feedback
regulation mechanism existing in the miRNA-
AGO modular. miRNA-guided gene regulation
requires a miRNA to form a complex, known as
RISC. AGO proteins, which contain a
single-stranded RNA binding site, are the central
component of RISC (Yan et al. 2003; Vaucheret
et al. 2004). In Arabidopsis, AtAGO1 is the target
of miR168 and AtAGO2 is the target of miR403
(Vaucheret et al. 2004; Allen et al. 2005).
Genome-wide analysis identified ten SmAGO
genes in S. miltiorrhiza. Consistent with their
counterparts in Arabidopsis, SmAGO1 and
SmAGO2 can also be regulated by S. miltiorrhiza
miR168a/b and miR403, respectively (Shao and
Lu 2013). Since AtAGO1 is the core component
of RISCs associated with the action of miRNAs,
trans-acting siRNAs (ta-siRNAs), and transgene-
derived siRNAs (Baumberger and Baulcombe
2005), the miR168-AGO1 modular may be
crucial for the function of RISCs and miRNAs.
AtAGO2 protein was found to be involved in
antiviral defense by catalyzing viral RNA
cleavage in Arabidopsis plants (Carbonell et al.
2012). The miR403-AGO2 modular may also be
involved in the antiviral defense in S. miltiorrhiza.
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6.2.4 miRNAs Involved in Secondary
Metabolites Biosynthesis
in S. miltiorrhiza

Understanding the regulatory mechanisms of
medicinal components biosynthesis and meta-
bolism is vital for S. miltiorrhiza quality
improvement. The main active ingredients of S.
miltiorrhiza are hydrophilic phenolic acids and
lipophilic tanshinones, both of them are sec-
ondary metabolites (Wang et al. 2007). Several
studies have found that miRNAs play important
roles in the synthesis of plant secondary
metabolites. For instance, miR828 and miR858
promote anthocyanin and flavonol accumulation
in grapes through inhibiting the expression of
VvMYB114 (Tirumalai et al. 2019). Recent
studies showed that miR159/319-, miR828-,
miR858-mediated post-transcriptional regulation
of MYB transcription factor were also conserved
in S. miltiorrhiza (Li and Lu 2014). A total of
110 R2R3-MYBs were identified in S. miltior-
rhiza, of which 4, 3, and 33 were predicted tar-
gets of miR159/319, miR828, and miR858,
respectively. In addition, SmMYB2 has the
complementary sites with both miR828 and
miR858. SmMYB80 is co-regulated by
miR159/319 and miR858. All target sites of
miR828 and miR858 locate in R3, miR828 and
miR858 target to the less conserved 3′ end and
more conserved 5′ end, respectively. Phyloge-
netic analysis showed that one of the
miR828-regulated SmMYBs, SmMYB36, was
clustered with AtMYB75, AtMYB90, AtMYB113,
and AtMYB114 in the NJ tree (Li and Lu 2014).
Since these AtMYBs regulate anthocyanin
biosynthesis (Gonzalez et al. 2008). It implies
that S. miltiorrhiza miR828 may be also involved
in anthocyanin biosynthesis through targeting
SmMYB36 for cleavage. Similarly,
miR858-regulated SmMYB, SmMYB97, is clus-
tered with AtMYB11, AtMYB12, and AtMYB111
in the same subgroup. Since these three AtMYBs
control flavonoid biosynthesis in Arabidopsis
(Stracke et al. 2007; Mehrtens et al. 2005),
miR858-SmMYB97 is a potential regulator of
flavonol biosynthesis in S. miltiorrhiza.

Furthermore, recent studies have shown that a
novel miRNA, termed Smi-miR12112, regulates
a subset of polyphenol oxidase genes (PPOs) in
S. miltiorrhiza. All of the 15 miR12112-
regulated SmPPOs contain a complementary
sequence, which encodes KFDV, to miR12112.
Among them, five SmPPOs, including SmPPO3,
SmPPO5, SmPPO9, SmPPO11, and SmPPO13,
were experimentally verified to be cleaved by
Smi-miR12112 (Li et al. 2017). PPOs have been
shown to be involved in the secondary metabolic
pathway. For instance, PPOs in walnut are
involved in the phenylpropanoid pathway and
the tyramine pathway (Araji et al. 2014). PPOs
are able to participate in the biosynthesis of
water-soluble pigment betalains in Portulaca
grandiflora and other Caryophyllales plants
(Steiner et al. 1999; Strack et al. 2003; Gan-
día-Herrero et al. 2009). Thus, Smi-miR12112
may be involved in the biosynthesis of phenolic
acids by regulating SmPPOs.

6.2.5 miRNAs Involved in DNA
Methylation Change

A lineage-specific miRNA, termed Smi-
miR7972, was found to be involved in the reg-
ulation of DEMETER-like DNA glycosylase 1
gene (SmDML1) in S. miltiorrhiza (Li et al.
2018b). DMLs act as bifunctional glycosylase/
AP-lyase and initiate the base excision
repair-dependent DNA demethylation to regulate
a wide range of biological processes in plants
(Zhang and Zhu 2012). Smi-miR7972 could be
involved in genome DNA methylation change
through inhibiting the expression of SmDML1.

In conclusion, miRNAs in S. miltiorrhiza
have versatile roles in plant growth and devel-
opment. To date, hundreds of S. miltiorrhiza
miRNAs have been identified by computational
approaches, genetic screening, and EST analysis.
However, the studies about their functions
continue to lag behind the more mature areas of
gene research. Only a small part of Smi-
miRNAs-directed cleavage has been preliminar-
ily verified by 5′ RLM-RACE experiment.
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Further, analysis of Smi-miRNAs through
genetic transformation will definitely shed lights
on the regulatory mechanism and biological
function of Smi-miRNAs in S. miltiorrhiza.

6.2.6 Evolution of miRNAs
and Their Target Genes
in S. miltiorrhiza

The origination and evolution of miRNAs exhibit
functional adaptation and adaptation to changing
environments in evolution (Cui et al. 2017;
Gramzow and Theißen 2019). In S. miltiorrhiza,
several conserved or known miRNA-target pairs
have been lost and it reconstructed an alternative
regulation of the target genes. For instance,
miR162-mediated negative-feedback regulation
of DCL1, which can maintain homeostasis of
miRNA biogenesis in plants, was absent in
S. miltiorrhiza (Shao et al. 2015). Additionally,
miR1444 that targets polyphenol oxidase genes
(PPOs) in Salicaceae plants (Wang et al. 2017)
is missing in S. miltiorrhiza, but a novel PPO-
targetingMIRNA, Smi-MIR12112, was originated
through generation of short inverted repeats in
target genes (Li et al. 2017; Lu 2019).

6.3 Long Noncoding RNAs
in S. miltiorrhiza

Long noncoding RNAs (lncRNAs) are noncod-
ing RNAs longer than 200 bp (or 40 bp in some
references). They do not have recognizable
potential to encode functional proteins in general.
Based on their locations to nearby protein-coding
genes, lncRNAs can be roughly classified into
four types: long noncoding natural antisense
transcripts (lincNATs), intron lncRNAs, pro-
moter lncRNAs, and long intergenic ncRNAs
(lincRNAs). LncRNAs can serve as recruiters,
tethers, guides, decoys, and signals when they
interact with other biomolecules. They regulate
genes expression at the epigenetic, transcrip-
tional, post-transcriptional, and translational
levels (Zhang et al. 2017; Gomes et al. 2013) and
are involved in a wide range of biological

processes, such as genomic imprinting, chro-
matin remodeling, alternative splicing, tran-
scriptional activation, etc. (Shafiq et al. 2016). So
far, a larger number of lncRNAs have been
identified from plants using different approaches.
They are important regulators during plant
growth and development, such as vernalization
and flowering induction, pollen development,
male sterility, lateral root development, auxin
transport, development signaling, plant responses
to diverse stresses and diseases, and so on (Tan
et al. 2018).

Some lncRNAs do not have a poly(A) tail
(Wang et al. 2014a), whereas the others are
mRNA-like (mRNA-like noncoding RNAs,
mlncRNAs). These mlncRNAs are transcribed
by RNA polymerase II and polyadenylated,
capped and spliced as conventional mRNAs, but
have no protein-coding ability. mlncRNAs may
generate from mlncRNA loci located between
protein-coding genes. They can also be noncod-
ing alternative transcripts of protein-coding
genes, natural antisense transcripts, and
pri-miRNAs (Rodriguez et al. 2004; Griffiths-
Jones 2007). It has been shown that plant
mlncRNAs are involved in cell differentiation,
plant response to biotic and abiotic stresses, and
nodulation. In addition, some mlncRNAs may
serve as endogenous target mimics (eTMs) to
inhibit the activity of miRNAs in plants (Wu
et al. 2013). To date, thousands of mlncRNAs
have been identified from various plant species,
such as A. thaliana (MacIntosh et al. 2001),
Medicago truncatula (Wen et al. 2007), Panax
ginseng (Wang et al. 2014b), Digitalis purpurea
(Wu et al. 2012), and Zea mays (Boerner and
McGinnis 2012). In 2015, Li et al. reported the
identification of a total of 5446 mlncRNAs from
the transcriptome of S. miltiorrhiza. Among
them, two are primary transcripts of miR156 that
targets SPLs for cleavage, and 2030 can be
grouped into 470 families with at least two
members in a family (Zhang et al. 2014).
Sequence conservation analysis showed that the
majority of the identified S. miltiorrhiza
mlncRNAs exhibited low homology with known
plant lncRNAs (Li et al. 2015). It indicated that
these mlncRNAs could be species- or
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lineage-specific. Quantitative real-time PCR
analysis and RNA-seq data analysis showed that
the majority of the 5446 mlncRNAs were dif-
ferentially expressed in different tissues and were
responsive to MeJA, yeast extract, and Ag+

treatments (Li et al. 2015). These results suggest
the significance of mlncRNAs in S. miltiorrhiza
growth and development and in plant response to
stress.

6.4 DNA Methylation
in S. miltiorrhiza

DNA methylation is a highly conserved epige-
netic mark that can be accurately replicated
during both mitosis and meiosis in eukaryotes for
maintaining cell phenotype. DNA methylation is
a major chemical modification of DNA bases. It
transfers a methyl (CH3) group from S-adenyl
methionine (SAM) to the fifth carbon of a cyto-
sine residue to form 5mC. Compared with the
level of DNA methylation in animals (about 3–
8%), plants have higher level of DNA methyla-
tion (6–30%). DNA methylation regulates a wide
range of biological processes, including embry-
onic development, transcription, chromatin
structure, X-chromosome inactivation, genomic
imprinting, and chromosome stability (Illingworth
and Bird 2009; Li 2002; Bernstein et al.
2007).

In plants, DNA methylation has species, tis-
sues, organs, and age specificity. It plays an
important regulatory role in plant growth,
development, and evolution. It influences gene
expression, cell division, fertility, florescence,
and morphology. It also influences plant
imprinting, stress response, and heterosis. In
plant genomes, the cytosine DNA methylation
occurs in three DNA sequence contexts: CG
(termed CpG sites), CHG and CHH (termed
non-CpG sites, where H is A, C, or T). Both CpG
and non-CpG sites can be methylated in pro-
moters of silent genes and transposable elements
(TEs) (To et al. 2015). However, only CpG sites
can be methylated in exons and introns of gene

body except for the TSS (Transcription Start
Site)-proximal region (To et al. 2015).

DNA cytosine methylation in higher plants is
maintained by DNA methyltransferases, DNA
demethylases, histone-modifying enzymes,
nuclear chromatin remodeling factors, and RNA
interference mechanism (Bewick and Schmitz
2017; Cokus et al. 2008; Zhang et al. 2018; Law
and Jacobsen 2010). There are two types of DNA
methylation in plants. One is known as mainte-
nance methylation, in which the parental
methylation mode is passed to the offspring
through semi-conservative replication. The other
is known as de novo methylation. It does not rely
on DNA replication and requires DNA methyl-
transferases differing from those in maintenance
methylation.

Plant CG and CHGmethylation are established
through a semi-conservative mechanism that
requires the DNA methyltransferases METHYL-
TRANSFERASE 1 (MET1) and CHROMO-
METHYLASE 3 (CMT3), respectively (Finnegan
and Kovac 2000; Lindroth et al. 2001). Asym-
metric CHH methylation can be maintained by
CMT2 and DOMAINS REARRANGED
METHYLASEs (DRM1 and DRM2) through the
RNA-directed DNA methylation (RdDM) path-
way (Zhang and Zhu 2011; Zemach et al. 2013;
Matzke and Mosher 2014; Stroud et al. 2014).

In the RdDM mechanism, RNA POLY-
MERASE IV (Pol IV) generates short single-
stranded RNAs, which are subsequently copied
into double-stranded RNAs by RNA-
DEPENDENT RNA POLYMERASE 2
(RDR2) and then cleaved into 24-nt small inter-
fering RNAs (24nt-siRNAs) by DICER-LIKE
PROTEIN 3 (DCL3). These 24nt-siRNAs are
loaded into ARGONAUTE (AGO) effector
complexes containing AGO4, AGO6 and,
AGO9. Next, Pol V generates longer noncoding
transcripts, which serve as scaffolds for the
recruitment of additional RdDM factors, such as
24nt-siRNA-loaded ARGONAUTE proteins,
through the base-pairing mode. Finally, DRM2 is
recruited to these complexes to direct de novo
cytosine methylation at target loci and deposit
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DNA methylation throughout the genome (Zhou
et al. 2019; Zhai et al. 2015; Blevins et al. 2015;
Li et al. 2006; Xie et al. 2004; Matzke et al.
2009; Wierzbicki et al. 2008, 2009; Zhang and
Zhu 2011; Bohmdorfer et al. 2014).

Once the RdDM pathway established, distinct
DNA methyltransferases of the maintenance
pathways will take over to insure the faithful
inheritance of DNA methylation patterns by
DNA replication process. Moreover, DNA
methylation status also needs demethylases to
maintain. Active DNA demethylation requires
ROS1 (Repressor of Silencing 1), DME (demeter
DNA glycosylase), DML2 (Demeter-like 2), and
DML3 (DME-like 3) to remove 5-mC directly
from the DNA backbone, which creates an abasic
site to be filled up with a non-methylated cyto-
sine by the BER-dependent mechanism (Zhu
2009; Li et al. 2018c; Zhang et al. 2018).

To date, multiple techniques have been
developed to assess DNA methylation. The most
commonly used are the Methylation Sensitive
Amplified Polymorphism (MSAP) PCR,
Enzyme-Linked Immunosorbent Assay (ELISA),
Methylated DNA Immunoprecipitation-
sequencing (MeDIP-seq), and Whole-Genome
Bisulfite Sequencing (WGBS) techniques (Shi
et al. 2019). Among them, the WGBS technique
makes it possible to construct single-base reso-
lution maps of DNA methylation across entire
genomes be possible (Cokus et al. 2008; Lister
et al. 2008). This method was first applied to A.
thaliana. Now, it has been widely applied to oil
palm, maize, and various other plants
(Ong-Abdullah et al. 2015; Han et al. 2018).

Recently, Li et al. (2018a) analyzed and
identified eight putative cytosine-5 DNA
methyltransferase genes (SmC5-MTases) from
the genome assembly of S. miltiorrhiza. Con-
served domain analysis and phylogenetic tree
construction showed that SmC5-MTases could
be divided into four subfamilies, including MET,
CMT, DRM, and DNMT2. The sequences and
conserved motifs of SmC5-MTases were similar
to their counterparts from Arabidopsis. Among
the eight SmC5-MTases, six, including SmMET1,
SmCMT1, SmCMT2a, SmCMT2b, SmCMT3, and
SmDRM1 were salicylic acid-responsive. It

suggests the involvement of SmC5-MTases in
salicylic acid-dependent abiotic stress. The
abundance of SmC5-MTase transcripts exhibited
specific spatiotemporal patterns in S. miltior-
rhiza. It indicates that DNA methylation is
important in the growth and development of S.
miltiorrhiza. In addition, SmCMT2a and
SmDRM1 showed differential expression in
periderm, phloem, and xylem of roots, where the
active ingredients accumulated. It indicates that
DNA methylation may be involved in regulation
of secondary metabolism.

In addition to SmC5-MTases, there are six
putative DEMETER-like DNA glycosylase
genes (SmDMLs) in S. miltiorrhiza (Li et al.
2018b). The number of SmDML genes is similar
to the number of DMLs in other plant species,
such as castor bean, tomato, Arabidopsis, and
rice, which ranges from three to six. Phyloge-
netic analysis of 66 DMLs from 26 plant species
showed that plant DMLs could be divided into
three groups, including the ROS1 group, the
DME group, and the DML3 group. Among the
six SmDMLs, SmDML1 belonged to the ROS1
group, SmDML2, SmDML3, and SmDML4
were members of the DME group, and SmDML5
and SmDML6 were classified in the DML3
group (Li et al. 2018b). SmDMLs were differen-
tially expressed in differential tissues, and
SmDML1, SmDML2, and SmDML4 were signif-
icantly down-regulated in leaves of S. miltior-
rhiza plants treated with the general DNA
methylation inhibitor, 5-aza-2′-deoxycytidine
(5Aza-dC) (Li et al. 2018b). It confirms the
involvement of SmDMLs in genome DNA
methylation change.

Balance between DNA methylation and
demethylation is important for maintaining nor-
mal growth and development during the lifespan
of plants. Fine regulation of the genes involved
in DNA methylation and demethylation could be
vital for controlling the balance. Consistently,
post-transcriptional analysis showed that
SmDML1 was regulated by a miRNA, termed
Smi-miR7972 (Li et al. 2018b). This miRNA is
distributed in some plants of the three orders of
Lamiids, including Lamiales, Solanales, and
Boraginales. Although the actual origin and
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evolution mechanism of MIR7972 is unknown,
the gain and loss of MIR7972 could be important
for plants of some lineages to survive in the
stressful environments (Li et al. 2018b).

6.5 Conclusions

Epigenetic mechanisms are thought to act as a
memory of a cell. The epigenetic modifications
can be passed over the generations. Epigenetic
mechanisms are also affected by environmental
factors, such as biotic and abiotic stresses. It
regulates gene expression during plant growth
and development. Studies have shown that the
growth and development of S. miltiorrhiza are
dynamically regulated by miRNAs, lncRNAs,
and DNA methylation. Moreover, the biosyn-
thesis of secondary metabolites in S. miltiorrhiza
is also modulated via the epigenetic mechanisms.
Epigenetics is of great significance to control the
quality and environmental adaptability of S.
miltiorrhiza and other medicinal plants. Current
results provide useful information for under-
standing the role of epigenetic regulation in
medicinal plant development and bioactive
compound biosynthesis.
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7Transcriptome Analysis of Salvia
miltiorrhiza

Hongmei Luo

Abstract
Salvia miltiorrhiza is the source for the
production of tanshinones and phenolic acids,
which possess pharmacological properties for
the treatment of cardiovascular and cere-
brovascular diseases and hyperlipidemia.
However, the biosynthetic mechanism of
these bioactive secondary metabolites remains
unclear. Transcriptome analysis is a promising
tool to illustrate the biosynthesis, growth, and
development of these bioactive compounds
and the genetic diversity of S. miltiorrhiza.
The next-generation sequencing (NGS) tech-
nologies, such as the second-generation
sequencing (SGS) technologies (e.g., Illu-
mina) and the third-generation sequencing
technologies (e.g., PacBio), are suitable and
widely used for transcriptome analysis of
S. miltiorrhiza. NGS enables the identification
of gene expression profiling and facilitates
reliable discoveries of genes related to sec-
ondary metabolite biosynthetic pathway. At
present, hybrid sequencing strategies integrat-
ing the strengths of SGS and PacBio sequenc-
ing have obtained considerable transcriptome
information of medicinal plants. NGS

provides useful information for the direct
detection of genetic markers and alternative
splicing events related to the biosynthesis of
secondary metabolites that facilitate the rapid
breeding of medicinal plants.

7.1 Introduction

Salvia miltiorrhiza Bunge, a well-known
medicinal plant, belongs to the Lamiaceae fam-
ily. Its dry roots or rhizomes (called “danshen” or
“tanshen” in China) are the sources for the pro-
duction of valuable compounds (Zhong et al.
2009), which are used to treat cardiovascular and
cerebrovascular diseases and hyperlipidemia
(Zhou et al. 2005; Wang 2010). These active
compounds include lipid-soluble tanshinones
(e.g., tanshinone I, tanshinone IIA, tanshinone
IIB, and cryptotanshinone) and water-soluble
phenolic acids (e.g., rosmarinic acid and
salvianolic acid). These compounds possess
antitumor, antioxidant, anti-inflammatory, anti-
neoplastic, and antimicrobial properties, in
addition to their pharmacological activity (Zhou
et al. 2005). However, the biosynthetic pathway
and regulatory mechanism of these compounds
in S. miltiorrhiza remain unclear.

Transcriptome analysis is a promising and
rapid approach to illustrate biological processes.
In particular, whole transcriptome analysis pro-
vides comprehensive information on determining
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genome structure and function by identifying
genetic networks underlying unique cellular,
physiological, biochemical, and biological sys-
tems and establishing molecular biomarkers that
respond to diseases, pathogens, and environ-
mental challenges for plants (Jiang et al. 2015).
For medicinal plants, transcriptome analysis can
provide insights into the biosynthesis, growth
and development, and genetic diversity of
bioactive compounds. This chapter systemati-
cally discusses the characteristics and methods of
transcriptome research and its application in
functional genomics research in S. miltiorrhiza.

7.2 Transcriptome Characteristics

Transcriptome generally refers to the complete
ribonucleic acid (RNA) transcribed from the
genome of a cell, tissue, or an organism, which
is growing/developing at specific stages or
under special conditions, including the com-
plete set of protein-coding messenger RNA
(mRNA) and various noncoding RNA (ncRNA)
(Morozova et al. 2009). Transcriptome analysis
presents the gene expression profiling at the
level of all RNAs isolated from a cell/tissue
genome and provides the expression character-
istics of all genes and the functional informa-
tion of corresponding proteins encoded by these
genes.

The characteristics of transcriptome possess
specificities of species, tissues, and cells and the
developmental stages and multiple physiological
effects on the development of materials used in
transcriptome analysis. Transcriptome is the
dynamic relationship between the genome and
the external environment of a specific organ,
tissue, or physiological stage of a particular
development. External stimuli or environmental
changes can lead to changes in gene expression
levels of organisms. Transcriptome sequencing
can quantitatively detect all transcripts in specific
tissues/organs or cell types of organisms under
specific environmental conditions. Furthermore,
a gene can form different transcripts due to
alternative splicing. Variations in the structures
of transcripts lead to the diversity of

post-transcriptional gene structure and gene
expression. One of the precursors of some genes
produces different splicing isomers through dif-
ferent splicing modes. Variable splicing enables
a gene to produce multiple RNA transcripts that
are translated into different proteins. Transcrip-
tome sequencing has significant advantages in
identifying structures and variations in tran-
scripts, gene expression level, functions of
ncRNA, and discovery of low abundance and
new transcripts. Comparative transcriptome can
be used to analyze the differential expression
levels of genes in different tissues/organs or the
same tissues/organs under different physiological
conditions or external conditions, to enable the
discovery of genes related to specific physio-
logical functions, and to speculate the functions
of unknown genes.

7.3 Transcriptome Sequencing
Platforms

7.3.1 Expressed Sequence Tag
(EST) and DNA Microarray

Previous approaches for detecting the transcrip-
tomes of tissues or organisms are ESTs and DNA
microarray analysis. EST analysis provides an
alternative method for gene discovery because
ESTs represent the parts of species transcrip-
tome. The mining of ESTs from Artemisia
annua, Taxus chinensis, and Catharanthus
roseus has revealed the presence of transcripts
involved in the biosynthesis of artemisinin,
paclitaxel, vinblastine, and vindoline (Jennewein
et al. 2004; Murata et al. 2008; Teoh et al. 2006).
Despite the power of ESTs to detect the expres-
sion of thousands of genes simultaneously,
cloning-based amplification for clone selection
and Sanger sequencing for EST identification are
labor-intensive and expensive processes (Hall
2007). Similarly, DNA microarray can simulta-
neously detect the expression levels of thousands
of genes and compare the expression ratio of the
same transcript under different conditions.
Microarray assay can be used to estimate the
abundance of a particular mRNA species by
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detecting the hybridization intensity of a cDNA
and its complementary oligonucleotide probes
(Schena et al. 1995).

The abundance of mRNA in different types of
cells or tissues can be quantified with tag
sequencing methods, such as serial analysis of
gene expression (SAGE) and massively parallel
signature sequencing (Sengoelge et al. 2014;
Sánchez-León et al. 2012; Huang et al. 2007).
With these methods, the 3′ or 5′ end of mRNA is
sequenced for cDNA fragments, and the
sequencing times of these fragments are counted
to determine the transcriptome expression pro-
files (Velculescu et al. 1995; Brenner et al. 2000).
LongSAGE and DeepSAGE (Nielsen et al. 2006)
and 5′-robust analysis of 5′ transcript ends
(Gowda et al. 2006) are combined with
next-generation sequencing (NGS) technologies.

7.3.2 NGS Technologies

With the development of sequencing technolo-
gies, NGS technologies have revolutionized the
transcriptome research through deep sequencing
of transcriptomes from virtually any organism or
cell type to investigate transcript profiling in
various tissues with different physiological and
pathological conditions (Morozova et al. 2009).
NGS platforms, such as 454/Roche, Solexa/
Illumina, and SOLiD/ABI, can produce large
amounts of short DNA sequence reads from
transcriptome sequencing in previous studies.
However, 454 (Margulies et al. 2005) and SOLiD
(Shendure et al. 2005) sequencing technologies
have been eliminated, whereas the Illumina plat-
form remains dominant for sequencing.

An Illumina sequencer includes a genome
analyzer, HiSeq 2500, HiSeq 2000, HiSeq 1000,
HiScanSQ, MiSeq, MiniSeq/NextSeq, and
NovaSeq instruments. The Illumina HiSeq plat-
form possesses library automation, provides
low-input DNA, and captures hybridization
multiplexing, and analysis pipeline improve-
ments include the integration of variant calling
and annotation tools. MiSeq integrates cluster
generation and paired-end sequencing and reads
into a fully automated “hands-off” workflow. The

MiniSeq system supports various targeted DNA
and RNA applications to investigate single genes
or pathways. The new NextSeq 500 system can
sequence exons, transcripts, and genomes.
NovaSeq 6000 can run four different types of
patterned flowcells and are suitable for exon and
transcriptome sequencing.

RNA sequencing (RNA-Seq) is a common
Illumina sequencing method and widely used
for the transcriptome sequencing and analysis
of transcript profiling, the identification of dif-
ferentially expressed genes (DEGs) and alter-
native splicing (AS) events, and the discovery
of novel transcripts (Maher et al. 2009; Mor-
tazavi et al. 2008; Wang et al. 2009).
RNA-Seq can provide genome-wide transcrip-
tome profiling and reveal the precise location
of transcription boundaries for genes. This
method is an efficient tool for elucidating the
important candidates involved in complex
biosynthetic pathways irrespective of genome
complexity even in cases of nonmodel plant
species (Unamba et al. 2015). With RNA-Seq,
information about the RNA content and tran-
scriptional status of an experimental system can
be depicted and quantified, and the quality of
the sequenced transcripts can be validated in
these experiments.

7.3.3 Third-Generation Sequencers

Third-generation sequencers (e.g., Heliscope,
PacBio, and nanopore) have been developed with
high-throughput, low costs, and long read-length
direction for single-molecule sequencing.
Single-molecule sequencing improves the sample
throughput and sequencing speed. The first
commercially released single-molecule sequenc-
ing instrument is Heliscope single-molecule
sequencer (Helicos Biosciences), which was
developed by Helicos Inc. in the USA (Harris
et al. 2008; Lipson et al. 2009; Tessler et al.
2009). However, the development of the Helicos
platform had been terminated since 2012 because
of its low single-pass accuracy (81–83%), low
throughput, low sequencing efficiency, and high
sequencing cost.
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Based on a novel single-molecular real-time
(SMRT) technology, the PacBio RS system
shows potential for DNA sequencing with long
read lengths of several kilobases (Schadt et al.
2010). This sequencing system has been suc-
cessfully applied to a large number of transcrip-
tome sequencing because of its long read lengths
and rapid turnaround times (Eid et al. 2009;
Flusberg et al. 2010). PacBio has launched three
sequencers based on SMRT technology, includ-
ing PacBio RS, PacBio RS II, and PacBio Sequel
system, in 2011. The advantage of PacBio
sequencing is its long read length. Despite the
remarkable advantages of SMRT sequencing,
this technology is challenged with raw read error
rates (approximately 11–15%) and modest
throughput of a run.

In February 2012, a series of nanoporous
DNA sequencing platforms (e.g., MinION,
Promethion, and GridION systems) was released.
Oxford Nanopore Technology is based on the
implementation of “strand” nanopore sequencing
approach. Nanopore sequencing is characterized
by long-reading, real-time, single-molecule, and
cost-effective sequencing. This technology is
challenged in which sequencing errors may not
be randomly distributed. Hybrid sequencing
strategies have integrated the strengths and
weaknesses of RNA-Seq and PacBio sequencing.
These approaches are frequently used for
full-length transcriptome sequences to under-
stand the complete expression of gene isoforms.

7.4 Transcriptome Analysis of S.
miltiorrhiza

S. miltiorrhiza is an important medicinal model
plant. The transcriptome data of this medicinal
plant through different sequencing platforms to
sequence different tissues/organs under different
treatments contribute to the identification of
transcription profiling. Transcription profiling is
widely used to compare gene sequences and
functions and to identify gene expression. Shao
et al. (2016) constructed the Danshen Tran-
scriptional Resource Database (DsTRD) by using

76,531 transcribed sequences assembled from 12
RNA-Seq transcriptomes. This database facili-
tates browsing and searching for sequences and
functional annotations of S. miltiorrhiza. The
transcriptome of S. miltiorrhiza enables the dis-
covery of key genes for the biosynthesis of
bioactive ingredients not only to elucidate the
secondary metabolic pathways and their regula-
tory mechanisms but also to detect genes or
genetic markers related to growth, development,
and disease/stress resistance (Table 7.1).

7.4.1 Gene Expression Profiling
Analysis of S. miltiorrhiza

The abundance of mRNA in different cell types or
under different conditions quantified through
transcriptome sequencing represents the gene
expression profiling of experimental materials.
EST generation, cDNA microarray analysis, and
RNA-Seq are widely used for the gene expression
profiling analysis of medicinal plants. Yan et al.
(2010) constructed a cDNA library of S. miltior-
rhiza whole plantlet and sequenced 10,228 ESTs
with the generation of 4225 unigenes. This set of
ESTs represents a proportion of gene expression
profiling for S. miltiorrhiza plantlet and provides
insights into the gene complement of S. miltior-
rhiza. Cui et al. (2011) identified the changes in
the gene expression profile of 114 differentially
expressed cDNAs at different stages of hairy root
development in S. miltiorrhiza through cDNA
microarray analysis. Among the DEGs, copalyl
diphosphate synthase (CPS) gene, which encodes
the key enzyme involved in catalyzing the con-
version of diterpenoid precursor (E,E,E)-ger-
anylgeranyl diphosphate (GGPP) to form copalyl
diphosphate, and eight candidate P450 genes are
differentially expressed in the hairy roots of S.
miltiorrhiza. Hua et al. (2011) investigated wide
gene expression profiles associated with the entire
growing cycle of S. miltiorrhiza through Illumina
deep sequencing. The experimental materials
used for transcriptome analysis include seeds,
2-day seedlings, and 2-week-old and 2-month-
old plantlets (counted from germination) that
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represent seedling stage (SS) and vegetative stage
(VS), respectively, and flowers, stems, leaves,
and roots that represent the reproductive stage
(RS). A total of 56,774 unigenes, including genes
associated with secondary metabolite pathways
and transcription factor (TF) genes, are covered in
this S. miltiorrhiza transcriptome. Yang et al.
(2013) detected the transcriptome profiling of
S. miltiorrhiza root and leaf tissues by using a 454
GS-FLX sequencing platform to generate
550,546 and 525,292 reads. A total of 2863
highly expressed unigenes, such as SmCPS,
kaurene synthase-like (SmKSL), and CYP76AH1,
have been identified on the basis of the compar-
ative transcriptome analyses of the two tissues in
the roots.

7.4.2 Discovery of Genes Related
to Tanshinone
and Salvianolic Acid
Biosynthesis
from Transcriptome

The identification of the biosynthetic pathways
of bioactive compounds for tanshinone and sal-
vianolic acid, which are complex and composed
of multiple steps of molecular regulation, is the
focus of transcriptome research on S. miltior-
rhiza. EST approach provides a rapid method to
identify gene-encoding key enzymes and regu-
latory factors involved in secondary biosynthetic
pathways (Ohlrogge and Benning 2000). Yan
et al. (2010) sequenced the EST of S. miltiorrhiza

Table 7.1 Transcriptome analysis of S. miltiorrhiza

Samples Sequencing
platform

Functional identification References

Tissue culture seedling Sanger Phenolic acid and diterpene
biosynthesis; SSRs

Yan et al. (2010)

Root 454 GS
FLX

Phenolic acid and diterpene
biosynthesis; CYP450s; TFs

Li et al. (2010)

Seedling/vegetative/reproductive
stages, flower/stem/leave/root

Solexa Phenolic acid and diterpene
biosynthesis; TFs

Hua et al. (2011)

Root, leaf tissues 454
GS-FLX

Diterpene biosynthesis;
CYP450s; TFs

Yang et al. (2013)

Leaf, MeJA treatment Illumina
Hiseq 2000

Phenolic acid and diterpene
biosynthesis; CYP450s; TFs

Luo et al. (2014)

Hairy roots (Ag+)
0/12/24/36/48 h

454 GS
FLX

Diterpene biosynthesis;
CYP450s; TFs

Gao et al. (2014)

Leaf, root, flower Illumina Identification and systematic
classification of CYP450s

Chen et al. (2014)

Periderm/phloem/xylem PacBio RS;
Illumina
Hiseq 2500

Full-length transcriptome;
alternative splicing; diterpene
biosynthesis; CYP450s; SDRs;
2ODDs

Xu et al. (2015)

Hairy roots (MeJA/YE) Hiseq 2000 Tanshinone and phenolic acid
biosynthesis; CYP450s

Zhou et al. (2017)

Cell cultures (SA) Hiseq 2500 SA signaling components Zhang et al. (2016)

Mid-segments roots Hiseq 2000 Phenylpropanoid and lignin
biosynthesis

Song et al. (2017)

Root, stem, leaf, and flower Hiseq 2500 miRNAs Xu et al. (2014)

Plants in sterile tubes Hiseq 2500 AtDREB1A-mediated drought
tolerance; transcription factors

Wei et al. (2018)

Plants with MeJA
treatment/control

Solexa JAZ repressor Ge et al. (2015)
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tissue culture seedlings and identified 26 genes
related to salvianolic acid synthesis and ten genes
associated with diterpenoid synthesis for the first
time. NGS technologies enable the large-scale
analysis of transcriptomes from S. miltiorrhiza to
identify key genes associated with the biosyn-
thesis of tanshinone and salvianolic acid. Hua
et al. (2011) used an Illumina platform to
sequence the samples of mixed materials cover-
ing the entire life stage of S. miltiorrhiza. A total
of 56,774 transcripts are assembled and anno-
tated from these transcriptome data. Of these
transcripts, 1539 are enriched in secondary
metabolic pathways (e.g., phenylpropane syn-
thesis and terpenoid synthesis pathways). To
determine the mechanism of root-specific accu-
mulation and synthesis of tanshinone, Yang et al.
(2013) sequenced the transcriptome of the root
and leaf tissues of S. miltiorrhiza and discovered
that the key genes (e.g., SmCPS, SmKSL, and
CYP76AH1) involved in tanshinone biosynthesis
are highly expressed in roots. Li et al. (2010)
constructed 454 ESTs from the root of
S. miltiorrhiza and obtained 27 genes related to
tanshinone biosynthesis and 29 genes related to
phenolic acid biosynthesis.

Genes involved in a natural product biosyn-
thetic pathway are usually co-expressed in
medicinal plants. Co-expression analysis con-
tributes to the effective screening of genes
involved in a specific pathway and limits the
number of candidate genes based on transcrip-
tome data generated from multiple samples. Guo
et al. (2013) investigated the silver-induced hairy
root transcriptome of S. miltiorrhiza and dis-
covered that six cytochrome P450 genes
co-expressed with SmCPS and SmKSL, the genes
encode two identified enzymes involved in
biosynthesized tanshinone skeleton. Among
these candidate cytochrome P450s (CYP450s),
CYP76AH1 was confirmed to be involved in
tanshinone biosynthetic pathway. Xu et al.
(2015) observed the synthesis of tanshinones and
salvianolic acid B and their accumulation in
different tissues of S. miltiorrhiza root and
screened 15 CYP450s, one 2-oxoglutarate-
dependent dioxygenase, and five short-chain
alcohol dehydrogenase genes involved in

tanshinone biosynthesis. Two CYP450s are
likely involved in the synthesis pathway of ros-
marinic acid in S. miltiorrhiza.

7.4.3 Comparative Transcriptome
Study of S. miltiorrhiza

MeJA induction can significantly increase the
yield of tanshinone and salvianolic acid com-
pounds. Luo et al. (2014) used an Illumina HiSeq
2000 sequencing platform to sequence the tran-
scriptome of S. miltiorrhiza leaves (control) and
those of S. miltiorrhiza leaves treated with MeJA
for 12 h. A total of 5287 transcripts respond to
MeJA induction. It includes the well-known
S. miltiorrhiza genes related to the synthesis
pathway of ketones and salvianolic acids. In
addition, three CYP450s related to tanshinone
synthesis and four CYP450s associated with
salvianolic acid synthesis are predicted on the
basis of the co-expression analysis of SmCPS1,
SmKSL1, and rosmarinic acid synthase (RAS)
genes. Ge et al. (2015) investigated the expres-
sion of JAZ inhibitory protein in MeJA signaling
pathway after 6 h of MeJA induction. Yeast
elicitors can significantly induce the accumula-
tion of tanshinone in the hairy roots of S. milti-
orrhiza. Gao et al. (2014) sequenced the
transcriptomes of four hairy roots of blank con-
trol and 100 lg/mL yeast elicitors for 12, 24, and
36 h after induction. They monitored the blank
control and treated materials by using an Agilent
1290 Infinity HPLC system. According to gene
co-expression analysis, 70 TFs and eight
CYP450s are predicted to be involved in tan-
shinone biosynthesis. Zhou et al. (2017) con-
ducted a comprehensive transcriptome profiling
analysis of S. miltiorrhiza hairy roots treated with
either MeJA or yeast extract (YE) to identify the
downstream and regulatory genes involved in
tanshinone and phenolic acid biosyntheses.
Candidate downstream genes, including several
CYP450s, are screened from the RNA-Seq
dataset based on the co-expression pattern anal-
ysis with key biosynthetic genes. Zhang et al.
(2016) demonstrated the genes involved in sali-
cylic acid (SA) signaling mechanisms by using
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RNA-Seq to evaluate the transcriptional profiles
in S. miltiorrhiza cell cultures. The upregulated
genes in response to SA induction are mainly
related to stimulus-response and multiorganism
process. TFs, such as WRKY, bHLH, and
GRAS, and genes involved in hormone signal
transduction are differentially expressed under
SA treatment. The genes associated with defense
signaling, such as antioxidant system genes,
cytochrome P450s, and ATP binding cassette
transporters, are significantly upregulated in
S. miltiorrhiza.

Xu et al. (2015) compared the content of
tanshinones in different tissues of S. miltiorrhiza
root and found that the distribution of these
compounds is mostly abundant in the periderm,
followed by the phloem and xylem of the roots.
The expression patterns of SmDXS2, SmDXR,
SmHDS, SmHDR1, SmHDR3, SmIPI1,
SmGGPPS1, SmCPS1, SmCPS5, SmKSL1, and
SmKSL7 are identical to the distribution of tan-
shinones in the roots, indicating that the periderm
of S. miltiorrhiza accumulates large amounts of
tanshinone and actively synthesizes these com-
pounds in root tissues. In addition, SmPAL1,
SmPAL3, SmC4H1, Sm4CL3, Sm4CL-like 1,
Sm4CL-like 4, SmTAT1, SmHPPR3, SmRAS, and
SmCYP98A78 related to rosmarinic acid synthe-
sis are expressed more abundantly in the phloem
and xylem of S. miltiorrhiza than in the periderm.
This observation is consistent with the distribu-
tion of salvianolic acid B in different root tissues.
The content of salvianolic acid B in the phloem
and xylem is five times higher than that in the
periderm. Song et al. (2017) performed de novo
RNA-Seq and comparative transcriptome analy-
sis in two S. miltiorrhiza genotypes (BH18 and
ZH23) with different phenolic acid concentra-
tions. Among the 670 DEGs identified between
BH18 and ZH23, 250 DEGs, including genes
involved in the phenylpropanoid biosynthesis
pathway, are upregulated in ZH23. Nine genes
involved in the lignin biosynthesis pathway are
upregulated in BH18, and they are abundant with
lignin content. Most of the genes involved in
the core common upstream phenylpropanoid
biosynthesis pathway are higher in ZH23 than in
BH18. Lignin biosynthesis is a putative partially

competing pathway with phenolic acid biosyn-
thesis in S. miltiorrhiza.

7.4.4 Identification of Candidate
TFs Involved in Bioactive
Compound Biosynthesis
and Stress Response
from S. miltiorrhiza
Transcriptome Data

TFs are protein molecules composed of a special
structure and involved in regulating gene
expression, which are also known as trans-acting
factors. Two kinds of TFs are found in plants: the
first is called nonspecific TF, which cannot
selectively regulate gene transcription and
expression, and the second is called specific TF,
which can selectively regulate the transcription
and expression of some genes.

Li et al. (2010) completed the transcriptome
sequencing of S. miltiorrhiza root and discovered
577 TF genes. Zhang et al. (2015a) reported the
whole genome and transcriptome information of
S. miltiorrhiza, identified the bHLH TF gene
family in S. miltiorrhiza, and provided basic data
to study the synthesis and regulation of effective
components of S. miltiorrhiza. A total of 127
bHLH TF genes are also identified in the genome
of S. miltiorrhiza and classified into 25 subfam-
ilies. The gene-specific expression patterns and
upregulated expression patterns in response to
MeJA treatment of these bHLH genes are ana-
lyzed on the basis of the RNA-Seq data of 19
sequencing libraries. Consequently, seven bHLH
genes are predicted to be involved in the regu-
lation of tanshinone biosynthesis. Ji et al. (2016)
identified the AP2/ethylene responsive factor
(ERF) gene family in the genome-wide and
obtained the candidate TF genes involved in
active constituent biosynthesis in S. miltiorrhiza.
A total of 170 AP2/ERF genes are identified in S.
miltiorrhiza genome and divided into five sub-
families, namely, AP2 (25 genes), DREB (61
genes), ERF (79 genes), RAV (four genes), and
soloist (one gene). Four genes related to the
biosynthesis of bioactive constituents of
S. miltiorrhiza are selected on the basis of the
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distribution of bioactive constituents and the
co-expression profiling of AP2/ERF genes in
different organs and root tissues. Zhang et al.
(2018) conducted a genome-wide survey of the
basic leucine zipper (bZIP) gene family and
identified 70 SmbZIP TFs in S. miltiorrhiza. The
phylogeny, gene structure, conserved motifs, and
the AS events of these SmbZIPs are observed in
this study. The two candidate SmbZIP (SmbZIP7
and SmbZIP20) genes that may be responsible
for the regulation of tanshinone biosynthesis are
selected on the basis of the transcriptomic data
with the highest expression levels in the root and
periderm of S. miltiorrhiza. Wei et al. (2018)
compared the global transcriptional profiles of
wild-type and AtDREB1A-expressing transgenic
plants of S. miltiorrhiza by using RNA-Seq to
determine the molecular mechanisms underpin-
ning the increased drought tolerance in trans-
genic plants. Among the 3904 DEGs, various
TFs significantly increase after drought stress,
especially AP2/ERF, bZIP, and MYB protein
families.

7.4.5 Full-Length Transcriptome
Study of S. miltiorrhiza

Full-length transcriptome sequencing based on
PacBio SMRT sequencing enables the acquisi-
tion of transcriptomic information of almost all
transcripts in a specific tissue or organ of any
species. Superlong sequences obtained through
PacBio sequencing can span the complete
sequence of transcripts from 5ʹ to 3ʹ polyA tail,
which contributes to identify accurate gene iso-
mers, variable AS, fusion genes, and gene
full-length sequence because of the advantage of
PacBio sequencing (Gordon et al. 2015). AS is a
post-transcriptional mechanism that plays essen-
tial roles in the regulation of gene expression and
increases the diversity of transcriptome and
proteome (Barash et al. 2010). AS enables an
RNA precursor to produce different splicing
isomers under different splicing modes. The
accuracy of AS characterization predicted
through SMRT sequencing technology can be
increased compared with that of short transcript

assembled from RNA-Seq reads (Dong et al.
2015). However, PacBio sequencing exhibits
substantial sequencing errors (*10%), which
can be corrected by RNA-Seq data (Koren et al.
2012). Therefore, hybrid sequencing strategies
use RNA-Seq short reads to correct the error
inherent in long single-molecule sequences have
been developed and widely used in full-length
transcriptome analysis (Koren et al. 2012).
Hybrid sequencing approaches enable the
detection of sensitive isoforms for transcripts
based on reference genome sequences (Au et al.
2013).

Xu et al. (2015) conducted a full-length
transcriptome study of S. miltiorrhiza roots by
using PacBio combined with Illumina sequenc-
ing technology and identified some gene isomers
and AS phenomena of the transcripts in
S. miltiorrhiza roots. The variable splicing of
S. miltiorrhiza transcripts, especially the genes
responsible for the synthesis of active ingredi-
ents, has been comprehensively identified in this
study. Among the 636,805 high-quality tran-
scripts, 71% of full-length transcripts in S. mil-
tiorrhiza genome are covered. In addition, 4035
gene isomers are identified on IDP software, and
16,241 gene isomers are predicted. The variable
splicing of gene loci and AS types is complex
and diverse.

7.4.6 Gene Annotation
for S. miltiorrhiza Genome
by Using Transcriptome
Data

Genome annotation is a high-throughput anno-
tation of the biological functions of all genes in
the genome by using bioinformatics methods and
tools, such as gene recognition and gene function
annotation. The core of gene recognition is to
determine the exact location of all genes in the
whole genome sequence. The transcriptome data
of ESTs and RNA-Seq enable the prediction of
new genes and protein-coding gene in a genome.
Protein-coding gene annotation, including
the identification of promoters and operon,
determination of functional gene categories,
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characterization of other features in a genome
and genome-scale gene mapping, elucidates the
essential information of genomes. Genome
annotation includes the discovery of novel non-
coding RNA genes, the identification of regula-
tory elements that monitor temporal or spatial
gene expression and splice variants, and the
illustration of the transcription start and
polyadenylation sites and exon–intron structures.
The data generated from transcriptome studies
can provide protein-coding gene annotation
information. In particular, ESTsor full-length
complementary DNA sequences are aligned and
mapped to reference genome sequences, illus-
trating the presence of exons, introns, exon
junctions, and transcription boundaries for genes
and providing an accurate and effective annota-
tion of protein-coding genes. The annotation of
protein-coding genes of a genome can illustrate
the dynamic genetic architectures, reveal critical
developmental pathways, and enable the under-
standing of evolution.

The genome of S. miltiorrhiza has been
sequenced and assembled (Xu et al. 2016; Zhang
et al. 2015b). A total of 30,478 are predicted to be
putative genes in the S. miltiorrhiza genome, with
an average transcript length of 2825 base pairs
(bp) by using Ab initio gene prediction and
homology-based annotation (Xu et al. 2016).
Most of the genes (27,793; 91.19%) have homo-
logs in the nr database (with E value less than
10−5). Zhang et al. (2015b) used three methods,
namely, EST and transcriptome, de novo, and
homology-based predictions, to perform gene
annotation for S. miltiorrhiza genome. RNA-Seq
datasets generated from the leaf, root, and flower
tissues of S. miltiorrhiza were obtained from
the National Center for Biotechnology Infor-
mation database (SRX388784, SRX371961,
SRX370399, and 10,494 ESTs) and subsequently
used for the de novo assembly of the transcrip-
tome. First, all RNA reads are aligned to the S.
miltiorrhiza genome by using TopHat (Trapnell
et al. 2012). Second, the transcripts are assembled
using Cufflinks (Trapnell et al. 2012). The
open-reading frames of reliable transcripts are
predicted with hidden Markov model-based
training parameters. The transcriptome data

generated from different assembled tissues result
in 46–68 Mb. Finally, a total of 40,700 transcripts
with an average length of 2606 bp are obtained in
this study. In addition, 10,494 ESTs are blasted
against the assembled S. miltiorrhiza genome, and
3974 transcripts are identified with an average
length of 1596 bp (Zhang et al. 2015b).

7.4.7 Noncoding RNA and Novel
Small RNA Discovery
from Transcriptome

Small ncRNAs, which are types of RNA mole-
cules with a length of 18–30 nucleotides and
crucial regulators of development and cell fate
determination, are not translated into protein
products. ncRNAs include transfer RNA, ribo-
somal RNA, microRNA (miRNA), and small
interfering RNA, where the latter two types are
involved in the post-transcriptional regulation of
gene expression in various organisms (Filipowicz
et al. 2008; Gowda et al. 2007). The high-
throughput miRNA profiling by NGS technolo-
gies provides several advantages for ncRNA
sequencing studies, such as decreased procedural
complexity and cost, increased high-throughput
and coverage depth, and detection of variants in
mature miRNA length, miRNA editing events,
and miRNA–target RNA pairs (German et al.
2008; Reid et al. 2008).

Xu et al. (2014) identified 452 knownmiRNAs
corresponding to 589 precursor miRNAs
(pre-miRNAs) and 40 novel miRNAs corre-
sponding to 24 pre-miRNAs in different tissues of
S. miltiorrhiza through transcriptome sequencing.
Sixty-nine targets are verified to be potentially
cleaved by 25 miRNAs through degradome anal-
ysis, especially acetyl-CoA C-acetyltransferase,
which is cleaved by miR5072 and involved in the
biosynthesis of tanshinones. mRNA-like non-
coding RNAs (mlncRNAs), which are ncRNAs
transcribed by RNA polymerase II and are
polyadenylated, capped, and spliced, play impor-
tant roles in plant development and defense
responses. Li et al. (2015) identified and charac-
terized 5446 mlncRNAs from S. miltiorrhiza
through transcriptome analysis. The majority of
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identified mlncRNAs are involved in stress
response in S. miltiorrhiza. Among the 5446
mlncRNAs, 3044 mlncRNAs are expressed in the
hairy roots of S. miltiorrhiza. The expression of
1904 out of 3044mlncRNAs is altered throughYE
and Ag+ treatments.

7.4.8 Genetic Marker Identification
from Transcriptome Data

Genetic markers are generated from variations in
the nucleotide sequences of individual species.
The two typical classes of genetic markers are
simple sequence repeats (SSRs) and single
nucleotide polymorphisms (SNPs). SSR, also
known as microsatellite, is a type of second-
generation DNA molecular marker composed of
1–5 bp with repeat several times to reach the
length of approximately 100 bp. EST-SSR is a
molecular marker presented in EST sequences
that are conservative in a gene-coding region.
EST-SSR is widely used in genetic mapping and
genetic diversity evaluation, germplasm identifi-
cation, phylogenetic, and evolutionary studies.
SNPs, also termed as third-generation markers,
have been widely used in genetic studies on many
plants (Gupta et al. 2001). Transcriptome data are
a large resource for the identification of SSRs and
SNPs (Tang et al. 2008). SSRs and SNPs from
expressed sequences that are more conserved than
nongenic sequences are potentially tightly linked
with functional genes that may control certain
important agronomic characters (Bozhko et al.
2003; Graham et al. 2010). EST-SSRs and SNPs
are identified from transcriptome data generated
from NGS sequencing platforms in S. miltior-
rhiza. These SSRs are powerful resources for
subsequent studies on taxonomy, molecular
breeding, genetics, genomics, and secondary
metabolism in medicinal plants.

Yan et al. (2010) identified 122 microsatellites
from 112 unigene sequences. The major types of
these microsatellites are dinucleotide and trinu-
cleotide. Among the 112 EST sequences, 78
have sufficient flanking sequences for the design
of 82 primers, ensuring their suitability for
genetic linkage mapping. Eighty-two of 112

microsatellite-containing ESTs are annotated to
be homologous to stress-related proteins, such as
bZIP TF family proteins, universal stress family
proteins, and dehydration proteins. The
microsatellite information obtained in this study
can be used for genetic linkage mapping in
S. miltiorrhiza.

7.5 Transcriptome Combining
Other Omic Analyses
of S. miltiorrhiza

The active ingredients of S. miltiorrhiza deter-
mine its quality and quantity and are affected by
harvesting seasons, harvesting time, and har-
vesting methods. Therefore, S. miltiorrhiza
transcriptome analysis is related to the rationality
of medicinal parts and harvesting time. The
active components of S. miltiorrhiza are mostly
secondary metabolites, and their synthesis and
accumulation are affected by developmental
stages and environmental conditions in different
tissues/organs. The biosynthesis pathways of
active components can be systematically inves-
tigated, and the molecular mechanism of
biosynthesis and regulation of secondary
metabolites can be effectively revealed by con-
structing transcriptome libraries of different
stages, organs, and origins of S. miltiorrhiza.

Ge et al. (2015) evaluated the metabolomic
and transcriptomic signatures to determine the
functions of genes involved in the jasmonate
(JA)-mediated accumulation of secondary
metabolites in S. miltiorrhiza. Among MeJA-
induced genes, SmJAZ8 is identified as a tran-
scriptional regulator in the JA signal pathway of
S. miltiorrhiza and has a novel function in the
constitutive accumulation of secondary metabo-
lites. Gao et al. (2014) used a combined meta-
bolomics and transcriptomics method to
investigate the inducible biosynthesis of bioac-
tive diterpenoid tanshinones from S. miltiorrhiza.
Tanshinone production is a dominant component
of metabolites and increases at later time points
in the elicited hairy root cultures. Consistent with
metabolomic analysis results, transcript levels
of biosynthetic genes, including 70 TFs and 8
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CYP450 genes, which are related to tanshinone
biosynthesis and regulation increase.

7.6 Concluding Remarks

The transcriptome of S. miltiorrhiza is extremely
complex. It shows spatial- and temporal-specific
patterns in terms of tissues and various stresses
that are usually related to bioactive compounds.
The growth and development of S. miltiorrhiza
are related to the synthesis and accumulation of
active secondary metabolites in vivo. Thus,
growth and development patterns are observed in
different S. miltiorrhiza. Transcriptome studies
can determine the growth and development
mechanism of S. miltiorrhiza. Studies on the
transcriptome of S. miltiorrhiza have provided
valuable insights into gene differential expres-
sion, gene splicing, and AS through NGS. The
characterization of the transcriptome of S. milti-
orrhiza has revealed many active genes with
spatiotemporal regulation and evolutionary sig-
nificance. Investigating the response mechanism
of S. miltiorrhiza to adverse events helps
understand their growth and development under
adverse conditions and provides an important
guiding role in cultivating good varieties with
resistance to adverse environmental characteris-
tics. Transcriptome research of S. miltiorrhiza is
expected to provide a new source for natural
drugs by analyzing the synthetic pathways of
natural products. High-throughput transcriptome
sequencing provides rapid, efficient, and com-
prehensive interpretation on the genetic infor-
mation of S. miltiorrhiza, thereby promoting the
development of secondary metabolic engineering
and synthetic biology of S. miltiorrhiza and
laying a foundation for functional gene mining,
biosynthesis and regulation of active components
of S. miltiorrhiza, and evaluation of excellent
germplasm resources.
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8Gene Expression Regulation in Salvia
miltiorrhiza

Caili Li

Abstract
Transcription factors are a group of proteins
that modulate many important biological pro-
cesses by regulating the transcription of
downstream target genes. In general, each
plant transcription factor contains a
DNA-binding domain, an oligomerization
domain, a transcription regulation domain
and a nuclear localization signal. In the past
few years, many progresses have been made
in the characterization of S. miltiorrhiza
transcription factors on a genome-wide scale.
It includes cloning of open reading frames
(ORFs), sequence analysis, and expression
profiling. Many identified transcription factors
are members of the MYB, WRKY, bHLH,
ZIP and AP2/ERF families. Some of them
have been found to play key roles in plant
hormone signaling and in the regulation of
cell growth and differentiation. Transcription
factors have been identified as regulators in
the biosynthesis of various secondary metabo-
lites in S. miltiorrhiza. In this chapter, I briefly
summarized recent research progresses in the

regulatory role of transcription factors in S.
miltiorrhiza growth and differentiation, stres-
ses and metabolic pathways. It will facilitate
further characterization of transcription factors
in S. miltiorrhiza.

8.1 Introduction

Gene expression regulation at the transcriptional
level controls many important biological pro-
cesses. Transcription factors regulate expression
in response to environmental and physiological
signals and metabolic pathways. Transcription
factors can activate or inhibit the transcription of
downstream target genes by directly binding to
their promoters in a sequence-specific manner.
With the increasing availability of plant genome
sequences, it is possible not only to study the
function of transcription factors on a
genome-wide scale but also to explore the
structural and functional similarities and differ-
ences among different plant transcription factors.
Many progresses have been made in the past few
years, including genome-wide cloning and char-
acterization of transcription factor genes, as well
as the bioinformatics analysis and dissection of
their regulatory mechanisms.

S. miltiorrhiza Bunge, belonging to the
Lamiaceae family, is a famous and traditional
Chinese herbal plant that has been widely used
for treating cardiovascular and cerebrovascular
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diseases (Zhang et al. 2010; Wu and Shi 2008;
Zhou et al. 2005). There are mainly two types of
bioactive constituents in S. miltiorrhiza plants,
namely liposoluble tanshinones and
water-soluble phenolic acids (Chen et al. 2001;
Li 1998). The sequencing of S. miltiorrhiza
genome has been completed. It was inferred that
there were at least 1620 genes encoding tran-
scription factors (Xu et al. 2016). The large
number and variation of transcription factors in
S. miltiorrhiza indicate the complexity and
functional significance of transcriptional regula-
tion in S. miltiorrhiza. In recent years, it has been
found that some transcription factors can regulate
the transcription of many genes in metabolic
pathways. In this chapter, we briefly summarize
recent progresses made in understanding the
regulation of metabolic pathways by transcrip-
tion factors.

8.2 Functional Domains
of Transcription Factors

Transcription factors can specifically bind to
short DNA sequences located in the promoter of
target genes and interact with the transcription
pre-initiation complex, thereby enhancing or
inhibiting the activity of RNA polymerase II. By
doing so, transcription factors modulate the
transcription of their target genes. In recent years,
a series of transcription factors regulating the
response to drought, high salt, low temperature,
hormones, pathogen and developmental stimuli
have been identified in higher plants (Adam et al.
1994; Adamska et al. 1991; Bansal and Bogorad
1993; Kay 1993; Kozaki et al. 1992; Logemann
et al. 1995; Pilgrim et al. 1993; Tonoike et al.
1994).

Typical plant transcription factor consists of a
DNA-binding domain, an oligomerization
domain, a transcription regulation domain and a
nuclear localization signal (NLS). It has been
found that some transcription factors lack either
the transcription regulation domain or the
DNA-binding domain.

8.2.1 DNA-Binding Domain

The DNA-binding domains of plant transcription
factors are structurally consistent. They contain
amino acid residues that bind to specific DNA
sequences in the cis-acting elements, thus deter-
mining the target specificity. In addition, other
residues in this domain may enhance the affinity
of transcription factors to DNA by binding to
DNA nonspecifically through interacting with
the phosphate or deoxyribose moieties (Guilfoyle
1997; Aukerman et al. 1991). Typical
DNA-binding domains in plant transcription
factors include bZIP domain (Nantel and Qua-
trano 1996), MYC domain (Abe et al. 1997),
MYB domain (Martin 1997), homeodomain
(Klinge et al. 1996) and AP2/EREBP domain
(Riechmann and Meyerowitz, 1998) (Table 8.1).
Moreover, plant transcription factors can be
classified according to the conservative regions
in the DNA-binding domain and oligomerization
domain (Table 8.1). Besides, some of these
domains can be divided into subclasses accord-
ing to the number and location of conserved
amino acid residues. For instance, based on the
number and arrangement of cysteine (C) and
histidine (H) residues, transcription factors con-
taining zinc fingers can be divided into five
classes, namely C2H2, C3H and C2C2 (GATA
finger), C3HC4 (RING finger) and C2HC5 (LIM
finger).

8.2.2 Transcription Regulation
Domain

Transcription regulation domain is the key
functional domain in transcription factors since it
determines the function of transcription factors.
Transcription factors in a family generally have
distinct actions due to the differences in their
transcription regulation domains, which tend to
diverge from one to another (Yanagisawa and
Sheen 1998). Regulation domains and transcrip-
tion factors can function as either repressors or
activators of the target genes. When several
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transcription factors target the same cis-acting
element, repression of the target genes may occur
due to the exclusion of the activator from the
target promoter. For example, two bZIP proteins
from rice, namely osZIP-2a and -2b, could
dimerize with wheat bZIP factor mBP1 in vitro
to prevent their interaction with the target pro-
moter. While preliminary results showed that
these rice bZIP factors can quench other bZIP
proteins, a clear conclusion can be drawn only
after they are tested more extensively (Nantel and
Quatrano 1996). Several observations suggested
the existence of repression domains in plant
transcription factors, but they remain poorly
characterized. PvALF (Phaseolus vulgaris
ABI-3-like factor) was found to activate the
transcription of several selected genes, including

the French bean phytohemagglutinin gene
DLEC2. ROM2 (regulator of maturation-specific
protein 2) is a bZIP protein that can bind to the
enhancer of DLEC2 to inhibit PvALF-activated
gene transcription (Chern et al. 1996). This
indicates that a repression domain in the
N-terminal half of ROM2 inhibits the PvALF-
activated transcription of DLEC2 (Chern et al.
1996).

Although many studies have shown the exis-
tence of transcriptional inhibitory regions in
transcription factors, the structural and functional
characteristics of transcription factors are not
well understood. The mode of action of tran-
scription factor inhibitory regions may be as
follows, (1) binding to the functional site of the
promoter, thus preventing other transcription

Table 8.1 Structural feature of conserved domains that are used to classify plant transcription factors

Domain type Structure References

Zinc finger Finger motif(s) each maintained by cysteine and/or histidine residues
organized around a zinc ion

Sakamoto et al.
(1993)

bZIP A basic region and a leucine-rich zipper-like motif Nantel and Quatrano
(1996)

MYB-related A basic region with one to three imperfect repeats each forming a
helix-helix-turn-helix

Martin (1997)

WRKY Approximately 60-amino acids with the highly conserved amino acid
sequence WRKYGQK

Xu et al. (2004)

Trihelix Basic, acidic and proline/glutamine-rich motif which forms a trihelix
DNA-binding domain

Kuhn et al. (1993)

Homeodomain Approximately 60 amino acid residues producing either three or four
a-helices and an N-terminal arm

Klinge et al. (1996)

MYC b/HLH A cluster of basic amino acid residues adjacent to a helix-loop-helix
motif

Abe et al. (1997)

MADS Approximately 57 amino acid residues that comprise a long a-helix and
two b-strands

Purugganan et al.
(1995)

AT-hook
motif

A consensus core sequence R(G/P)RGRP with the RGR region
contacting the minor groove of A/T-rich DNA

Gupta et al. (1997)

HMG-box L-shaped domain consisting of three a-helices with an angle of about
808 between the arms

Grasser (1995)

AP2/EREBP A 68-amino acid region with a conserved domain that constitutes a
putative amphiphatic a-helix

Riechmann and
Meyerowitz (1998)

B3 A 120 amino acid conserved sequence at the C-termini of VP1 and
ABI3

Sakuma et al. (2002)

ARF A 350 amino acid region similar to B3 in sequence Ulmasov et al. (1997)
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factors from binding to the same promoter;
(2) inhibiting the transcription of related genes by
suppressing other transcription factors; and
(3) changing the structure of DNA to disable
transcription.

8.2.3 Nuclear Localization Signal
(NLS)

The nuclear localization signal region is a region
in transcription factors rich in arginine and
lysine. Upon synthesis, transcription factors need
to be transferred into the nucleus in order to exert
their functions, and thus, the function of tran-
scription factors is determined by the nuclear
localization signal region. The amino acid
sequence, organization and number of nuclear
localization signal region vary among different
plant species and varieties, and they exhibit
irregular distribution in transcription factors.
NSL was identified in many transcription factors,
such as rice (Dehesh et al. 1995), tomato
HSFA1-2 (Lyck et al. 1997), maize O2 (Varag-
ona et al. 1992) and peas PS-IAA4 and PS-IAA6
(Abel et al. 1995).

While in some NLSs the basic residues are
closely associated (Lyck et al. 1997), in some
other NLSs, the basic residues form two func-
tionally important groups are separated by sev-
eral non-conserved residues. The structure of the
latter group is called the bipartite structure (Lyck
et al. 1997). Other transcription factors may
contain multiple copies of the NLS that are
functionally independent and either clustered or
dispersed within the protein (Klinge et al. 1996;
Dehesh et al. 1995; Varagona et al. 1992; Bou-
likas 1994; Dehesh et al. 1995; Boulikas 1994;
Meisel and Lam 1996; Klinge et al. 1996).

8.2.4 Oligomerization Domain

The functional domain that enables transcription
factors to converge with each other is called the
oligomerization domain. Oligomerization
domains affect the specificity of DNA binding,

the affinity of transcription factors with promoter
elements and the nuclear localization of tran-
scription factors (Katagiri et al. 1992; Guiltinan
and Miller 1994). These domains have a rela-
tively conserved amino acid sequence, and most
of them are connected to the DNA-binding
domain to form a specific spatial conformation.
The oligomerization domain of the bZIP tran-
scription factors contains several regularly
spaced leucine residues and a zipper-like struc-
ture (Rook et al. 1998). While the b/HLH tran-
scription factors contain a helix-loop-helix
structure (Sainz et al. 1997), the MADS tran-
scription factors have oligomerization domains
that form two a-helix and two b-pleated sheets
(Purugganan et al. 1995).

There are differences in the length of
oligomerization domain among transcription
factors in the same family. In most bZIP tran-
scription factors, leucine zipper consists of four
to five repeats, but in Arabidopsis ATB2, nine
repeats were found (Rook et al. 1998). Besides,
as observed in MADS transcription factors, the
keratin-like domain called K (Purugganan et al.
1995) and an intervening domain designated as I
(Mizukami et al. 1996) are necessary for inter-
action, and the regions outside the oligomeriza-
tion domain affect the association of different
subunits (Mizukami et al. 1996). These varia-
tions in the oligomerization domain increase the
versatility of the transcription machinery, and
they may also affect the regulation of gene
transcription in plants.

8.3 Identification of Transcription
Factor Families

The S. miltiorrhiza genome contained several
large transcription factor families, such as MYB,
WRKY, bZIP, basic helix-loop-helix (bHLH)
and APETALA2 (AP2)/ethylene response ele-
ment binding protein (EREBP) (Li and Lu 2014;
Li et al. 2015; Zhang et al. 2018; Ji et al. 2016;
Zhang et al. 2015a). Members of these families
have been chosen for expression profiling in
recent years.
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8.3.1 The MYB Family

The MYB family is the largest transcription
factor family in plants. It is divided into three
subfamilies according to the number and position
of the MYB repeats, namely R2R3, R1R2R3 and
MYB-related. Recently, 111 S. miltiorrhiza
R2R3-MYB genes were cloned and characterized
systematically (Li and Lu 2014; Li et al. 2018).
The MYB genes in S. miltiorrhiza were more
conserved and diversified than those in Ara-
bidopsis (Li and Lu 2014). SmMYBs were usu-
ally involved in a variety of physiological
processes, and their expression was induced by
developmental or environmental stimuli (Li and
Lu 2014; Li et al. 2018).

8.3.2 The WRKY Family

WRKY is a large transcription factor family
specific to the green lineage, including green
algae and land plants. The firstWRKY gene SPF1
was cloned from Ipomoea batatas about
twenty-five years ago (Ishiguro and Nakamura
1994). Since then, extensive progresses have
been made in the identification and functional
characterization of the WRKY genes. The defin-
ing feature for WRKY transcription factors is
their DNA-binding domain, known as the
WRKY domain. A total of 69 SmWRKYs were
identified from the transcriptome of S. miltior-
rhiza. Phylogenetic analysis indicated that
some SmWRKYs had close phylogenetic rela-
tionships with WRKYs from other plants known
to be regulators of terpene metabolism (Li et al.
2015; Yu et al. 2018).

8.3.3 The AP2/ERF Family

The AP2/ERF family, one of the largest tran-
scription factor families in the plant kingdom,
consists of five subfamilies, namely AP2 (APE-
TALA2), ERF (ethylene-responsive factor),
DREB (dehydration-responsive element binding
proteins), RAV (related to ABI3/VP1) and
Soloist (Sakuma et al. 2002; Yamasaki et al.

2013; Licausi et al. 2013). They are mainly
involved in the regulation of metabolism and
developmental processes. Members of the
APETALA2/ethylene response factors
(AP2/ERF) subfamilies are characterized by the
presence of the AP2 DNA-binding domain. In
total, 170 AP2/ERF genes were identified from
the S. miltiorrhiza genome and divided into five
relatively conserved subfamilies. The phylogeny,
gene structure, conserved structure and expres-
sion profile of AP2/ERF family members in S.
miltiorrhiza have been comprehensively sur-
veyed (Ji et al. 2016).

8.3.4 The bHLH Family

The basic helix-loop-helix (bHLH) transcription
factor family is also one of the largest tran-
scription factor families in plants. According to
genomic analyses, more than 630 bHLH tran-
scription factors have been found in several
important food crops. In total, 167, 177, 190 and
at least 191 bHLH transcription factor genes have
been predicted in A. thaliana (Carretero-Paulet
et al. 2010), Oryza sativa (Carretero-Paulet et al.
2010), Nicotiana tabacum (Rushton et al. 2008)
and Vitis vinifera (Jaillon et al. 2007), respec-
tively. The availability of the S. miltiorrhiza
genome has facilitated the studies of bHLH
transcription factors. In the genome of S. milti-
orrhiza, 127 bHLH transcription factor genes
were identified. Phylogenetic analysis indicated
that these SmbHLHs could be classified into 25
subfamilies (Zhang et al. 2015a).

8.3.5 The bZIP Family

The bZIP family is one of the largest and most
conserved transcription factor families in
eukaryotic species. The bZIP transcription fac-
tors have a highly conserved bZIP domain con-
sisting of a basic DNA-binding region and a
leucine zipper region that confers dimerization
specificity (Hurst 1995). The basic region pref-
erentially binds to the DNA sequences with an
ACGT core, particularly G-box (CACGTG),
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C-box (GACGTC) and A-box sequences
(TACGTA) (Izawa et al. 1993; Foster et al. 1994;
Sibéril et al. 2001). bZIP transcription factors
have been extensively studied in plants. A total
of 70 SmbZIP transcription factor genes were
identified in S. miltiorrhiza. The expression
profiles of these SmbZIP genes identified from
the transcriptome showed that seven SmbZIP
genes were highly expressed in the root and
periderm, where tanshinone biosynthesis and
accumulation take place (Zhang et al. 2018).

8.4 Regulation of Plant Processes
by Transcription Factors

8.4.1 Transcription Factors
in Cell Growth
and Differentiation
Regulation

Many transcription factors are known to play key
roles in various regulatory networks that govern
the growth and differentiation of plant cells. In
Arabidopsis, AtMYB23 is functionally equivalent
to GL1 during trichome initiation but plays a
different role during trichome branching
(Tominaga-Wada et al. 2012). It was found that a
protein complex consisted of bHLH GLABRA3
(GL3), ENHANCER OF GLABRA3 (EGL3)
and several MYB members associated with a
WD40-repeat protein (TRANSPARENT TESTA
GLABRA1 [TTG1]) controlled the identity of
epidermal cells (Bernhardt et al. 2003). This
complex was also found to be involved in the
differentiation of root hairs, stomata and tri-
chomes by controlling the transcription of a
downstream regulator (Bernhardt et al. 2003).

In S. miltiorrhiza, the ternary transcription
complex SmTTG1-SmMYB111-SmbHLH51
was found to be involved in the regulation of
root hair and trichome formation (Li et al. 2018).
Through functional characterization, it was found
that SmMYB62, SmMYB78, SmMYB80 and
SmMYB99 may be involved in the regulation of
flower growth and development in S. miltiorrhiza
(Li and Lu 2014). Besides, the SPL transcription
factors in S. miltiorrhiza affect the transition from

vegetative growth to reproductive growth in S.
miltiorrhiza (Zhang et al. 2014). The expression
of SPLs increased gradually with the maturation
of S. miltiorrhiza plants (Zhang et al. 2014).
The SPL transcription factors can further activate
a series of downstream transcription factors
related to flowering, thereby promoting flower
development (Zhang et al. 2014).

8.4.2 Transcription Factors
in Response to Biotic
and Abiotic Stresses

The stresses that plant faced during growth,
including biotic and abiotic stresses, often seri-
ously affect growth and development. Tran-
scription factors play a key role in plant stress
signal transduction. In the presence of biotic and
abiotic stresses, transcription factors are con-
stantly synthesized to transmit and amplify the
signal to regulate the transcription of downstream
genes to improve stress resistance.

In A. thaliana, the expression of AtMYB30
was found to be closely associated with cell
death in the allergic reaction induced by patho-
gen attack or elicitor treatment (Froidure et al.
2010). Overexpression of GhWRKY27a reduces
tolerance to drought and resistance to Rhizocto-
nia solani infection in transgenic tobacco (Yan
et al. 2015). Overexpression of OsWRKY11
under the control of HSP101 promoter led to
enhanced drought tolerance, as evidenced by the
slower leaf-wilting and increased survival rate of
the green parts (Lee et al. 2018).

Studies have shown that many transcription
factors are involved in stress response of S. mil-
tiorrhiza. Upon treatment with yeast extract and
Ag+, the transcription of 412 transcription factor
genes was found to be modulated in the hairy
roots of S. miltiorrhiza (Gao et al. 2014). The
majority of SmWRKY genes were MeJA-, yeast
extract- and Ag+-responsive (Li et al. 2015).
SmbZIP7 and SmbZIP20 were responsive to Ag+

treatment (Zhang et al. 2018). Overexpression of
SmNAC1 enhanced the tolerance to high zinc in
plants, and zinc was enriched in the shoot tissues
(Zhu et al. 2019). SmERF1L1 is responsive to
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methyl jasmonate (MeJA), yeast extraction (YE),
salicylic acid (SA) and ethylene treatments
(Huang et al. 2019). These results demonstrate
that transcription factors are involved in the
stress response in S. miltiorrhiza. Since many
medicinal active components are specialized
metabolites that play an important role in plant
defense responses, one possible mechanism
underlying the involvement of transcription fac-
tors in the stress response of S. miltiorrhiza may
be that transcription factors regulate the biosyn-
thesis of these components.

8.5 Transcription Factors
in Regulation of Secondary
Metabolism

S. miltiorrhiza Bunge is a widely used Chinese
medicinal plant. The main bioactive compounds
in S. miltiorrhiza are phenolic acids (Ma et al.
2013) and terpenoid tanshinones (Ma et al.
2015). Phenolic acids extracted from S. miltior-
rhiza have drawn considerable attention in recent
years due to their remarkable pharmacological
activities. Phenolic acids derived from the ros-
marinic acid pathway, such as rosmarinic acid
and salvianolic acid B, are important bioactive
components in S. miltiorrhiza (Zhao et al. 2008).
The biosynthetic pathway of phenolic acids is
believed to include both phenylpropanoid and
tyrosine-derived pathways (Di et al. 2013; Ma
et al. 2013; Wang et al. 2015). The former is a
general pathway for the synthesis of phenolic
acids, flavonoids (e.g., anthocyanins and fla-
vones) and lignins.

Terpenoid tanshinones contain mainly cryp-
totanshinone (CT), tanshinone I (T1), tanshinone
IIA (TIIA) and dihydrotanshinone (HT) (Zhou
et al. 2017). As a kind of diterpenes, tanshinone
is derived from isopentenyl diphosphate (IPP),
and its isomer dimethylallyl diphosphate
(DMAPP) is synthesized through two different
pathways in separate compartments, namely the
MEP pathway (the methylerythritol phosphate
pathway in the plastids) and the MVA pathway
(the mevalonate pathway in the cytosol) (Xu
et al. 2010; Kai et al. 2011). In recent years,

many genes encoding key enzymes in tanshinone
biosynthesis, such as SmGGPPS (geranylgeranyl
diphosphate synthase), SmDXR (1-deoxy-
D-xylulose 5-phosphate eductoisomerase),
SmCPS1 (copalyl diphosphate synthase),
SmKSL1 (kaurene synthase-like) and SmCY-
P76AH1 have been cloned from S. miltiorrhiza
and characterized (Kai et al. 2011; Wu et al.
2009; Gao et al. 2009; Guo et al. 2013; 2016).
Overexpression or RNA interference of one or
two of these genes could significantly modulate
the production of metabolites.

Transcription factors are sequence-specific
DNA-binding proteins that interact with the
promoter regions of target genes and regulate the
transcription of genetic information from DNA to
mRNA. A single transcription factor could reg-
ulate the transcription of several genes at the
same time. Therefore, it is an effective strategy to
use transcription factors to improve the produc-
tion of secondary metabolites as transcription
factors are often capable of coordinately regu-
lating multiple biosynthetic pathways (Zhang
et al. 2015b). Generally, overexpression of tran-
scription factors is used for engineering to
increase the level of metabolites. It has been
reported that members of the MYBs, AP2/ERF,
bHLH, WRKY and Basic Leucine Zipper (bZIP)
families have global regulatory functions in
specialized metabolism in S. miltiorrhiza (Li and
Lu 2014; Li et al. 2015; Zhang et al. 2018; Ji
et al. 2016; Zhang et al. 2015a).

8.5.1 Regulation of MYB
in Secondary Metabolism

As members of one of the largest transcription
factor families, the R2R3-MYB family, which is
characterized by the presence of a highly con-
served MYB domain at N-terminus and an acti-
vation or repression domain at the C-terminus,
plays important roles in various physiological
and biochemical processes in plants (Dubos et al.
2010). Various R2R3-MYBs have been found to
be involved in the regulation of terpenoid and
phenylpropanoid metabolism. For instance,
strawberry FaMYB2 has been shown to suppress
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anthocyanin and flavonol accumulation in trans-
genic tobacco plants (Aharoni et al. 2001).
AtMYB62 included in S20 was involved in
gibberellin metabolism and signaling and affec-
ted root architecture, Pi uptake and acid phos-
phatase activity (Devaiah et al. 2009). Grapevine
VvMYB5b belonging to S5 was involved in
flavonoid and terpenoid metabolism. Overex-
pression of VvMYB5b resulted in the downregu-
lation of phenylpropanoid metabolism and
upregulation of carotenoid metabolism (Mahjoub
et al. 2009). Loblolly pine PtMYB14 belonging
to S4 was a putative regulator of the
isoprenoid-oriented response, which leads to the
accumulation of sesquiterpene in conifers (Bedon
et al. 2010).

In S. miltiorrhiza, 111 R2R3-MYBs were
identified. While some R2R3-MYBs belonging
to subgroups S3, S4, S5, S6, S7, S13 and S21
were predicted to be involved in the biosynthesis
of salvianolic acids (SAs), some in subgroups S4,
S5 and S20 were assumed to be potential regu-
lators of terpenoid biosynthesis (Li and Lu
2014). In S. miltiorrhiza, only a few endogenous
MYBs have been functionally verified to be
involved in the regulation of phenolic acids
biosynthesis. Previous research reported that
Arabidopsis transcription factor production of
anthocyanin pigment 1 (AtPAP1) exhibited
strong capability to promote the production of
phenolic acids in S. miltiorrhiza (Zhang et al.
2010). The repressor role of SmMYB39 in the
rosmarinic acid pathway has been characterized
through overexpression and RNAi-mediated
silencing. Overexpression/RNAi-mediated
silencing of SmMYB39 in S. miltiorrhiza plant-
lets dramatically affected the accumulation of
4-coumaric acid, rosmarinic acid, salvianolic
acid B and salvianolic acid A by regulating the
transcription of genes encoding 4-hydroxylase
(C4H) and tyrosine aminotransferase (TAT) and
the enzyme activities of C4H and TAT (Zhang
et al. 2013).

Overexpression of ZmC1 increased the yield
of total tanshinones by 2.4-fold through upreg-
ulating several genes, such as SmMDC and
SmPMK in S. miltiorrhiza hairy roots (Zhao et al.
2015). Overexpression of SmMYB36 promoted

tanshinone accumulation by increasing the
activity of MYB binding elements in DXR, MCT
and GGPPS1 promoters (Ding et al. 2017).
Overexpression of another MYB transcription
factor gene, SmMYB9b, in S. miltiorrhiza hairy
roots enhanced tanshinone concentration by
1.2-fold through stimulating the transcription of
terpenoid biosynthetic genes SmDXS2, SmDXR,
SmGGPPS and SmKSL1 (Zhang et al. 2017).

8.5.2 Regulatory Function of bHLH
in Phenolic Acid
and Tanshinone
Biosynthesis

The bHLH transcription factors also play an
important role in the regulation of metabolism.
An A. thaliana bHLH, AtMYC2, could directly
bind to the promoters of sesquiterpene synthase
genes, namely TPS21 and TPS11, to activate
their transcription, thus increasing the production
of sesquiterpene (Hong et al. 2012). Another
bHLH transcription factor in A. thaliana,
phytochrome-interacting factor 5 (PIF5), func-
tioned as a positive regulator of the MEP path-
way and enhanced isopentyl diphosphate
(IPP) metabolism (Mannen et al. 2014). In
Artemisia annua, overexpression of AaMYC2
significantly increased the transcription of
CYP71AV1 and DBR2, resulting in the increase
of artemisinin content (Shen et al. 2016).

The bHLH transcription factors play an
important role in the regulation of phenolic acid
biosynthesis. Overexpression of SmbHLH148
activated the expression of genes involved in the
biosynthesis of phenolic acids and thus signifi-
cantly increased the accumulation of caffeic acid,
rosmarinic acid and salvianolic acid B (Xing
et al. 2018a).

SmbHLH10 could positively regulate tanshi-
none biosynthesis in S. miltiorrhiza hairy roots.
In SmbHLH10 overexpression roots, the contents
of four major tanshinones were increased (Xing
et al. 2018b). SmbHLH10 could directly bind to
the G-box in the promoter of several genes, thus
activating their transcription and upregulating
tanshinone biosynthesis (Xing et al. 2018b). In
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addition, a total of seven bHLH genes were
found to be potentially involved in the regulation
of tanshinone biosynthesis (Zhang et al. 2015a,
b).

MYC is a subgroup of the bHLH family that
has been reported to positively regulate the yield
of tanshinones in S. miltiorrhiza. SmMYC2a and
SmMYC2b, two orthologs of MYC2, were found
to interact with SmJAZs and positively regulate
the biosynthesis of tanshinones and salvianolic
acid B in S. miltiorrhiza hairy roots through
modulating the transcription of multiple genes in
the tanshinone biosynthetic pathway (Zhou et al.
2016). Overexpression of SmMYC2 increases the
production of phenolic acids in S. miltiorrhiza
(Yang et al. 2017). SmbHLH37 negatively reg-
ulates JA signaling and functions antagonistically
with SmMYC2 in regulating salvianolic acid B
biosynthesis in S. miltiorrhiza (Du et al. 2018).

8.5.3 Regulation of AP2/ERF
in Bioactive Component
Biosynthesis

The AP2/ERF family is one of the most impor-
tant transcription factor families involved in the
regulation of metabolism (Licausi et al. 2013). In
Catharanthus roseus, octadecanoid-responsive
Catharanthus AP2/ERF-domain 3 (ORCA3)
and ORCA4 played key roles in TIA biosyn-
thesis (Van der Fits and Memelink 2000, 2001;
Paul et al. 2017). In tobacco, ERF189, ERF221,
ORC1 and NtERF32 are related to nicotine
biosynthesis (Shoji et al. 2010; De Boer et al.
2011; Sears et al. 2014). The introduction of
AaERF1, AaERF2 and AaORA has been shown
to promote the transcription of AaADS and
AaCYP71AV1, respectively, resulting in
enhanced accumulation of artemisinin and arte-
misinic acid in Artemisia annua (Yu et al. 2012;
Lu et al. 2013; Tan et al. 2015).

SmERF115 is a positive regulator of phenolic
acid biosynthesis. Transcription of the key
biosynthetic gene SmRAS1 was upregulated in
SmERF115 overexpression lines and downregu-
lated in SmERF115-RNAi lines (Sun et al. 2019).
SmERF115 could directly bind to the promoter

of SmRAS1 and activate the transcription of
SmRAS1 in vivo. Accordingly, the production of
phenolic acid was increased and reduced in hairy
roots with SmERF115 overexpressed and
silencing, respectively (Sun et al. 2019).

SmERF128 activated the transcription of
SmCPS1, SmKSL1 and SmCYP76AH1 by
binding to the GCC box and to the
CRTDREHVCBF2 (CBF2) and RAV1AAT
(RAA) motifs within their promoters to regulate
tanshinone biosynthesis. Overexpression of
SmERF128 increased the transcription levels of
SmCPS1, SmKSL1 and SmCYP76AH1, and their
transcription was decreased when SmERF128
was silenced. Accordingly, the content of tan-
shinone was reduced in SmERF128 RNA inter-
ference (RNAi) hairy roots and dramatically
increased in SmERF128 overexpression hairy
roots. SmERF1L1, encoding AP2/ERF tran-
scription factor in S. miltiorrhiza, is a jasmonic
acid (JA)-responsive gene. Overexpression of
SmERF1L1 significantly increased the content of
tanshinones by upregulating the transcription of
genes involved in tanshinone biosynthesis,
especially SmDXR. Meanwhile, the level of
phenolic acids was decreased in SmERF1L1
overexpressed S. miltiorrhiza (Huang et al.
2019).

8.5.4 Regulatory Function of WRKY
in Tanshinones
Biosynthesis

Increasing evidence has demonstrated the
importance of WRKY genes in regulating the
biosynthesis of specialized metabolites (Sutti-
panta et al. 2011). For example, in Gossypium
arboreum, GaWRKY1 participates in sesquiter-
pene biosynthesis by modulating (+)-d-cadinene
synthase (CAD1) activity (Xu et al. 2004).
Recently, WRKYs have been isolated from some
medicinal plants, including C. roseus (Suttipanta
et al. 2011), Artemisia annua (Chen et al. 2017)
and Withania somnifera (Singh et al. 2017).
Overexpression of CrWRKY1 increased the
content of serpentine in hairy roots through
binding to the W-box elements in the promoters
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of tryptophan decarboxylase (TDC) and TDC
genes, which were involved in the indole
alkaloid (TIA) biosynthetic pathway (Suttipanta
et al. 2011). The WRKY transcription factor
GLANDULAR TRICHOME-SPECIFIC WRKY
1 (AaGSW1) positively regulates the transcrip-
tion of AaCYP71AV1 and AaORA by directly
binding to the W-box motifs in their promoters
(Chen et al. 2017). Overexpression of AaGSW1 in
A. annua significantly improved artemisinin and
dihydroartemisinic acid contents (Chen et al.
2017). A WRKY transcription factor from W.
somnifera binds to the W-box motif in the pro-
moters of squalene synthase and squalene
epoxidase, regulating the accumulation of triter-
penoids, including phytosterols and withanolides,
in W. somnifera (Singh et al. 2017).

SmWRKY1 participates in the regulation of
tanshinone biosynthesis. Overexpression of
SmWRKY1 significantly elevated the transcrip-
tion of genes encoding enzymes in the MEP
pathway, especially SmDXR, resulting in
increased tanshinone production (Cao et al.
2018). SmWRKY1 activated the transcription of
SmDXR by directly binding to its promoter (Cao
et al. 2018). SmWRKY2 was a positive regulator
of tanshinone biosynthesis by binding to the
W-box in SmCPS promoter. Overexpression of
SmWRKY2 in S. miltiorrhiza hairy roots signifi-
cantly increased the transcription of SmCPS,
resulting in increased accumulation of tanshi-
nones (Deng et al. 2019). Besides, tanshinone
production was slightly reduced in the antisense-
SmWRKY2 line (Deng et al. 2019). Our group
identified 61 SmWRKYs from S. miltiorrhiza
genome and characterized them in detail. We
found that SmWRKY3 and SmWRKY9 were
involved in the regulation of tanshinone biosyn-
thesis (Li et al. 2015).

8.5.5 Complexes of Transcription
Factors

The phenylpropanoid pathway in higher plants is
under the control of specific R2R3-MYB and

bHLH transcription factors (Dubos et al. 2010).
PtrMYB57-bHLH131-PtrTTG1 negatively regu-
lates the biosynthesis of anthocyanins and
proanthocyanidins in Populus trichocarpa (Wan
et al. 2017). SmTTG1 was found to be necessary
for salvianolic acid B biosynthesis (Li et al.
2018). Using SmTTG1 as bait, SmMYB111 was
identified from the S. miltiorrhiza cDNA library
by yeast two-hybrid (Y2H) assays. Transgenic
plants overexpressing and silencing SmMYB111
significantly induced and reduced the accumu-
lation of salvianolic acid B, respectively (Li et al.
2018). In addition, SmMYB111 interacts with
SmTTG1 and SmbHLH51. SmMYB111 was
found to positively regulate the synthesis of
phenolic acids, salvianolic acid B and rosmarinic
acid (RA) in S. miltiorrhiza by forming the
SmTTG1-SmMYB111-SmbHLH51 ternary
transcription complex (Li et al. 2018).

Recently, transcriptome analysis has been
used to identify candidate genes in the special-
ized metabolic pathways and explore the poten-
tial factors associated with important traits in S.
miltiorrhiza (Yang et al. 2013; Song et al. 2017;
Wei et al. 2017; Pei et al. 2018). Manipulating a
single transcription factor can reprogram the
transcriptome profile and is an effective way to
modulate the production of some specialized
metabolites. Since ectopic expression of AtPAP1
in S. miltiorrhiza greatly improved the level of
salvianolic acid B, the expression level of many
genes associated with the salvianolic acid B
biosynthetic pathway must be changed (Zhang
et al. 2010). By comparing the transcriptome of
transgenic S. miltiorrhiza plants overexpressing
AtPAP1 and that of the wild-type (WT) plants,
some novel genes associated with salvianolic
acid B biosynthesis and specific target genes of
AtPAP1 were identified (Wu et al. 2018).
SmbHLH51, encoded by a novel bHLH gene,
was identified as a positive transcriptional regu-
lator of the phenolic pathway by overexpressing
and silencing SmbHLH51 in S. miltiorrhiza (Wu
et al. 2018). AtPAP1 stimulates phenolic acid
biosynthesis in S. miltiorrhiza by activating the
transcription of SmbHLH51 and probably
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forming a transcription complex with
SmbHLH51 (Wu et al. 2018).

8.6 Conclusion

Transcription factors play multifaceted and piv-
otal roles in the regulation of biological processes
in all living organisms. With the decoding of S.
miltiorrhiza genome and the increasing avail-
ability of transcriptome data, progress in the
research of transcription factors of S. miltiorrhiza
is being made rapidly. To date, several MYB,
WRKY, AP2/ERF, bZIP and bHLH transcription
factors have been identified as regulators in the
biosynthesis of different groups of secondary
metabolites in S. miltiorrhiza. These transcription
factors positively or negatively regulate the
expression of multiple genes encoding key
enzymes and thereby control biosynthetic
pathways.

Transcription factors are tools that can be used
to improve the yield and diversity of metabolites.
As the metabolic flow is regulated at multiple
steps and by multiple transcription factors,
overexpression of a single transcription factor is
often insufficient. In order to understand the
regulation of metabolic network, it is still
important to find more transcription factors,
determine their functionality and their interaction
with other transcription factors.

Regulation of transcription factors at the
protein level is the critical key to effectively and
accurately control of their activity. Protein–pro-
tein interaction has resulted in the identification
of different classes of transcription factor inter-
acting proteins. Posttranslational modifications of
transcription factors can affect their transcrip-
tional activity. Despite increasing knowledge of
protein–protein interaction and posttranslational
modifications of proteins, we still know very
little about them for transcription factors. More
knowledge about protein–protein interactions
and posttranslational modifications will be cru-
cial to understand how transcription factors
control the expression of their target genes.
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9Bioinformatic Tools for Salvia
miltiorrhiza Functional Genomics

Liqiang Wang and Chang Liu

Abstract
For Salvia miltiorrhiza, bioinformatic tools
have been used to analyze its DNA sequences,
protein sequences as well as next-generation
DNA sequencing (NGS) data studying the
transcriptome, circular RNAs, etc. Here, we
first described the basic file formats used in
studying S. miltiorrhiza. FASTA is the stan-
dard format describing nucleotide and amino
acid sequences. FASTQ format adds the
quality scores to the FASTA file. GFF/GTF
is used to describe the genome and gene
structures, such as genes, CDS, proteins,
exons, and introns. SAM format is widely
used to describe the mapping of NGS reads to
the reference sequences. For various analysis
tasks, many commercial software tools have
been developed. However, for users who
prefer to use free software tools or develop
computational pipelines, the basic function of
EMBOSS software is introduced. Mapping of
reads to reference sequences is the most

widely used method for analyzing NGS data,
and we introduced several frequently used
tools. Bowtie2 is one of the most widely used
tools for read mapping. SAMtools can be used
to analyze the mapping data. As an example,
several software packages identifying cir-
cRNAs are described. This chapter thus
provides an introduction to the most funda-
mental bioinformatic tools.

9.1 Introduction

Functional genomics is an area of molecular
biology that scientists use to understand the
relationship between an organism’s genome
(DNA sequence) and its phenotype. It captures
information on changes in the way that genes are
expressed at the level of RNA and protein, and
how that might reflect functions of genes or
differences in how an organism appears, func-
tions, and adapts to its environment. It is used to
understand how small variations in DNA
sequence might result in a change in phenotype
that affects survival or fitness. In this chapter, we
focus on the bioinformatic tools for S. miltior-
rhiza functional genomics research. Below, we
will discuss the various file formats as well as
some software tools associated with the studies
on functional genomics. Functional genomics is
a large research area, and various bioinformatic
tools have been developed to face novel
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experimental results. Due to the space limitation,
it is impossible to describe all bioinformatic tools
used for the functional genomic studies of Salvia
miltiorrhiza. The tools described here serve as
good examples. Users of other tools are advised
to refer to recent review articles for particular
types of analyses.

9.2 DNA Sequence Format

9.2.1 IUPAC

The International Union of Pure and Applied
Chemistry (IUPAC) is an international federation
of National Adhering Organizations that repre-
sents chemists in individual countries. IUPAC’s
Inter-divisional Committee on Nomenclature and

Symbols (IUPAC nomenclature) is the recog-
nized world authority in developing standards for
the naming of the chemical elements and com-
pounds. IUPAC is best known for its works
standardizing nomenclature in chemistry and
other fields of science, but IUPAC has publica-
tions in many fields including chemistry, biol-
ogy, and physics. IUPAC also has a system for
giving single-letter codes to identify amino acids
and nucleotide bases. “A”, “G”, “C”, and “T”
have been used to describe the four bases rep-
resenting purines (adenine and guanine) and
pyrimidines (cytosine and thymine or uracil).
Some degenerate codes have been used to
describe various combinations of purines or
pyrimidines (Table 9.1). Similarly, degenerate
codes have been used to describe various com-
binations of amino acids (Table 9.2). Using these

Table 9.1 Degenerate
codes for nucleotides

Nucleic acid code Meaning Mnemonic

R A or G Purine

Y C, T or U Pyrimidines

K G, T or U Bases which are ketones

M A or C Bases with amino groups

S C or G Strong interaction

W A, T or U Weak interaction

B Not A (i.e. C, G, T or U) B comes after A

D Not C (i.e. A, G, T or U) D comes after C

H Not G (i.e. A, C, T or U) H comes after G

V Neither T nor U (i.e. A, C or G) V comes after U

N A, C, G, T or U Nucleic acid

X Masked

– Gap of indeterminate length

Table 9.2 Degenerate
codes for amino acids

Amino acid code Meaning

B Aspartic acid or asparagine

J Leucine or isoleucine

Z Glutamic acid or glutamine

X Any

* Translation stop

– Gap of indeterminate length
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degenerate codes allows the representation of
ambiguous bases or amino acids (https://en.
wikipedia.org/wiki/International_Union_of_Pure_
and_Applied_Chemistry).

9.2.2 FASTA Format

The FASTA format (https://www.ebi.ac.uk/Tools/
sss/fasta) is a text-based format for representing
either nucleotide sequences or amino acid (pro-
tein) sequences, in which nucleotides or amino
acids are represented using single-letter IUPAC
codes. The format also allows for sequence names
and comments to precede the sequences.

The first line in a FASTA file started either with
a “>” (greater-than) symbol or, less frequently, a
“;” (semicolon) was taken as a comment. Subse-
quent lines starting with a semicolon would be
ignored by software. For these days, the first line
often starts with a unique library accession number
and followed with a summary description. Fol-
lowing the initial line (used for a unique descrip-
tion of the sequence) is the actual sequence itself
in standard one-letter character string. Anything
other than a valid character would be ignored
(including spaces, tabulators, asterisks). Origi-
nally, it was also common to end the sequence
with an “*” (asterisk) character (in analogy with
use in PIR formatted sequences) and, for the same
reason, to leave a blank line between the
description and the sequence. Two sequences are
provided below as examples for FASTA sequen-
ces. The first one is for a DNA sequence, and the
second one is for a protein sequence:

>GU180369.1_Alpinia_oxyphylla_voucher_
PS0533MT02_ITS2
GCATCGTCGCCTTTGCTCCTTGCTCTGTT
GGTGCCAAGCGCGGAAATTGGCCCCGTGT
GCCCTCGGGCACAGTCGGCTGAAGAGTG
GGTAATCTCGGCAGTCGTCGGGCGCGAT
GGGTGTTGGTCGCCCTGTGCGTGAACTG
AGCGTCGTCCCCGTCGTGCTGGGATGAG
TCCCAAAGAGACCCTGTGTGATTGCGGC
GTCGCATGAAAGTGCCGTGTCCATCAGA
TTGTGGCCCCAAG*
>matK_[1769:3316](-)

MEELQGYLEEYRSRQQQFLYPLLFQEYIYV
FAYDHGLNSSIFYEPQNSLGYDNKFSSVLV
KRLIIRMYQKNYWIYSVNDIYQNIFVGHNN
YFYFHFFSQIISEGFAVIVEIPFSLQLISSLEE
KEIPKSHNLQSSHSIFPFLEDKLLHLNYLSD
ILIPYPAHMEILVQMLQSWIQDVLSLHLLQ
FLLHEYYNWNSLIIPNKSIYVFSKDNKRLFC
FLYNLYIYEYEFLLVFPCKQSSFLRLISSGVL
LERIHFYVKIERLGVCRIFCQKTLWIFKDPF
IHYIRYQGKSILGSRGTHFLMKKWKYHLV
HFWQYHFHFWSQPYRIDIKKLSNYSFYFLG
YFSSVQMNSSIVRNQMLENSFLVDTLTKKF
DTRIPIIPLIRSLSKAQFCTVYGYPISKPILTD
LADCDIINRFGRICRKLSHYHSGSSKKQSLY
RMKYILRLSCARTLARKHKSSARSFLQRLS
SGLLEEFFTEEEQVISLIFPKITSFYLYGSYR
ERIWYFDIIRINDLVNSLLVTT*

9.2.3 FASTQ Format

FASTQ format (https://en.wikipedia.org/wiki/
FASTQ_format) is a text-based format for stor-
ing both a biological sequence (usually nucleo-
tide sequence) and its corresponding quality
scores. Both the sequence letter and the quality
score are each encoded with a single ASCII
character for brevity. It was originally developed
at the Wellcome Trust Sanger Institute to bundle
a FASTA formatted sequence and its quality
data, but has recently become the de facto stan-
dard for storing the output of high-throughput
sequencing instruments such as the various
models of next generation and third-generation
DNA sequencers.

A FASTQ file normally uses four lines per
sequence. Line 1 begins with a “@” character
and is followed by a sequence identifier and an
optional description (like a FASTA title line).
Line 2 is the raw sequence letters. Line 3 begins
with a “+” character and is optionally followed
by the same sequence identifier (and any
description) again. Line 4 encodes the quality
values for the sequence in Line 2 and must
contain the same number of symbols as letters in
the sequence. A FASTQ file containing a single
sequence might look like this:
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@E00514:44:HC2LJALXX:6:1101:5172:2329
1:N:0:GGCTACAT
CGCTCTACGAGAACGACGTCGACGAGAA
GGTGCGGCTCGCCGGCCCG
+
<<F-AJJJFAF7FJJJ<JJJ–7AJJ<<-F7AJF–A-AF<
AJF–A

The byte representing quality runs from
0 � 21 (lowest quality; “!” in ASCII) to 0 � 7e
(highest quality; “*” in ASCII). Here are the
quality value characters in left-to-right increasing
order of quality (ASCII): !`̀ #$%&'()* + ,-./
0123456789:; <=>?@ ABCDEFGHIJKLMNOP
QRSTUVWXYZ[\]^_`abcdefghijklmnopqrstuvw
xyz{|}*. Using these codes rather than the
actual quality score allows the alignment of the
nucleotides and the quality scores.

9.2.4 SAM Format

Sequence Alignment Map (SAM) is a text-based
format originally for storing biological sequences

aligned to a reference sequence developed by Li
et al. (2009). It is a tab-delimited text format
consisting of a header section, which is optional,
and an alignment section. If present, the header
must be prior to the alignments. In the SAM
format, each alignment line typically represents
the linear alignment of a segment. Each line
consists of 11 or more tab-separated fields.
Header lines start with “@”, while alignment
lines do not. The first eleven fields are always
present and in the order shown below; if the
information represented by any of these fields is
unavailable, that field’s value will be a place-
holder, either “0” or “*” as determined by
the field’s type. A standard SAM files contain
data arranged in eleven different fields
(Table 9.3). The names and their meaning for
each field are provided. It should be pointed out
that the Binary Alignment Map (BAM) format is
the same as the SAM format in contents, but
otherwise the files are smaller than that of the
SAM format.

All mapped segments in alignment lines are
represented on the forward genomic strand. For

Table 9.3 Mandatory fields in the SAM format

Col Field Type Regexp/range Brief description

1 QNAME String [!-?A-*]{1,254} QNAME: Query template NAME. Reads/segments having identical
QNAME are regarded to come from the same template. A QNAME
“*” indicates the information is unavailable. In a SAM file, a read
may occupy multiple alignment lines, when its alignment is chimeric
or when multiple mappings are given

2 FLAG Int [0, 216 − 1] Combination of bitwise FLAGs

3 RNAME String \*|[:rname:^*=]
[:rname:]*

Reference sequence NAME of the alignment. If @SQ header lines
are present, RNAME (if not “*”) must be present in one of the
SQ-SN tags. An unmapped segment without coordinate has a “*” at
this field. However, an unmapped segment may also have an
ordinary coordinate such that it can be placed at a desired position
after sorting. If RNAME is “*”, no assumptions can be made about
POS and CIGAR.

4 POS Int [0, 231−1] 1-based leftmost mapping POSition of the first matching base. The
first base in a reference sequence has coordinate 1. POS is set as 0 for
an unmapped read without coordinate. If POS is 0, no assumptions
can be made about RNAME and CIGAR

5 MAPQ Int [0, 28 − 1] MAPping Quality. It equals −10 log10 Pr{mapping position is
wrong}, rounded to the nearest integer. A value 255 indicates that the
mapping quality is not available

(continued)
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segments that have been mapped to the reverse
strand, the recorded SEQ is reverse comple-
mented from the original unmapped sequence
and CIGAR, QUAL, and strand-sensitive
optional fields are reversed and thus recorded
consistently with the sequence bases as repre-
sented. The FASTQ and SAM files are the main

data format describing the NGS data. Tile con-
tents are usually handled by various software
tools, and human readability is less of a concern.
However, an in-depth understanding of these
formats allows the identification of novel mole-
cules such as circular RNAs. Below is an
exemplar text in a SAM file:

Table 9.3 (continued)

Col Field Type Regexp/range Brief description

6 CIGAR String \*|([0-9]
+[MIDNSHPX=])
+

Concise Idiosyncratic Gapped Alignment Report (CIGAR) string

7 RNEXT String \*|=|[:rname:^*=]
[:rname:]*

Reference sequence name of the primary alignment of the NEXT
read in the template. For the last read, the next read is the first read in
the template. If @SQ header lines are present, RNEXT (if not “*” or
“=”) must be present in one of the SQ-SN tags. This field is set as “*”
when the information is unavailable, and set as “=” if RNEXT is
identical to RNAME. If not “=” and the next read in the template has
one primary mapping (see also bit 0 � 100 in FLAG), this field is
identical to RNAME at the primary line of the next read. If RNEXT
is “*”, no assumptions can be made on PNEXT and bit 0x20

8 PNEXT Int [0, 231−1] Position of the primary alignment of the NEXT read in the template.
Set as 0 when the information is unavailable. This field equals POS
at the primary line of the next read. If PNEXT is 0, no assumptions
can be made on RNEXT and bit 0x20.

9 TLEN Int [− 231 + 1, 231−1] Signed observed template LENgth. If all segments are mapped to the
same reference, the unsigned observed template length equals the
number of bases from the leftmost mapped base to the rightmost
mapped base. The leftmost segment has a plus sign, and the
rightmost has a minus sign. The sign of segments in the middle is
undefined. It is set as 0 for single-segment template or when the
information is unavailable

10 SEQ String \*|[A-Za-z=.]+ Segment SEQuence. This field can be a “*” when the sequence is not
stored. If not a “*”, the length of the sequence must equal the sum of
lengths of M/I/S/=/X operations in CIGAR. An “=” denotes the base
is identical to the reference base. No assumptions can be made on the
letter cases

11 QUAL String [!-*]+ ASCII of base QUALity plus 33 (same as the quality string in the
Sanger FASTQ format). A base quality is the phred-scaled base error
probability which equals −10 log10 Pr{base is wrong}. This field
can be a “*” when quality is not stored. If not a “*”, SEQ must not be
a “*” and the length of the quality string ought to equal the length of
SEQ
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@HD VN:1.0 SO:coordinate 

@SQ SN:GL30704-R1 LN:4936 

@PG ID:bowtie2 PN:bowtie2 VN:2.3.4 CL:"./1.fasta.DB -S 1.fasta.sam -U sjjMD1.fq" 

E00514:44:HC2LJALXX:6:1108:18456:54770 0 GL30704-R1 131 42 47M * 0 0

 TCGTCTAATTGGCTCTTTGTAGTCTTGCTCTTGACCTTTCGTGACTA

 FFJFFFJJJJJJJFJJJJJJJJJJJJJJJFJJJJJJJJJJJJJJJJJ AS:i:0 XN:i:0 XM:i:0 XO:i:0 XG:i:0

 NM:i:0 MD:Z:47 YT:Z:UU 

E00514:44:HC2LJALXX:6:1113:12327:72526 16 GL30704-R1 132 42 47M * 0 0

 CGTCTAATTGGCTCTTTGTAGTCTTGCTCTTGACCTTTCGTGACTAA

 JJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJFF AS:i:0 XN:i:0 XM:i:0 XO:i:0 XG:i:0

 NM:i:0 MD:Z:47 YT:Z:UU 

E00514:44:HC2LJALXX:6:2212:17168:20084 16 GL30704-R1 132 42 47M * 0 0

 CGTCTAATTGGCTCTTTGTAGTCTTGCTCTTGACCTTTCGTGACTAA

 JJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJFF AS:i:0 XN:i:0 XM:i:0 XO:i:0 XG:i:0

 NM:i:0 MD:Z:47 YT:Z:UU

9.2.5 GFF/GTF

The General Feature Format (GFF) (https://github.
com/The-Sequence-Ontology/Specifications/blob/
master/gff3.md) is used to describe the genome or
gene structures, for example, the start and end
position of gene, and the boundary of exons and
introns. A GFF file consists of one line per feature,

each containing nine columns of data (Table 9.4),
plus optional track definition lines. The General
Transfer Format (GTF) is identical to GFF version
2 (http://mblab.wustl.edu/GTF22.html). Fields
must be tab-separated. Also, all but the final field
in each feature line must contain a value; “empty”
columns should be denoted with a “.”.

An exemplar GFF file might look like below:

Table 9.4 Mandatory fields in the GFF/GTF

Col Field Brief description

1 Sequence The name of the sequence where the feature is located

2 Source Name of the program that generated this feature or the data source (database or project name)

3 Feature Feature type name, e.g., gene, variation, similarity

4 Start Start position of the feature, with sequence numbering starting at 1

5 End End position of the feature, with sequence numbering starting at 1

6 Score A floating-point value

7 Strand Defined as + (forward) or - (reverse)

8 Frame One of “0”, “1”, or “2”. “0” indicates that the first base of the feature is the first base of a
codon, “1” that the second base is the first base of a codon, and so on

9 Attribute A semicolon-separated list of tag-value pairs, providing additional information about each
feature
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##gff-version 3 

GaLu96scf_1 . contig 1 4834011 . . . ID=GaLu96scf_1;Name=GaLu96scf_1 

GaLu96scf_10 . contig 1 1458007 . . . ID=GaLu96scf_10;Name=GaLu96scf_10 

GaLu96scf_1 maker gene 4761 5618 . + . ID=GL29303-G;Name=GL29303-G; 

GaLu96scf_1 maker mRNA 4761 5618 . + .

 ID=GL29303-R1;Name=GL29303-R1;Parent=GL29303-G; 

9.3 Bioinformatic Tools for Basic
Sequence Analysis

9.3.1 Comparison of Nucleotide
Sequences

9.3.1.1 Basic Local Alignment Search
Tool

The Basic Local Alignment Search Tool
(BLAST) finds regions of local similarity
between sequences (Altschul et al. 1990). The
program compares nucleotide or protein
sequences to sequence databases and calculates
the statistical significance of matches. BLAST
can be used to infer functional and evolutionary
relationships between sequences as well as help
to identify members of gene families. The soft-
ware of blastall can be downloaded from https://
blast.ncbi.nlm.nih.gov/Blast.cgi. To use BLAST
suite of software, users need to construct the
database first. “formatdb” command can be used
to achieve this goal. The minimal parameters
included the FASTA format as well as the
sequence type, that is, DNA or protein sequen-
ces. One example is provided below:

>formatdb -i Chloroplast_gene.fasta -p F

Once the BLAST database has been con-
structed, the query sequence can be used to
search against the database. An example is pro-
vided below:

>blastall –p blastn -i matk_gene.fasta -d
Chloroplast_gene.fasta -o 024038_8.o -p blastn -
e 1e-5 -m 8

There are many parameters that come with the
blastall command, and we listed the most impor-
tant one in Table 9.5.

9.3.1.2 Bowtie and Bowtie2
Bowtie is a software package commonly used for
sequence alignment and sequence analysis for
NGS data. The source code for the package is
distributed freely, and compiled binaries are
available for Linux, macOS, and Windows plat-
forms (Langmead et al. 2009). The aligner is
typically used with short reads and a large refer-
ence genome, or for whole-genome analysis.
Bowtie is promoted as “an ultrafast, memory-
efficient short aligner for short DNA sequences”.
In 2011, the developers released a beta fork of the
project called Bowtie2 (Langmead and Salzberg
2012). Bowtie2 is more suited to finding longer,
gapped alignments in comparison with the origi-
nal Bowtie method. There is no upper limit on
read length in Bowtie2, and it allows alignments
to overlap ambiguous characters in the reference.

A typical usage of the bowtie2 command is
described below:

>bowtie2 [options]* -x <bt2-idx> {-1 <m1> -2
<m2> | -U <r> | -b <bam>} -S [<sam>]

The main arguments of bowtie2 are listed
below:

-x <bt2-idx>: The basename of the index for
the reference genome. The basename is the name
of any of the index files up to but not including
the final .1.bt2 /.rev.1.bt2 /etc. bowtie2 looks for
the specified index first in the current directory
and then in the directory specified in the BOW-
TIE2_INDEXES environment variable.
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Table 9.5 Most important parameters used in blastall command

Parameters Brief description Value Function

-p Program name [String] blastn For comparison of DNA query
sequence against DNA databases

blastp For comparison of protein query
sequence against protein database

blastx For comparison of DNA query
sequence against protein database

-d Database – –

-i Query file – –

-e Expectation value (E), default = 10.0 – –

-m Alignment view Options: The values can take 0–
9 and provide different output formats

0 Pairwise

1 Query-anchored showing identities;

2 Query-anchored and no identities

3 Flat query-anchored, show identities

4 Flat query-anchored and no identities

5 Query-anchored, no identities, and
blunt ends

6 Flat query-anchored, no identities,
and blunt ends

7 XML BLAST output

8 Tabular

9 Tabular with comment lines

-T Produce HTML output [T/F], default = F – –

-1 <m1>: Comma-separated list of files con-
taining mate 1 sequences (filename usually
includes _1), e.g., -1 flyA_1.fq,flyB_1.fq.
Sequences specified with this option must corre-
spond to file-for-file and read-for-read with those
specified in <m2>. Readsmay be amix of different
lengths. If - is specified, bowtie2will read themate
1 sequences from the “standard in” or “stdin” file
handle.

-2 <m2>: Comma-separated list of files con-
taining mate 2 sequences (filename usually
includes _2), e.g., -2 flyA_2.fq,flyB_2.fq.
Sequences specified with this option must corre-
spond to file-for-file and read-for-read with those
specified in <m1>. Reads may be a mix of dif-
ferent lengths. If - is specified, bowtie2 will read
the mate 2 sequences from the “standard in” or
“stdin” file handle.

-U <r>: Comma-separated list of files con-
taining unpaired reads to be aligned, e.g., lane1.
fq,lane2.fq,lane3.fq,lane4.fq. Reads may be a

mix of different lengths. If - is specified, bowtie2
gets the reads from the “standard in” or “stdin”
file handle.

-b <bam>: Reads are unaligned BAM records
sorted by read name. The –align-paired-reads and
–preserve-tags options affect the way Bowtie2
processes records.

-S <sam>: File to write SAM alignments to.
By default, alignments are written to the “stan-
dard out” or “stdout” file handle (i.e., the
console).

9.3.1.3 SAMtools
SAMtools is a set of utilities for interacting with
and post-processing short DNA sequence read
alignments in the Sequence Alignment Map
(SAM) and Binary Alignment Map (BAM) (Li
et al. 2009). The usage of SAMtools is rather
simple as below: samtools <command> [op-
tions]. The most important parameters used in the
SAMtools are listed in Table 9.6.
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Below please find several examples of
SAMtools commands. Explanation of these
commands is provided afterward in some cases.

(1) Using “view” to convert a file in BAM for-
mat to SAM format
>samtools view sample.bam > sample.sam

(2) Using “view” to convert a file in SAM for-
mat to BAM format
>samtools view -bS sample.sam > sample.
bam

(3) Using “view” to extract all reads mapped to a
particular region
>samtools view -h -b sample_sorted.bam
“chr1:10-13” > tiny_sorted.bam

The above command will extract the same
reads as above, but instead of displaying them,
write them to a new BAM file, tiny_sorted.bam.
The -b option makes the output compressed, and
the -h option causes the SAM headers to be out-
puted also. These headers include a description of

Table 9.6 Most important parameters used in SAMtools commands

Parameters Value Function

–Indexing dict Create a sequence dictionary file

faidx Index/extract FASTA

index Index alignment

–Editing calmd Recalculate MD/NM tags and “=” bases

fixmate Fix mate information

reheader Replace BAM header

rmdup Remove PCR duplicates

targetcut Cut fosmid regions (for fosmid pool only)

addreplacerg Add or replace RG tags

–File operations collate Shuffle and group alignments by name

cat Concatenate BAMs

merge Merge sorted alignments

mpileup Multi-way pileup

sort Sort alignment file

split Split a file by read group

quickcheck Quickly check if SAM/BAM/CRAM file appears intact

FASTQ Convert a BAM to a FASTQ

fasta Convert a BAM to a FASTA

–Statistics bedcov Read depth per BED region

depth Compute the depth

flagstat Simple stats

idxstats BAM index stats

phase Phase heterozygotes

stats Generate stats (former bamcheck)

–Viewing flags Explain BAM flags

tview Text alignment viewer

view SAM <->BAM <->CRAM conversion

depad Convert padded BAM to unpadded BAM
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the reference that the reads in sample_sorted.bam
were aligned to and will be needed if the tiny_-
sorted.bam file is to be used with some of the
more advanced SAMtools commands. The order
of extracted reads is preserved.

(4) Using “tview” to start an interactive viewer
>samtools tview sample_sorted.bam

This command will start an interactive viewer
to visualize a small region of the reference, the
reads aligned, and mismatches. Within the view,
can jump to a new location by typing g: and a
location, like g:chr1:10,000,000. If the reference
element name and following colon are replaced
with {{{1}}}, the current reference element is
used; i.e., if {{{1}}} is typed after the previous
“goto” command, the viewer jumps to the region
200 base pairs down on chr1. Typing “?” brings
up help information.

(5) Using “sort” to sort the alignment in BAM
format
>samtools sort unsorted_in.bam sorted_out

This command will read the specified unsorte-
d_in.bam as input, sort it by aligned read position,
and write it out to sorted_out.bam, the bam file
whose name (without extension) was specified.

(6) Using “index” to build an index for an
alignment
>samtools index sorted.bam

This command will create an index file, sor-
ted.bam.bai for the sorted.bam file.

9.3.2 EMBOSS

EMBOSS is an acronym for European Molecular
Biology Open Software Suite. EMBOSS is a free
open-source software analysis package devel-
oped for the needs of the molecular biology and
bioinformatic user community (Rice et al. 2000).
The EMBOSS package contains a variety of
applications for sequence alignment, rapid data-
base searching with sequence patterns, protein
motif identification (including domain analysis),
and much more. Herein, several examples are
provided to give readers a general sense how
these programs can be used in analyzing the
genome of S. miltiorrhiza. Fortunately, all com-
mands in the EMBOSS were designed to use
consistent types of parameter and names. All
other programs work in pretty much the same
matter.

(1) extractseq. This command is under the cate-
gory “SEQUENCE MANIPULATION” and
is used to extract regions from a sequence.
The parameters for “extractseq” are descri-
bed in Table 9.7.

(2) seqret. This command is under the category
“SEQUENCE RETRIEVAL” and is a fre-
quently used tool to read and write (return)
sequences. The standard (mandatory) quali-
fiers of seqret from EMBOSS are shown in
Table 9.8.

(3) einverted. This command is under the cate-
gory “REPEAT” and is used to find inverted
repeats in nucleotide sequences. The com-
monly used parameters are described in
Table 9.9.

Table 9.7 Standard (mandatory) qualifiers of extractseq from EMBOSS

Parameters Value Description

-sequence sequence Sequence filename and optional format, or reference (input USA)

-sequence sequence Sequence filename and optional format, or reference (input USA)

-regions range [Whole sequence] regions to extract. A set of regions is specified by a set of pairs of
positions. The positions are integers. They are separated by any non-digit, non-alpha
character. Examples of region specifications are: 24-45, 56-78; 1:45, 67 = 99;765..888;
1,5,8,10,23,45,57,99

-outseq seqoutall [<sequence>.<format>] sequence set(s) filename and optional format (output USA)
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(4) transeq. This command is under the category
“TRANSLATION” and is used to translate
nucleic acid sequences. The commonly used
parameters for this command are listed in
Table 9.10.

(5) distmat. This command is under the category
“PHYLOGENY ANALYSIS” and is used to
create a distance matrix from a multiple
sequence alignment. The commonly used
parameters for this command are shown in
Table 9.11.

9.3.3 Extracting Transcript
Sequences by gffread

The gffread software can be used to generate a
FASTA file with the DNA sequences for all
transcripts based on a GFF file. For this operation,
a FASTA file for the genomic sequences has to be
provided. For example, one might want to extract
the sequence of all transfrags assembled from a
Cufflinks assembly session. This can be accom-
plished with a command line like this:

Table 9.10 Standard (mandatory) qualifiers of transeq from EMBOSS

Parameters Value Description

-sequence seqall Nucleotide sequence(s) filename and optional format, or reference (input USA)

-outseq seqoutall [<sequence>.<format>] protein sequence set(s) filename and optional format (output
USA)

Table 9.11 Standard (mandatory) qualifiers of transeq from EMBOSS

Parameters Value Description

[-sequence] seqset File containing a sequence alignment

-nucmethod menu [0] Multiple substitution correction methods for nucleotides. [Values: 0 (uncorrected); 1
(Jukes-Cantor); 2 (Kimura); 3 (Tamura); 4 (Tajima-Nei); 5 (Jin-Nei gamma)]

-protmethod menu [0] Multiple substitution correction methods for proteins. [Values: 0 (uncorrected); 1
(Jukes-Cantor); 2 (Kimura protein)]

-outfile outfile [*.distmat] PHYLIP distance matrix output file

Table 9.8 Standard (mandatory) qualifiers of seqret from EMBOSS

Parameters Value Description

-sequence seqall (Gapped) sequence(s) filename and optional format, or reference (input USA)

-outseq seqoutall [<sequence>.<format>] sequence set(s) filename and optional format (output USA)

Table 9.9 Standard (mandatory) qualifiers of einverted from EMBOSS

Parameters Value Description

-sequence seqall Nucleotide sequence(s) filename and optional format, or reference (input USA)

-gap integer [12] Gap penalty (integer 0 or more)

-threshold integer [50] Minimum score threshold (integer 0 or more)

-match integer [3] Match score (integer 0 or more)

-mismatch integer [-4] Mismatch score (integer up to 0)

-outfile outfile [*.einverted] Sanger Centre program inverted output file

-outseq seqout [<sequence>.<format>] the sequence of the inverted repeat regions without gap characters
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>gffread -w transcripts.fa -g /path/genome.fa
transcripts.gtf

The file genome.fa in this example would be a
multi-FASTA file with the genomic sequences of
the target genome. This also requires that every
contig or chromosome name found in the first
column of the input GFF file (transcript.gtf in this
example) must have a corresponding sequence
entry in the file chromosomes.fa. This should be
the case in our example if genome.fa is the file
corresponding to the same genome (index) that
was used for mapping the reads with TopHat.
Note that the retrieval of the transcript sequen-
ces in this way is much faster if a FASTA index
file (genome.fa.fai in this example) is found in
the same directory with the genomic FASTA file.
Such an index file can be created with the
SAMtools utility prior to running gffread, like
this:

>samtools faidx genome.fa

Then in subsequent runs using the -g option,
gffread will find this FASTA index and use it to
speed up the extraction of transcript sequences.

The various usage options of gffread are:

gffread <input_gff> [-g <genomic_seqs_fasta> |
<dir>][-s <seq_info.fsize>] [-o <outfile.gff>] [-t
<tname>] [-r [[<strand>]<chr>:]<start>..<end>
[-R]] [-CTVNJMKQAFGUBHZWTOLE] [-w

<exons.fa>] [-x <cds.fa>] [-y <tr_cds.fa>] [-i
<maxintron>]

9.3.4 CLUSTALW2

Clustal is a series of widely used computer pro-
grams for multiple sequence alignment (Larkin
et al. 2007). The most commonly used parameters
for CLUSTALW2 are described in Table 9.12.

9.3.5 Useful Tools
from the FASTX-Toolkit

In addition to the tools described above, there are
various “utility tools” that can be used to solve
many handy problems. Below, we will describe a
few of them from the FASTX-Toolkit (http://
hannonlab.cshl.edu/fastx_toolkit/).

(1) FASTQ_to_fasta

This tool will convert sequences from FASTQ
format to FASTA format. The basic usage is:

fastq_to_fasta [-r] [-n] [-z] [-i INFILE] [-o
OUTFILE]

The commonly used parameters are described
in Table 9.13.

Table 9.12 Most important parameters used in CLUSTALW2 commands

Parameters Description

-INFILE = file.ext Input sequences

-PROFILE1 = file.ext Profiles (old alignment)

-PROFILE2 = file.ext Profiles (old alignment)

-INTERACTIVE Read command line, and then enter normal interactive menus

-QUICKTREE Use FAST algorithm for the alignment guide tree

-TYPE= Protein or DNA sequences

-NEGATIVE Protein alignment with negative values in matrix

-OUTFILE= Sequence alignment file name

-OUTPUT= Clustal (default), GCG, GDE, PHYLIP, PIR, NEXUS and FASTA

-OUTORDER= input or aligned
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(2) fasta_formatter

This tool can reformat the sequence file in
FASTA format to various formats. The usage of
the tool is “fasta_formatter [-i INFILE] [-o
OUTFILE] [-w N] [-t] [-e]”. The most commonly
used parameters for this tool are described in
Table 9.14.

Below, we will show you the results of several
runs of the fasta_formatter command with vari-
ous parameters.

Given an input sequence in the following
format:

>MY-ID
AAAAAGGGGG
CCCCCTTTTT
AGCTN
The output with unlimited line width [-w 0] is as
follows:
>MY-ID
AAAAAGGGGGCCCCCTTTTTAGCTN
The output with max. line width = 7 [-w 7] is as
follows:
>MY-ID

AAAAAGG
GGGTTTT
TCCCCCA
GCTN
The output with tabular output [-t] is as follows:
MY-ID AAAAAGGGGGCCCCCTTTTAG
CTN

This is particularly useful, as the file can be
directly imported into Excel to do various
analyses.

9.4 Software Tools
for the Prediction of circRNA

Circular RNA (circRNA) is a type of
single-stranded RNA which, unlike the
better-known linear RNA, forms a covalently
closed continuous loop; i.e., in circular RNA, the
3′ and 5′ ends normally present in an RNA
molecule have been joined together (Huang et al.
2018). Below, we describe the usage of several
software tools for the discovery of circRNAs as
examples to identify novel molecules. Software

Table 9.13 Most important parameters used in fastq_to_fasta command

Parameters Description

-r Rename sequence identifiers to numbers

-n Keep sequences with unknown (N) nucleotides. Default is to discard such sequences

-z Compress output with GZIP

-i INFILE FASTA/Q input file. Default is STDIN

-o OUTFILE FASTA output file. Default is STDOUT

Table 9.14 Most important parameters used in fasta_formatter command

Parameters Description

-i INFILE FASTA/Q input file. default is STDIN

-o OUTFILE FASTA/Q output file. default is STDOUT

-w N Max. sequence line width for output FASTA file. When zero (the default), sequence lines will not
be wrapped—all nucleotides of each sequence will appear on a single line (good for scripting)

-t Output tabulated format (instead of FASTA format). Sequence identifiers will be on first column,
and nucleotides will appear on second column (as single line)

-e Output empty sequences (default is to discard them) Empty sequences are ones who have only a
sequence identifier, but not actual nucleotides
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tools useful for the analyses of other type of
molecules, such as miRNA, lncRNA and etc,
work in similar manners.

9.4.1 circRNA_finder

The software circRNA_finder (Westholm et al.
2014) can find circular RNAs (circRNAs) from
RNA-Seq data, based on the alignment software
STAR. It is used for the prediction of circRNA
with very proximal splice sites (below 100 bp). It
works de novo without knowledge of gene
annotations and exon–intron structures. The soft-
ware can be downloaded from https://github.com/
orzechoj/circRNA_finder. The files contained in
the software are: filterCirc.awk, filterS-
pliceSiteCircles.pl, nrForwardSplicedReads.pl,
postProcessStarAlignment.pl, runStar.pl, starCir-
clesToBed.pl. These scripts have been tested on
various Linux distributions. Before they can be
run, make sure that the following prerequisites are
installed: perl, awk, STAR (tested on version
2.6.0c), SAMtools. To run the scripts to identify
circular RNAs, first run STAR, once for each data
set. Assuming you are already in the directory
containing the scripts, for paired-end data, the
command is:

>./runStar.pl –inFile1 [R1 FASTQ] –inFile2 [R2
FASTQ] –genomeDir [path to STAR genome] –
outPrefix [output directory and prefix]

And for single-end data, simply omit
inFile2 to run the following command:

>./runStar.pl –inFile1 [R1 FASTQ] –genomeDir
[path to STAR genome] –outPrefix [output
directory and prefix]

Next, run the post-processing scripts. If there
are STAR outputs for many data sets in the same
folder, this command will process each of these
in turn:

>./postProcessStarAlignment.pl –starDir [direc-
tory with STAR results] –minLen [minimum
length of circularRNAs] –outDir [output directory]

For each library, the following output files are
produced:

(1) _filteredJunctions.bed: A bed file with all
circular junctions found by the pipeline. The
score column indicates the number reads
spanning each junction.

(2) _s_filteredJunctions.bed: A bed file with
those junctions in (1) that are flanked by
GT-AG splice sites. The score column indi-
cates the number reads spanning each
junction.

(3) _s_filteredJunctions_fw.bed: A bed file with
the same circular junctions as in file (2), but
here the score column gives the average
number of forward-spliced reads at both
splice sites around each circular junction.

9.4.2 CIRCexplorer2

CIRCexplorer2 (Zhang et al. 2016) is the suc-
cessor of CIRCexplorer with plenty of new fea-
tures to facilitate circular RNA identification and
characterization. This software package has sev-
eral features as it is able to: precisely annotate
circular RNAs (annotate); support multiple cir-
cular RNA aligners (TopHat2/TopHat-Fusion,
STAR, MapSplice, BWA, and segemehl) (align
and parse); de novo assemble novel circular RNA
transcripts (assemble); characterize various of
alternative (back-)splicing events of circular
RNAs (de novo); fast identify circular RNAs with
STAR or BWA (parse); and support both
single-read and paired-end sequencing. The
software can be downloaded from https://github.
com/gitter-badger/CIRCexplorer2. CIRCexplor-
er2 contains five modules and offers flexibility for
multiple circular RNA analysis tasks. However, it
would confuse many people who are not very
familiar with CIRCexplorer2 and block people
from making good use of it. As a result, the
fast_circ.py script has been written to integrate
different combinations of modules to complete
different tasks.

Assuming you are in the right directory, typ-
ical usages of the three tools are listed below:
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>./fast_circ.py parse -r REF -g GENOME -t
ALIGNER [–pe] [-o OUT] <fusion>
>./fast_circ.py annotate -r REF -g GENOME -G
GTF [-p THREAD] [-o OUT] -f FQ
>./fast_circ.py denovo -r REF -g GENOME -G
GTF [-n PLUS_OUT] [-p THREAD] [-o OUT] -f
FQ

If you have mapped RNA-Seq reads using one
of the listed aligners (TopHat2/TopHat-Fusion,
STAR, segemehl, and MapSplice), you should use
fast_circ.py parse with gene annotation file (via -r)
and reference genome sequence file (via -g).
Meanwhile, you should also indicate its aligner (via
-t) and whether reads are paired-end or not (via –

pe). Last but not least, the fusion junction file
(<fusion>) should be correct. This command is just
like CIRCexplorer. If you only have raw RNA-Seq
reads, you could use fast_circ.py annotate to align
RNA-Seq reads with TopHat2/TopHat-Fusion.
You need to provide gene annotation file (via -r),
gene annotation GTF file (via -G), reference gen-
ome sequence file (via -g), and the raw read
FASTQ file (via -f).

fast_circ.py de novo would align raw
RNA-Seq reads with TopHat2/TopHat-Fusion, de
novo assemble circular RNA transcripts with
Cufflinks, and last extract alternative (back-)spli-
cing events. Some options are the same as
fast_circ.py annotate. If you provide a TopHat
mapping directory for p(A)+ RNA-Seq (via -n),
fast_circ.py de novo will fetch all the alternative
splicing events. Otherwise, it only fetches alter-
native back-splicing events.

9.4.3 CIRI2

CIRI2 (Gao et al. 2018) is designed to differen-
tiate back-spliced junction (BSJ) reads from
non-BSJ reads using efficient maximum likeli-
hood estimation (MLE) based on multiple seed
matching. The software is optimized for the key
steps in circRNA detection, including inferring
original region for sequencing read segments and
distinguishing BSJ reads from forward-spliced

junction (FSJ) reads. The software is applicable
to sequencing data with mixed read lengths and
can be run with multiple threads. The software
can be downloaded from https://sourceforge.net/
projects/ciri/files/CIRI2/.

To use CIRI2, the first step is to prepare the
data using the following commands:

>bwa index -a bwtsw ref.fa
>bwa mem –T 19 ref.fa reads.fq > aln-se.sam
(single-end reads)
>bwa mem –T 19 ref.fa read1.fq read2.fq >
aln-pe.sam (paired-end reads)

Then the following command can be issued
to run the pipeline. > perl CIRI2.pl -I in.sam -O
outfile -F ref.fa (-R ref_dir/) The sample results
are presented in Table 9.15.

In summary, with the rapid development in
bioinformatic tools, what challenges the users is
not that there are no software tools, but fre-
quently, there are so many tools and there are
so many parameters. It is not only difficult to
choose which software tools to use, but it is
even harder to set the parameters. And there is
no standard way to combine analysis results
obtained from multiple analysis results. In our
own experience, one can rank the software
tools based on the impact factor of the journal
it was published and numbers of citations of
the tools. In terms of the parameters, using the
settings described in the paper where the soft-
ware tools were originally published is a good
choice. For any bioinformatic analysis results,
experimental validation is a must. As a general
researcher studying S. miltiorrhiza, develop-
ment of new algorithms and implementation of
new software tools are generally not needed.
Bioinformatic skills are like any other labora-
tory skills, and repeated practicing is the single
most effective method to master various tools
and techniques. With the abundant information
on the Internet, any of your questions should
have been encountered by other researchers
already, and one should be able to find the
solutions easily.
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80S20 M), read B (80 M20S, 80S20 M), and read C (40 M60S, 40S30M30S, 70S30M), and then it has two SM types
(80S20M, 70S30M), two MS types (80M20S, 70M30S), and one SMS type (40S30M30S). Thus, its SM_MS_SMS
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7 Non-junction read count of a predicted circRNA that mapped across the circular junction but consistent with linear
RNA instead of being back-spliced

8 Ratio of circular junction reads calculated by 2*#junction_reads/(2*#junction_reads + #non_junction_reads).
#junction_reads is multiplied by two because a junction read is generated from two ends of circular junction but only
counted once while a non-junction read is from one end. It has to be mentioned that the non-junction reads are still
possibly from another larger circRNA, so the junction_reads_ratio based on it may be an inaccurate estimation of
relative expression of the circRNA

9 Type of a circRNA according to positions of its two ends on chromosome (exon, intron, or intergenic_region; only
available when annotation file is provided)

10 ID of the gene(s) where an exonic or intronic circRNA locates

11 Strand info of a predicted circRNAs (new in CIRI2)

12 All of the circular junction read IDs (split by “,”)
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10Biosynthetic Pathway
of Tanshinones in Salvia miltiorrhiza

Juan Guo and Ying Ma

Abstract
Tanshinones are one of the active compounds
of Danshen. They are a group of abietane-type
norditerpenoid quinone natural products.
Biosynthetic pathway of tanshinones in Salvia
miltiorrhiza includes formation of the ter-
penoids common precursors, structural forma-
tion of terpenoid skeleton, and post-structural
modification. With the development of omics
analysis, the biopathway analysis of tanshi-
none has been deeply investigated. The
upstream pathway genes of biosynthesis of
tanshinone are conserved in plant and have
been cloned. By comparative omics analysis
from different tissues, different development
stages, or different treatments, two terpenoid
synthases and three P450s specific for biosyn-
thesis of tanshinones have been cloned from S.
miltiorrhiza and functional characterized both
in vivo and in vitro. Further, metabolic
engineering and synthetic biology utilization
of the biosynthesis pathway genes were
illustrated in this section. However, the

biosynthetic pathway of tanshinones from
the intermediate to the end products such as
tanshinone IIA still needs further investiga-
tion. The functionally known genes and
metabolic engineering yeast strains for pro-
duction of intermediate provide foundation for
further biopathway elucidation.

10.1 Introduction

The chemical constituents of Danshen have been
studied since the 1930s. More than 200 chemical
constituents have been identified (Wang et al.
2017; Mei et al. 2019). It includes hydrophilic
phenolic acids and lipophilic diterpenoid tanshi-
nons, which are used to evaluate the quality of
medicinal materials (Chinese Pharmacopoeia
2015; Wang 2010). Modern pharmacological
studies indicated that both components con-
tribute to Danshen’s pharmacological and thera-
peutic effects. Phenolic acid compounds are
distributed in both the aboveground and under-
ground parts of S. miltiorrhiza, while tanshinones
mainly accumulate in the roots and rhizomes.
More than 40 structurally diverse tanshinones
have been isolated and identified (Zhang et al.
2012). Among them, cryptotanshinone, tanshi-
none IIA, and tanshinone I are the main active
ingredients (Zhong et al. 2009). These com-
pounds have been extensively studied for their
well-known cardiovascular activities, as well as
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for their anticancer activities in vitro and in vivo
(Zhang et al. 2012). It has been shown that tan-
shinone IIA functions as antioxidant protection
of cardiomyocytes and has been reported to have
potential activity for treating human inflamma-
tion (Robertson et al. 2014), as well as
anti-adipogenic effects on 3T3-L1 cells and in
zebrafish (Park et al. 2017).

S. miltiorrhiza Bunge is a commonly used
traditional Chinese medicine. Before the 1970s,
raw materials of S. miltiorrhiza were mainly
from wild resources; however, wild resources
had become decreasing with the increasing
demand. Nowadays, cultivation has become the
main resource of S. miltiorrhiza. The main pro-
ductive areas of S. miltiorrhiza are Shandong,
Henan, Shanxi, Sichuan, in China. Through
years of cultivation and breeding, some cultivars
with regional adaptability have been selected. In
comparison with wild resources, cultivated S.
miltiorrhiza under good agricultural practice
(GAP) cultivation is relatively stable in quality to
provide uniformly raw materials for pharmaceu-
tical enterprises, but there also have disadvan-
tages including pest diseases and continuous
cropping obstacles.

Studies on the pharmacological effects,
chemical synthesis, and compound acquisition of
tanshinones have attracted much attention due to
its various biological activities. There are some
ways to obtain tanshinones (Zhang et al. 2012).
Firstly, tanshinone compounds can be obtained
by chemical total synthesis (Yang et al. 2001).
But the high cost, low yield, and environmental
pollution limited the commercial application by
chemical synthesis of tanshinones. Secondly,
tanshinones could be isolated from the original
plant or tissue culture of S. miltiorrhiza (Dreger
et al. 2010; Shimomura et al. 1991; Wang andWu
2010). Since tanshinones mainly accumulated in
the roots and rhizomes of S. miltiorrhiza, the
content of tanshinones could be increased by
elicited with exogenous inducer in the hairy roots
of S. miltiorrhiza (Kai et al. 2012). Hairy roots are
hormone autotrophy, with genetically operable,
rapid growth, stable heredity and relatively sim-
ple culture and so on. Therefore, hairy roots

displayed the ability to produce secondary
metabolites under the culture condition in vitro.
Furthermore, the active ingredient content in
some hairy roots could be increased by metabolic
engineering or by improving the culture condi-
tions and medium composition. However, it is
still difficult to produce tanshinones on a large
scale by hairy root culture. There are also reports
of tanshinones production by suspension cell
culture of S. miltiorrhiza. However, in suspension
cells, the upstream compounds of tanshinone
biosynthesis accumulate significantly in suspen-
sion cells, while the downstream active com-
pounds such as tanshinone IIA are relatively low
(Miyasaka et al. 1985). At present, there are no
mature hairy root, suspension cell line, or culture
system of S. miltiorrhiza for production of tan-
shinones. Therefore, the production of tanshinone
compounds by suspension cells or hairy roots is
still in the laboratory stage. However, these tissue
cultures have provided stable and controllable
materials for scientific research of active ingre-
dient biosynthesis and accumulation regulation
in S. miltiorrhiza. Therefore, the extraction of
tanshinone compounds from the roots and rhi-
zomes of the original plants of S. miltiorrhiza is
still the main source of tanshinones.

With the development of new drugs and the
industrialization of traditional Chinese medicine,
the demand for active component monomer
increases, forcing us to use modern scientific and
technology to continuously improve the yield of
tanshinones, to meet the increasing clinical and
market drug demand. Analyzing the biosynthetic
pathway of tanshinones, and reconstructing the
biosynthesis pathway in microorganisms by
synthetic biology can provide new options for
raw material supply of tanshinones.

10.2 Tanshinone Biosynthetic
Pathway Analysis

Tanshinones are secondary metabolites of S.
miltiorrhiza. The secondary metabolites of plants
are derived from primary metabolites. The pri-
mary metabolism provides energy and basic
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stacking modules by photosynthesis, glycolysis,
and tricarboxylic acid cycle. Then these modules
are catalyzed by various enzymes to form the
common skeleton structure. These steps are
supposed to be conserved in secondary metabo-
lism pathway in plants. Tanshinones are a kind of
diterpenoids. Which precursor skeleton is ger-
anylgeranyl pyrophosphate (GGPP), GGPP is
then modified with cyclization, hydroxylation,
and oxidation by specific catalytic enzymes of S.
miltiorrhiza to form tanshinones.

The biosynthetic pathway of tanshinone can be
divided into two parts (Fig. 10.1). First is the
formation of terpenoid precursors. The upstream
synthesis pathway of terpenoids is conservative in
plants, starting from either acetyl coenzyme A via
the mevalonate pathway (MVA pathway) or from
pyruvic acid and glyceraldehyde-3-phosphate via
the deoxyxylose-5-phosphoric acid in Methyl
erythritol-4-phosphate pathway (MEP pathway)
to produce the common precursor of all ter-
penoids, iso-prentenyl diphosphate (IPP), and its
isomer dimethylallyl pyrophosphate (DMAPP).
Currently, studies conducted in different species
showed relatively clear understanding of the cat-
alytic enzymes and rate-limiting enzymes in the
upstream pathway. Therefore, the upstream
enzymes could be cloned from S. miltiorrhiza by
homologous cloning. Second is the structural
formation and modification of carbon skeleton of
tanshinones. Tanshinones are special metabolites
in S. miltiorrhiza catalyzed by the specific
enzymes of S. miltiorrhiza. Most of these
enzymes share low homology with those of other
species, so molecular biological methods are
needed for further exploration and analysis.

10.2.1 Candidate Gene Selection

Candidate genes could be selected by compara-
tive multiomics analysis. The plant genome is
complex, and the functional genes involved in
plant secondary metabolism often exist as gene
families in plants. Screening out effective can-
didate genes from gene families is a prerequisite
for functional research. Systematic integration
and application of genomics technologies,

including metabolome, transcriptome, proteome,
and genome, provide technical support for can-
didate genes screening. (1) Tanshinones mainly
accumulate in roots and rhizomes of S. miltior-
rhiza, especially in the cortex part of roots and
rhizomes. Therefore, by constructing compara-
tive transcriptome and metabolome data at dif-
ferent tissue or different developmental stages, it
could effectively narrow down the screening
range and obtain candidate genes for further
functional characterization. Such as, Yang et al.
(2013) obtained 64,139 unigenes by conducting
transcriptome sequencing on roots and leaves of
S. miltiorrhiza, respectively, and predicted
functional genes of the downstream tanshinone
biosynthesis pathway by tissue-specific gene
expression analysis. Xu et al. (2016) reported the
draft sequence and analysis of the S. miltiorrhiza
genome using high-throughput sequencing.
Combined with tissue-specific expression of the
genes using RNA-Seq data was employed to
investigate the candidate genes involving in
biosynthesis of tanshinones. In this way, it was
found that 32 cytochrome P450s (P450s) exhib-
ited similar expression pattern to the upstream
genes. This provides candidates for further
biopathway analysis of tanshinones. (2) The
secondary metabolites of plants are produced by
the interaction between plants and the environ-
ment during long-term evolution process. They
have the functions of resistance to stress and
pests and could be accumulated under the
induction of elicitors. The hairy root system of S.
miltiorrhiza is easily controllable and operable,
which provides ideal research materials for can-
didate genes selection of the tanshinone biosyn-
thesis pathway. Elicitor can induce accumulation
of secondary metabolites in S. miltiorrhiza hairy
roots, while different elicitors show different
effects on different types of secondary metabo-
lites (Dreger et al. 2010). Therefore, candidate
functional genes can be obtained by screening a
suitable elicitor against S. miltiorrhiza hairy roots
using comparative omics analysis. Based on this,
Cui et al. (2011) constructed a DNA chip using
hairy root after elicited and obtained 114 differ-
entially expressed unigenes from 4354 clones. It
was found that 52 of which were firstly reported
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in S. miltiorrhiza. Gao et al. (2014) used a
combination of yeast extracts and silver ions to
induce hairy roots of S. miltiorrhiza to study the
molecular mechanism of the formation of active
tanshinone components. By combining with

metabolome, a comprehensive comparative
transcription dataset of hairy root of
S. miltiorrhiza was obtained. This resulted in
6358 differentially expressed genes. In addition,
eight candidate P450 genes involved in

Fig. 10.1 Proposed
biosynthetic pathway of
tanshinones. Catalyzing
enzymes are showed in brown
box. Compounds or
intermediates involving in
biopathway are showed in
yellow box
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tanshinone downstream biosynthesis were selec-
ted. These studies have greatly accelerated the
research process of tanshinone biosynthesis
pathway.

10.2.2 Functional Characterization
of Candidate Genes
in Vivo and in Vitro

It is important to functionally characterize and
analyze the function involving in tanshinone
biosynthesis pathway after obtaining candidate
genes. The research methods mainly include func-
tional studies in vitro and in vivo. (1) In vitro
analysis includes heterologous expression and
enzyme-catalyzed reaction. Currently, relatively
mature heterologous expression systems include
Escherichia coli, yeast, insect cells, and tobacco
transient expression, etc. First, by analyzing the
characteristics of the enzyme, an appropriate
expression system was selected to perform protein
expression and purification. Then substrates were
added into a suitable reaction system to conduct
enzyme-catalyzed reaction in vitro and then con-
ducted for product detection. This method is suit-
able for the functional study of specific substrates.
(2) Functional characterization of candidate genes
in vivo includes overexpression, knockdown (e.g.,
RNA interference), or knockout (e.g., CRISPR/
Cas9) of the candidate genes in S. miltiorrhiza.
Analysis of the changes of metabolites which reg-
ulated by the gene expression abundance helps to
confirm their biological functions in planta. The
genetic transformation system of S. miltiorrhiza is
available, which provides technical support for
in vivo functional studies of candidate genes. Inte-
grated analysis by in vitro and in vivo could accel-
erate biopathway analysis of tanshinones.

10.3 Advances in Biosynthetic
Pathway Analysis
of Tanshinone

The biosynthetic pathway of terpenoids can be
divided into three processes (Fig. 10.1). The for-
mation of terpenoid includes formation of

common precursors isopentenyl pyrophosphate
(IPP) and dimethylallyl pyrophosphate (DMAPP),
the structural formation of terpenoid skeleton, and
the post-structural modification processes includ-
ing oxidation, glycosylation, methylation, decar-
boxylation, acetylation, and cyclization, etc. In
biosynthesis of tanshinones, the post-modification
processes is oxidation, which is mostly catalyzed
by P450s.

10.3.1 Formation of Terpenoid
Common Precursors

IPP and DMAPP are common precursors of all
terpenoids. In higher plants, IPP and DMAPP are
produced by the MVA pathway in the cytoplasm
or the MEP pathway in the plastid. It is generally
believed that the MEP pathway produces the
precursors of monoterpenes, diterpenes, car-
otenoids, chlorophyll, and side chains of plastid
quinones, while the MVA pathway mainly pro-
duces the precursors of sesquiterpenes, triterpe-
nes, and steroids.

MEP pathway was discovered successively
from bacteria and plants through isotope labeling
experiments in the 1990s (Rohmer et al. 1993). In
the MEP pathway, glyceraldehyde-3-phosphate
(G3P) and pyruvate produced from primary
metabolic pathway were used as substrates and
could be condensed to form D-xylulose-5-
phosphate (DXP) under the catalysis of
1-deoxy-D-xylulose-5-phosphate synthase (DXS).
DXP was then catalyzed by 1-deoxy-D-
xylulose-5-phosphate reductoisomerase (DXR)
to generate 2-C-Methyl-D-erythritol 4-phosphate
(MEP). MEP is catalyzed by 4-(Cytidine 5’-
diphospho)-2-C-methyl-D-erythrito synthase
(CMS), 4-(Cytidine-5’-diphospho)-2-C-methyl-
D-erythritol kinase (CMK), 2-C-Methyl-D-
erythritol 2,4-cyclodiphosphate synthase (MCS),
4-Hydroxy-3-methylbut-2-enyl diphosphate syn-
thase (HDS), and 4-hydroxy-3-methylbut-2-enyl
diphosphate reductase (HDR) to form IPP. MVA
pathway has been deeply investigated. First, three
acetyl-CoA molecules were condensed into
3-Hydroxy-3-methylglutaryl CoA (HMG-CoA)
by acetoacetyl-CoA transferase (AACT) and
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hydroxymethylglutaryl-CoA synthase (HMGS).
HMG-CoA is catalyzed by 3-Hydroxy-3-
methylglutaryl CoA reductase (HMGR) to form
mevalonate (MVA). MVA is catalyzed by
mevalonate kinase (MVK), phosphomevalonate
kinase (PMK), and diphosphomevalonate decar-
boxylase (PMD) to generate IPP. IPP generated by
MEP pathway and MVA pathway was catalyzed
by IDI to form its isomerization product DMAPP.

The MEP and MVA pathway are conserved in
plants and have been thoroughly investigated. By
transcriptome sequencing, gene annotation, and
homologous gene cloning, all the genes involved
in upstream biopathway of tanshinones have been
cloned from S. miltiorrhiza (Ma et al. 2012).
Generally, it was believed that the diterpenoid
precursors were mainly derived from the MEP
pathway; however, reports also indicated that
both MEP and MVA pathway contributed to the
biosynthesis of tanshinone precursors in S. milti-
orrhiza (Laule et al. 2003; Yang et al. 2012).
Genome sequence of S. miltiorrhiza showed that
the gene copies of the upstream enzymes ranged
from 1 to 6 (Ma et al. 2012). DXS is considered as
the rate-limiting step involving in the MEP
pathway. There are five DXS genes in S. milti-
orrhiza. Tissue expression analysis showed that
the expression of SmDXS2 was higher than other
DXS genes in roots. Overexpression of SmDXS2
gene in S. miltiorrhiza hairy roots can signifi-
cantly increase the accumulation of tanshinone,
indicating that SmDXS2 plays an important role
in the biosynthesis pathway of tanshinone (Kai
et al. 2011). HMGR is considered as the
rate-limiting step involving in the MVA pathway
(Bach et al. 1991). There are four HMGR genes in
S. miltiorrhiza genome. Overexpression of
SmHMGR1 and SmHMGR2 in S. miltiorrhiza
hairy roots can significantly increase the accu-
mulation of tanshinone, indicating that the two
HMGR genes have certain effect on improving
tanshinone accumulation. It further demonstrates
that the MVA pathway also plays a role in the
biosynthesis of tanshinone (Dai et al. 2011; Kai
et al. 2011). Kai et al. (2011) found that the
accumulation of tanshinone in the hairy root of S.
miltiorrhiza could significantly increase by over-
expressing DXS, HMGR, and GGPPS in S.

miltiorrhiza hairy roots, respectively. Specifi-
cally, the accumulation of tanshinone in S. milti-
orrhiza hairy roots by overexpression ofDXSwas
higher than that by overexpression of HMGR.

10.3.2 Formation of Terpenoid
Carbon Skeleton

The second stage of terpenoid biosynthesis is the
condensation of DMAPP with one, or two, or
three molecules of IPP to form precursors of C10
monoterpenoid geranyl pyrophosphate (GPP),
C15 sesquiterpene precursor farnesyl diphos-
phate (FPP), and C20 diterpenoid precursor
geranyl geranyl pyrophosphate (GGPP), respec-
tively. The condensation processes are catalyzed
by prenyltransferases. These involve GPP syn-
thase (GPS), FPP synthase (FPS), and GGPP
synthase (GGPPS). Then two FPPs are catalyzed
by squalene synthase (SQS) to produce the pre-
cursor of triterpenoids and steroid compounds.
Two GGPPs are catalyzed by phytoene synthase
(PSY) to produce phytoene as the precursor of
carotenoids. In the biosynthesis of tanshinone,
GPS, FPS, and GGPPS catalyze IPP and
DMAPP to generate GGPP. In plants, these
prenyltransferases are usually present as dimers.
In the genome of S. miltiorrhiza, there is one
copy of FPPS. GPPS has four subunits. GGPPS
has three homologous genes. Kai et al. (2011)
found that overexpression of GGPPS in hairy
roots of S. miltiorrhiza could significantly
increase the accumulation of tanshinone. Further,
comparative analysis showed that the effect of
accumulation of tanshinones was more obviously
in hairy root which overexpression of GGPPS
than overexpression of DXS or HMGR. This
indicates that GGPPS plays an important role in
diterpenoid biosynthesis (Laule et al. 2003).

10.3.3 Post-structural Modification
of Tanshinone Carbon
Skeleton

Structural post-modification in the terpenoid
precursors is important to produce various active
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compounds and structural diversified com-
pounds. Carbon skeleton structures are firstly
formed by cyclization and dephosphorylation of
GGPP by terpenoid synthase. Most of terpenoids
contain special group modifications and even
skeleton structure rearrangement. These post-
modification includes hydroxylation, epoxida-
tion, methylation, acetylation, glycosylation, and
isomerization, and so on etc.

Biosynthesis of tanshinone is firstly catalyzed
by terpenoid synthase, which catalyzes GGPP to
form carbon skeleton miltiradiene. The terpenoid
synthase gene is a medium-sized gene family in
plants. There are totally 82 terpene synthase
genes annotated in the genome of S. miltiorrhiza,
which involved in the biosynthesis of monoter-
penes, sesquiterpenes, diterpenoids, and triter-
penoids (Ma et al. 2012; Xu et al. 2016).
Tanshinone belongs to diterpenoids. In angios-
perms, most of the cyclic diterpenoids are formed
from diterpenoid substrates (E,E,E)-geranylger-
anyl pyrophosphate (GGPP), catalyzed by
Class II CPS and class I KSL, which are gener-
ally considered to be evolved from the diterpene
synthase gene for the synthesis of gibberellin. In
the genome of S. miltiorrhiza, there are nine
genes annotated as copalyl diphosphate synthase
(CPS) or its fragments, and three genes annotated
as ent-kaurene synthase or its fragments (Xu
et al. 2016). By analyzing the cDNA microarray
of the induced hairy root of S. miltiorrhiza with
those of controls, two terpenoids synthases,
including S. miltiorrhiza copalyl diphosphate
synthase (SmCPS1) and S. miltiorrhiza
ent-kaurene synthase (SmKSL1), were detected
to be upregulated by Ag+ and yeast extracts.
Functional studies found that these two enzymes
could sequentially catalyze GGPP to produce
ent-CPP and its dephosphorylated product. The
new product was first reported and found in S.
miltiorrhiza and was named miltiradiene (Cui
et al. 2011; Gao et al. 2009). Guo et al. (2013)
fed the hairy roots of S. miltiorrhiza with
13C-labeled miltiradiene. After induction culture,
13C-labeled cryptotanshinone was detected in
hairy roots. Therefore, it proved that miltiradiene
was the precursor of tanshinone compounds.
RNA interference analysis showed that after

knocking down the expression of SmCPS1, the
content of tanshinones was significantly reduced.
This further confirmed the role of SmCPS1 in the
biosynthesis of tanshinones (Cheng et al. 2014).
Furthermore, Cui et al. (2015) systematically
studied five CPS and two KSL genes in S. mil-
tiorrhiza genome and found that only CPS1,
CPS2, and KSL1 in these seven genes were
involved in the biosynthesis of tanshinone.
Among them, CPS1 and KSL1 were specifically
expressed in cork layer, while other genes were
almost not expressed in cork layer. RNAi anal-
ysis of CPS1 in S. miltiorrhiza plants showed
that inhibiting the expression of CPS1 had no
significant effect on the expression of other CPS
genes, and there was no significant change in the
growth of transgenic plants, but the root color
turned white (Cui et al. 2015). Results showed
that the content of tanshinone compounds was
significantly decreased, which further confirmed
that this gene is the only class II terpenoid syn-
thase gene controlling tanshinone biosynthesis in
the cork layer of S. miltiorrhiza roots. Comparing
with KSL2, KSL1 was specifically expressed in
cork layer. But different from CPS1, higher
expression of KSL1 could also be detected in the
aerial part. Further studies showed that
co-expression of CPS2 and KSL1 could produce
miltiradiene. Because CPS2 is mainly expressed
in the aerial part of S. miltiorrhiza, and trace
tanshinone compounds can also be detected in
the aerial part of S. miltiorrhiza. Therefore,
CPS2 is speculated to be also involved in the
tanshinone synthesis in the aerial part of
S. miltiorrhiza. However, it needs to be further
clarified whether tanshinone of the aerial part is
dominated by CPS2 or by CPS1 which is also
micro-expressed in the aerial part.

As the carbon skeleton structure of tanshinone
compounds, miltiradiene does not have any bio-
logical activity. Further, structural modification is
required to form the active tanshinone com-
pounds. P450 plays an important role in the
structural modification of terpenoids. It was
reported that more than 97% of terpenoids
required oxidative modification. Most of the
oxidation are catalyzed by P450 (Hamberger and
Bak 2013). Cytochrome P450 is the largest
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family of enzyme genes in plants, accounting for
about 1% of plant-encoded proteins, and plays an
important role in the primary and secondary
metabolism of plants (Mizutani and Ohta 2010).
Moreover, P450 catalysis has substrate specificity
or site-specificity, which increases the difficulty
in function screening and prediction of P450.
There are total 437 P450 genes in S. miltiorrhiza
genome, so it is important to narrow the range of
candidate genes reasonably for functional studies
(Xu et al. 2016). Gao et al. (2014) found the
significant accumulation of tanshinone and the
significantly upregulated expression of CPS and
KSL, by inducing the hairy roots of S. miltiorrhiza
by yeast extract and Ag+. Based on this, 39
upregulated expression P450 genes were
screened from the P450 genes (Gao et al. 2014).
Based on the characteristics of the tanshinone
accumulation in the S. miltiorrhiza roots, Guo
et al. (2013) further analyzed the tissue expres-
sion of these 39 P450 genes to narrow the can-
didates to 14. Protein expression and enzymatic
analysis in vitro of these 14 genes were conducted
by using the yeast expression system, and the
results showed that CYP76AH1 could catalyze
the hydroxylation and aromatization of the carbon
skeleton precursors miltiradiene to generate fer-
ruginol (Guo et al. 2013). RNA interference of
CYP76AH1 in S. miltiorrhiza hairy roots showed
that inhibiting the expression of this gene resulted
in the accumulation of miltiradiene, while the
contents of ferruginol and tanshinone compounds
were significantly decreased. This proved the
function of the gene in S. miltiorrhiza (Ma et al.
2016). Guo et al. (2016) further screened two
genes involved in tanshinone structure modifica-
tion from these 14 genes. CYP76AH3 could
catalyze both hydroxylation of C11 and oxidation
of C6 on the basis of CYP76AH1 to form
11-hydroxy ferruginol and sugiol and could fur-
ther catalyze the formation of 11-hydroxytaxol
using these two products as substrates. The
diversity of substrate types and catalytic sites
indicated that the gene is promiscuity. Based on
these C11 and C12 hydroxylation products,
CYP76AK1 further catalyzed the hydroxylation
of C20 to form intermediate metabolites. The
intermediate metabolite was unstable and

spontaneously oxidized into products of C-ring
ketonization products (Guo et al. 2016). These
studies have greatly promoted the biosynthesis
pathway analysis of tanshinone. Further, struc-
tural modification is required from C-ring
ketonization products to tanshinone IIA and so
on. According to the structure of tanshinones,
P450s still play important role in the next pro-
cesses. Screening and functional characterization
of P450 genes are still the focuses and difficulties
in the elucidation of the tanshinone biosynthesis
pathway.

10.4 Metabolic Engineering
and Synthetic Biology
of Tanshinone Biosynthetic
Pathway

Elucidation of the biosynthetic pathways of
active ingredients in medicinal plants not only
provides targets for metabolic engineering
improvement of medicinal plants, but also pro-
vides biological elements for heterologous pro-
duction of medicinal active compounds using
synthetic biology. With biosynthetic pathway
analysis of tanshinone, metabolic engineering
and synthetic biology were employed to improve
production of tanshinones or produce tanshi-
nones in microorganisms.

10.4.1 Metabolic Engineering
Improvement

HMGR, DXS, and GGPPS are the rate-limiting
enzyme genes in the upstream of the terpene
biosynthetic pathways, overexpression, and
co-expression of these genes in S. miltiorrhiza
hairy roots are efficacious ways to increase the
accumulation of tanshinones. Results showed that
the tanshinone content in hairy roots with the
overexpression of HMGR was 1.78–3.19-folds
higher than that of the control line, and the highest
content of tanshinones in the transgenic line was
1.007–2.32 mg/g dw, while the tanshinone con-
tent in GGPPS overexpression hairy roots was
4.74-folds higher than that in control line. It was
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also found that compared to HMGR, DXS is a
better target in the overexpression experiment on
the accumulation of tanshinones, while the over-
expression of GGPPS had a more obvious effect
on the accumulation of tanshinone compared to
upstream genes (Kai et al. 2011). The highest
content of tanshinones reached 2.727 mg/g dw
when HMGR and GGPPS were co-expressed in
the hairy roots of S. miltiorrhiza, which was
4.74-folds of the control group. GGPPS and DXS
II were cotransformed into the hairy roots of S.
miltiorrhiza. The content of tanshinones in the
transgenic S. miltiorrhiza hairy roots was up to
12.93 mg/g dw, which was the highest content
reported (Shi et al. 2016). However, current
studies on improving the quality of S. miltiorrhiza
by metabolic engineering modification are limited
in the upstream biosynthetic pathway of tanshi-
nones and S. miltiorrhiza hairy roots. With the
screening of the tanshinones biosynthetic path-
way, more effective targets will be operated in the
downstream of tanshinone biosynthetic pathway.
Regulations in modification of tanshinone path-
way and metabolic flux in S. miltiorrhiza will be
intensively studied in the future.

10.4.2 Synthetic Biology
of Tanshinones

Lots of trace metabolic intermediates with
potential biological activities were discovered in
the process of excavation of new functional
genes in the tanshinone biosynthetic pathway.
These intermediates are not only medicinal active
ingredients, but also important substrates for
downstream pathways analysis. However,
because of extremely low content in the original
plant of S. miltiorrhiza, it is difficult to separate
and purify. Reconstruction of the biosynthetic
pathways of these metabolic intermediates in
microorganisms by synthetic biology provides a
new strategy for more efficient acquisition.

Miltiradiene is the first important intermediate
in the biosynthetic pathway of tanshinones,
which is produced from GGPP under the catal-
ysis of two diterpenoid syntheses CPS and KSL.
Miltiradiene could be directly produced by

transferring CPS1 and KSL1 from S. miltiorrhiza
into Saccharomyces cerevisiae, although the
yield was very low. Zhou et al. (2012) proved the
interaction between CPS1 and KSL1 by
immunoprecipitation, and then the fusion protein
expression vectors were constructed by fusing
the two genes in different ways and were intro-
duced into yeast to produce miltiradiene. Three
rate-limiting enzymes genes FPPS, GGPPS, and
HMGR in the terpenoids upstream pathway were
then overexpressed to improve the supply of
precursors which significantly increased the
production of miltiradiene in yeast engineering
bacteria. These genes were designed and fusion
optimized with modular pathway engineering
strategy. The optimized functional modules were
fermented in autotrophic yeast, auxotrophic
yeast, haploid yeast, and diploid yeast, respec-
tively. The yield of miltiradiene in the final
optimal engineered yeast was up to 365 mg/L
(Zhou et al. 2012).

Dai et al. (2012) increased the production of
the precursor compound FPP by overexpressing
the upstream HMGR gene and upc2.1 in the
engineering yeast transferred with CPS1 and
KSL1. Although the yield of miltiradiene was not
significant improved, the content of the triter-
penoid precursor squalene was increased greatly.
Considering that most of the metabolic streams
flow to the synthesis of triterpene precursors,
fusion protein of FPPS and GGPPS were con-
structed, GPPS was overexpressed, and the
auxotrophic marker was replaced with the
antibiotic marker. Finally, the yield of miltiradi-
ene was 61.8 mg/L in the shake flask, and the
final fermentation yield reached 488 mg/L (Dai
et al. 2012). These two strains provide sufficient
substrates for the analysis of tanshinone biosyn-
thetic pathway and provide solid foundation for
the construction of downstream engineering
yeast. On these bases, Guo et al. (2013) further
transferred CYP76AH1, a miltiradiene modified
P450 gene, into the miltiradiene engineering
yeast, but the target product ferruginol was not
detected. Considering that P450 reductase was
required to provide electrons for P450s functions,
two P450 reductase genes were then cloned from
S. miltiorrhiza and transferred into engineering
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yeast. The results showed that a large amount of
ferruginol accumulated in the engineering yeast
transferred with SmCPR1 (Guo et al. 2013).
Based on these results, the expression modules
of CYP76AH3 and CYP76AK1 were further
transferred into the engineering yeast and the
newly introduced expression modules could
successfully convert the products of the previous
engineering yeast into 11,20-dihydroxy ferrugi-
nol and its ketonization product 10-hydroxyme-
thyl tetrahydromiltirone, and a small amount of
11,20-dihydroxy sugiol (Guo et al. 2016).

At present, the genetical tanshinone biosyn-
thesis engineering strain has been transferred
with three rate-limiting enzyme genes from the
upstream of terpenoid synthesis, as well as five
structural modification enzyme and one coen-
zyme from S. miltiorrhiza. The construction of
tanshinone biosynthesis intermediate metabolites
engineering yeast provides sufficient substrates
and foundation strains for the research of tan-
shinone biosynthetic pathway and will greatly
accelerate the study of tanshinone biosynthesis.
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11Biochemistry, Biosynthesis,
and Medicinal Properties of Phenolic
Acids in Salvia miltiorrhiza

Guoyin Kai, Shucan Liu, Min Shi, Bing Han, Xiaolong Hao
and Zhixiang Liu

Abstract
As one group of important bioactive com-
pounds in Salvia miltiorrhiza, water-soluble
phenolic acids own a variety of bioactivities
including anti-oxidation, anti-inflammatory,
and anti-cancer. Due to the degradation of
genetic resources and low content of phenolic
acids in traditionally cultured S. miltiorrhiza,
limited phenolic acid production cannot meet
the increasing market demand. It is extremely
important to use modern biotechnology meth-
ods to increase the yield of phenolic acids.
Here, we summarize pharmacological activi-
ties of phenolic acids in S. miltiorrhiza, as
well as various biological methods including

culturing hairy roots, callus, suspension cells,
and endophytic fungi for producing phenolic
acids and using elicitors treatment, metabolic
engineering and transcriptional regulation for
increasing the production of phenolic acids.

11.1 Introduction

Phenolic acids possessing various pharmacolog-
ical activities such as anti-cancer, anti-oxidant,
anti-bacterial, and anti-inflammatory activities
are widely distributed in nature, especially in
some commonly used traditional Chinese
medicines such as Salvia miltiorrhiza (Zhou et al.
2011, 2012). S. miltiorrhiza has the functions of
relieving pain, promoting blood circulation, reg-
ulating menstruation, and nourishing the heart so
that it is widely used in the treatment of cardio-
vascular diseases (Wang and Cao 2016). There
are more than 20 phenolic acids in S. miltiorrhiza
including rosmarinic acid (RA), salvianolic acid
B (SAB), salvianolic acid A (SAA), danshensu
(DSU), caffeic acid, cinnamic acid, ferulic acid,
and lithospermic acid (Fig. 11.1) (Xing et al.
2018a, b). SAB and RA in crude S. miltiorrhiza
account for the largest content (Sun et al. 2016).

In recent years, RA, an ester of caffeic acid
and 3,4-dihydroxyphenyllactic acid, has been
proved to be used for prophylaxis and treatment
of neuropathic pain for its anti-apoptotic and
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anti-inflammatory effects (Pezeshki and Petersen
2018; Rahbardar et al. 2018). SAB and DSU
isolated from S. miltiorrhiza are extremely
effective anti-oxidants and have stronger oxygen
free radical scavenging activity than vitamin C.
Moreover, SAB shows better anti-oxidant activ-
ity than DSU (Zhao et al. 2008). It has been
reported that SAB has a protective effect on
emphysema-like lung cell death and protect
against ischemia/reperfusion-induced cerebral
injury (Dhapare and Sakagami 2018; Fan et al.
2018). SAB can effectively inhibit the growth of
cultured MDA-MB-231 cells and tumor xeno-
grafts via a ceramide-mediated pathway. SAB

also enhances apoptosis by regulating ceramide
glycosylase and reduces TNBC cell proliferation
(Sha et al. 2018). SAA possesses extensive
pharmacological activities like treating liver dis-
ease, which prevents chronic ethanol-induced
liver damage via SIRT1-mediated autophago-
some–lysosome fusion recovery (Shi et al. 2018).

With the rapid development of biotechnology,
the biosynthetic pathway of phenolic acids in S.
miltiorrhiza has been gradually revealed (Peter-
sen and Simmonds 2003; Di et al. 2013; Ma et al.
2015). Due to its wide medicinal value, the
depletion of wild resources and the low yield of
phenolic acid, genetic engineering and metabolic

Fig. 11.1 Chemical structure of main phenolic acids including rosmarinic acid (RA), danshensu (DSU), salvianolic
acid A (SAA), salvianolic acid B (SAB), caffeic acid, ferulic acid, and cinnamic acid in S. miltiorrhiza
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engineering have been used to enhance the pro-
duction of phenolic acids in S. miltiorrhiza,
which has become a research hotspot. Here we
summarize the research progress of the main
substances, pharmacological activities, biosyn-
thetic pathways, and in vitro synthesis of phe-
nolic acids in S. miltiorrhiza, in order to more
efficiently produce pharmacological phenolic
acids and discuss their prospects.

11.2 Medicinal Properties
of Phenolic Acids

Phenolic acids are the major active components
in S. miltiorrhiza, which exerts a variety of
pharmacological activities including
anti-oxidant, cardio-protective, neuro-protective,
anti-platelet, anti-cancer, anti-inflammatory,
reno-protective, anti-diabetic properties (sum-
marized in Fig. 11.2). The pharmacological
activities of SAA and SAB are listed in
Table 11.1.

11.2.1 Anti-oxidant Activity

Phenolic acids have been found to possess potent
anti-oxidative ability due to their polyphenolic
structure. SAA could enhance the activities of
superoxide dismutase (SOD), glutathione perox-
idase (GPx), and catalase in an established 5/6
nephrectomized (5/6Nx) rat model, and
decreased reactive oxygen species (ROS) in
H2O2-induced HK-2 cells. The protective effects
of SAA on oxidative stress were suggested to be
related to the modulation of Akt/GSK-3b/Nrf2
and the NF-jB signaling pathway (Zhang et al.
2019a). In addition, SAA decreased malondi-
aldehyde (MDA) but increased SOD level in
angiotensin II-incubated macrophages (Li et al.
2016a). SAB protected against subarachnoid
hemorrhage-induced oxidative damage in vivo
through activating the SIRT1 and Nrf2 signaling
pathway (Zhang et al. 2018a). The levels of
antioxidase SOD and GPx were decreased in
patients with cysteine stone, which were associ-
ated with oxidative stress. Inversely, SAB could

Fig. 11.2 Pharmacological activities of phenolic acids in S. miltiorrhiza
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Table 11.1 Pharmaceutical effects of SAA and SAB

Phenolic
acids

Bioactivities Targets References

SAA Anti-oxidant 5/6 nephrectomized rat Zhang et al. (2019a, b)

Angiotensin II-induced murine peritoneal
macrophages

Li et al. (2016a)

Cardio-protective Myocardial ischemia/reperfusion injury Qian et al. (2019)

Arsenic trioxide-induced cardiac injury Zhang et al. (2018b, c)

Neuro-protective Spinal cord injury rats Yu et al. (2017)

Middle cerebral artery occlusion mice Mahmood et al. (2017)

ROS-induced neuronal damage Zhang et al. (2012)

Anti-platelet Human platelet and LDLR−/− mice Huang et al. (2010)

Rat and human platelet, arterio-venous
shunt thrombosis rats

Fan et al. (2010)

Anti-cancer Acute myeloid leukemia Pei et al. (2018)

Oral squamous cell cancer Fang et al. (2018)

Lung cancer Bi et al. (2013), Tang et al.
(2017)

Angiogenesis Yang et al. (2019)

Breast cancer Wang et al. (2015a, b), Cai
et al. (2014), Zheng et al.
(2015)

Anti-inflammatory Ischemia reperfusion-induced rat brain
damage

Zhang et al. (2018d)

LPS-induced macrophages Liu et al. (2018)

Reno-protective Doxorubicin-induced nephropathy Fan et al. (2015)

5/6 nephrectomized rats Zhang et al. (2018e)

Diabetic nephropathy Hou et al. (2017)

Minimal change disease rats Wang et al. (2019)

Anti-allergic Ovalbumin-induced allergic asthma mice Heo and Im (2019)

Anti-atherosclerosis Macrophages and ApoE KO mice Zhang et al. (2014c)

Anti-diabetic Alloxan-induced type 1 diabetic mice and
streptozotocin-induced type 2 diabetic rats

Qiang et al. (2015)

SAB Anti-oxidant Subarachnoid hemorrhage rats Zhang et al. (2018a)

HK-2 cells, Slc7a9 knockout mice Zhang et al. (2019b)

c-irradiation-radiated mice Zhou et al. (2019)

HO−, O�
2 , DPPH and ABTS radicals Zhao et al. (2008)

Cardio-protective Doxorubicin-induced cardiac injury Chen et al. (2017)

Neuro-protective Subarachnoid hemorrhage rat Zhang et al. (2018a)

Ab25-35 peptide-induced Alzheimer’s
disease mice

Lee et al. (2013)

Cerebral small vessel disease rat Wang and Hu (2018)

Stroke rat Lv et al. (2015)

Traumatic brain-injured mice Chen et al. (2011)

Parkinson’s disease Zhou et al. (2014)

(continued)
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prevent cysteine stone formation, protect against
oxidative injury (Zhang et al. 2019b). Moreover,
SAB and DSU showed potent scavenging activ-
ities against HO−, O2−, DPPH, and ABTS radi-
cals than vitamin C (Zhao et al. 2008). SAB also
protected the mice from radiation injury through
nuclear factor (erythroid-derived 2)-like 2
protein/BTB-mediated anti-oxidant effect (Zhou
et al. 2019).

11.2.2 Cardio-protective Activity

Myocardial reperfusion during infarction causes
damage in cardiomyocytes. Previous reports
indicated that total salvianolic acid injection
(TSI) of S. miltiorrhiza improved
ischemia/reperfusion (I/R)-induced myocardial
injury, decreased apoptosis, and reduced infarct
size in Sprague-Dawley rats (Huang et al. 2019).
Recent studies demonstrated that SAA could
attenuate apoptosis and prevent I/R injury in
cardiomyocytes through the PI3K/Akt, GSK-3b,
JNK, and ERK1/2 pathways, and probably via

the JNK-ERK1/2 crosstalk (Qian et al. 2019).
Mitochondrial dysfunction contributes to the
heart diseases such as coronary heart disease and
heart failure. However, pretreatment with SAA
could maintain normal mitochondrial function
and biogenesis, alleviate the damage, and protect
against arsenic trioxide-induced cardiac injury
in vivo (Zhang et al. 2018c). Furthermore,
treatment with SAB showed protective effect
against doxorubicin-induced cardiac injury,
which is a common clinical syndrome that causes
severe pain to cancer patients (Chen et al. 2017).

11.2.3 Neuro-protective Activity

Previously, the TSI has been approved by Chi-
nese State Food and Drug Administration
(SFDA) for the treatment of ischemic stroke (Han
et al. 2017). Besides, SAA was confirmed to
recover the neurological function, improve the
motor ability, and inhibit apoptosis-related pro-
teins in spinal cord injury rats (Yu et al. 2017). In
another middle cerebral artery occlusion mice

Table 11.1 (continued)

Phenolic
acids

Bioactivities Targets References

Anti-platelet Human platelet Liu et al. (2014)

Rat mesentery Wang et al. (2009)

Anti-cancer Colon cancer Guo et al. (2018), Jing et al.
(2016)

Breast cancer Sha et al. (2018)

Hepatocellular cancer Gong et al. (2016)

Anti-inflammatory Rheumatoid arthritis rats Xia et al. (2018)

LPS-induced cell injury Meng et al. (2019)

Liver injury Zhao et al. (2019)

Reno-protective Ischemic reperfusion-induced renal injury Ma et al. (2017)

Anti-atherosclerosis Macrophages and ApoE KO mice Bao et al. (2012)

Anti-diabetic Streptozotocin-induced diabetic rats Raoufi et al. (2015)

Anti-rheumatoid
arthritis

Collagen-induced rheumatoid arthritis rat Xia et al. (2018)

Anti-infective Neisseria meningitidis Huttunen et al. (2016)

Anti-bacterial Pseudomonas aeruginosa Kong et al. (2017)
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model, SAA administration ameliorated neuronal
damage and decreased infarcted volume via the
inhibition of eNOS uncoupling and peroxynitrite
formation (Mahmood et al. 2017). Elevated ROS
level involves in stroke and other neurodegener-
ative diseases. However, pretreatment with SAA
increased cell survival against ROS-induced
neuronal damage (Zhang et al. 2012). Treatment
with SAB inhibited oxidative damage, prevented
neurologic impairment, and improved cell via-
bility in a rat subarachnoid hemorrhage model
and cultured neurons, which was associated with
the activation of Nrf2 and SIRT1 signaling
pathway (Zhang et al. 2018e). Subchronic SAB
administration (10 mg/kg) ameliorated the mem-
ory impairment by decreasing the expression of
nitric oxide synthase and cyclooxygenase-2 in
Ab25-35 peptide-induced Alzheimer’s disease
mouse (Lee et al. 2013). In addition, SAB also
affected vasculature and cognitive function.
Studies revealed that SAB could recover the
angiogenesis and cognitive deficits in cerebral
small vessel disease rat though modulation of
STAT3/VEGF pathway (Wang and Hu 2018).
Other studies have indicated that SAB has bene-
ficial effects on stroke, brain injury, and Parkin-
son’s disease (Lv et al. 2015; Chen et al. 2011;
Zhou et al. 2014).

11.2.4 Anti-platelet Activity

Salvianolate, the bioactive constituents of
S. miltiorrhiza, has been approved by Chi-
nese SFDA for the treatment of coronary artery
disease since 2005. Clinical research found sal-
vianolate enhanced the anti-platelet activity of
standard aspirin plus clopidogrel therapy in acute
coronary syndrome patients. Further in vitro
studies demonstrated that SAB, the main com-
ponent of salvianolate (>85%), suppressed
thrombin, arachidonic acid, collagen, and
U46619-induced platelet aggregation via inhibit-
ing phosphodiesterase and antagonizing P2Y12
receptor (Liu et al. 2014). The beneficial effect of
SAB on thrombosis was related to direct peroxide
scavenge or indirect adhesion molecules
suppression (Wang et al. 2009). SAA inhibited

platelet aggregation and attenuates arterial
thrombus formation by inhibiting the PI3K
expression (Huang et al. 2010). Additionally,
intravenous administration of SAA (2.5–
10 mg/kg) showed anti-thrombotic activity
in vivo. It modulated the hemorheology without
influence on the coagulation function and was
presumed to be related to the cAMP induction
(Fan et al. 2010).

11.2.5 Anti-cancer Activity

SAA exhibited anti-cancer activities against
various carcinomas such as acute myeloid leu-
kemia, oral squamous cell, and lung cancer (Pei
et al. 2018; Fang et al. 2018; Bi et al. 2013).
Moreover, SAA inhibited GRP78 secretion and
angiogenesis in tumor microenvironment (Yang
et al. 2019). Chemotherapy resistance is a major
challenge in cancer treatment. Studies revealed
that SAA enhanced the efficacy of cisplatin in
lung cancer A549 cells by inhibiting the
AKT/mTOR signaling pathway (Tang et al.
2017). Besides, SAA treatment selectively
attenuated the growth of multidrug-resistant
MCF-7 breast cancer cells, which was corre-
lated with ROS production (Wang et al. 2015b).
Overexpression of transgelin 2 increased the
resistance of cancer cells to paclitaxel therapy.
However, SAA treatment could reverse resis-
tance, induce apoptosis, and inhibit invasion in
paclitaxel-resistant breast cancer cells (Cai et al.
2014; Zheng et al. 2015). It was indicated that
SAB could reverse the multidrug resistance in
colon cancer cells and promote apoptosis in
triple-negative breast cancer (Sha et al. 2018;
Guo et al. 2018). Autophagy functions as a death
executioner that induces autophagic cell death.
SAB was demonstrated to be a novel autophagy
inducer that mediated colorectal cancer cells
autophagy through modulation of the
AKT/mTOR signaling pathway (Jing et al.
2016). Evidence also showed that autophagy as
well as apoptosis was involved in SAB-induced
hepatocellular carcinoma cell death. While pre-
treatment with autophagy inhibitors attenuates
the effects induced by SAB (Gong et al. 2016).
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11.2.6 Anti-inflammatory Activity

SAB decreased the levels of inflammatory
cytokines (IL-1b, IL-6, and TNF-a) and increased
anti-oxidant enzyme (SOD, CAT, and GSH)
activities in collagen-induced rheumatoid arthritis
rat (Xia et al. 2018). Treatment with SAB mark-
edly ameliorated LPS-induced injury on MH7 A
cells via the modulation of NF-jB and JNK path-
ways, suggesting the potential anti-inflammatory
capacity (Meng et al. 2019). Also, SAB decreased
the level of pro-inflammatory cytokines in liver
injury (Zhao et al. 2019). SAA protected
blood-brain barrier by reducing inflammation
response and NF-jB inactivation (Zhang et al.
2018d). Liu and colleagues demonstrated that all
the phenolic acids isolated from S. miltiorrhiza
exhibited anti-inflammatory activity in LPS-
stimulated THP-1 cells, among which the inhibi-
tory effect of lithospermic acid was the strongest
and similar to that of SAB (Liu et al. 2018).

11.2.7 Reno-protective Activity

Nephrotic syndrome is a common nephrology
disorder accompanied by heavy proteinuria,
hypoalbuminemia, and hyperlipidaemia. Recent
studies demonstrated that SAA administration
ameliorated histological damages, podocyte
injury, and improved hemorheology in
doxorubicin-induced nephropathy (Fan et al.
2015). Intraperitoneal with SAA at 10 mg/kg per
day relieved urinary proteins and TNF-a level,
alleviated pathological lesions in the kidney of
5/6Nx rats (Zhang et al. 2018e). SAA could also
protect against early stage diabetic nephropathy,
restored glomerular endothelial permeability
through suppressing AGE-RAGE pathway (Hou
et al. 2017). Furthermore, combination of SAA
with prednisone relieved urinary proteins,
improved renal function indices including blood
urea nitrogen and serum creatinine level in rats
(Wang et al. 2019). SAB showed reno-protective
activity in a renal I/R rat model by attenuating
inflammatory process and oxidative stress through

activating the PI3K/Akt signaling pathway (Ma
et al. 2017).

11.2.8 Anti-atherosclerosis Activity

SAB acted as a CD36 antagonist that inhibited
lipid uptake in macrophages, leading to the inhi-
bition of atherosclerotic lesions formation in
ApoE knockout mice (Bao et al. 2012). SAA
attenuated TNF-a-induced CC chemokine ligand-
20 (CCL-20) secretion, which plays a crucial role
in atherogenesis (Zhang et al. 2014c). In addition,
DSU prevented atherosclerosis through inhibiting
the expression of adhesion molecules in arterial
endothelia (Yang et al. 2010).

11.2.9 Anti-diabetic Activity

Diabetic rats treated with SAB (40 mg/kg) for
three weeks showed decreased serum glucose and
MDA levels as well as increased serum insulin
level. Meanwhile, SAB could protect the pancre-
atic islet cells against cytotoxicity partly through
the inhibition of apoptosis and oxidative stress
(Raoufi et al. 2015). In alloxan-induced type 1 and
high-fat diet with low-dose streptozotocin-
induced type 2 diabetic animal models, SAA
administration improved mitochondrial function
in liver and skeletal muscle, increased ATP pro-
duction through activating AMPK/CaMKKb
signaling pathway (Qiang et al. 2015).

11.2.10 Other Activities

SAA was potential anti-allergic therapy that
reduced the number of eosinophils and secretion
of inflammatory IL-4 and IL-13 in the lung tissue
of ovalbumin-induced allergic asthma mice (Heo
and Im 2019). SAB showed anti-rheumatoid
arthritis activity on collagen-induced rat model
(Xia et al. 2018). In addition, SAB exhibited
anti-infective property against human pathogen
Neisseria meningitidis by inhibiting
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meningococcal binding (Huttunen et al. 2016).
Protocatechualdehyde and SAB were major
components in S. miltiorrhiza that possess
anti-bacterial properties (Kong et al. 2017).
Besides, the combination of salvianolic acid V, a
new salvianolic acid, with Colistin sulfate or
Levofloxacin showed effects on MRSA or
Acinetobacter baumannii (Zhang et al. 2018b).
Protocatechuic aldehyde markedly inhibited hep-
atitis B virus replication in vitro and reduced vir-
emia in virus-infected ducks (Zhou et al. 2007).

11.3 Biosynthesis of Phenolic Acids
in S. miltiorrhiza

11.3.1 Biosynthetic Pathway
of Phenolic Acids

Phenolic acids are biosynthesized via two path-
ways including the phenylpropanoid pathway and
the tyrosine-derived pathway in S. miltiorrhiza
(Xiong et al. 2010; Ma et al. 2015). In the phenyl-
propanoid pathway, L-phenylalanine produces
4-coumaroyl-CoA under the catalysis of pheny-
lalanine ammonia-lyase (PAL), cinnamic acid
4-hydroxylase (C4H), hydroxycinnamate coen-
zyme A ligase (4CL) (Di et al. 2013; Shi et al.
2019). In tyrosine-derived pathway, L-tyrosine
produces 4-hydroxyphenylpyruvic acid under
oxidative deamination of tyrosine aminotrans-
ferase (TAT), following 4-hydroxyphenylpyruvate
reductase (HPPR) and forming 3,4-dihydroxy
phenyllactic acid at last (Di et al. 2013; Shi et al.
2019).

Finally, 3,4-dihydroxyphenyllactic acid and
4-coumaroyl-CoA are catalyzed by the RAS to
form the precursor substance 4-coumaroyl-3′,4′-
dihydroxyphenyllactic acid (4C-DHPL), and
finally, the CYP98A14 enzyme synthesizes sal-
vianolic acid (Di et al. 2013). In S. miltiorrhiza,
4C-DHPL is regarded as the major intermediate
for RA biosynthesis involved in this pathway
(Fig. 11.3). Meanwhile, RA is also considered to
be a precursor of biosynthesis of SAB which is a
structural dimer of RA, but the enzyme involved
in catalysis is still unclear (Zhang et al. 2014a, b;
Ma et al. 2015).

Fig. 11.3 Putative phenolic acid synthesis pathway. PAL,
phenylalanine ammonia-lyase; C4H, cinnamic acid 4-
hydroxylase; 4CL, 4-coumarate: CoA ligase; TAT, tyr-
osine aminotransferase; HPPR, 4-hydroxyphenylpyruvate
reductase; RAS, rosmarinic acid synthase; CYP98A14, a
cytochrome P450-dependent monooxygenase
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11.3.2 Related Genes Involved
in Phenolic Acid
Biosynthesis

With the extensive study of secondary metabolic
pathways in S. miltiorrhiza, several key enzyme
genes involved in these two pathways of phe-
nolic acids biosynthesis have been identified,
including SmPAL, SmC4H, Sm4CL, SmTAT,
SmHPPR, SmRAS, and CYP98A14 (Table 11.2;
Fig. 11.4) (Ma et al. 2015; Shi et al. 2019).

11.3.2.1 Genes in the Phenylpropanoid
Pathway

Phenylalanine ammonia-lyase (PAL), the first
point enzyme to catalyze in the phenylpropanoid
pathway, plays a significant role in primary
metabolism and secondary metabolism regula-
tion. Three members in SmPALs have been
revealed from S. miltiorrhiza, including
SmPAL1, SmPAL2, and SmPAL3. Gene expres-
sion pattern shows that SmPAL1 and SmPAL3
highly express in both roots and leaves of

Table 11.2 Key enzymes of phenolic acids biosynthesis pathway

Key enzymes Accession
no.

Functions Highest
expressed
tissues

References

SmPAL1 EF462460 Catalyzing the L-phenylalanine to produce
trans-cinnamic acid

Root and
leaf

Wang et al. (2009,
2015a), Hou et al.
(2013)

SmPAL2 GQ249111 Stem and
flower

Hou et al. (2013),
Wang et al. (2015a),
Ma et al. (2015)

SmPAL3 KF220569 Root and
leaf

Hou et al. (2013),
Wang et al. (2015a),
Ma et al. (2015)

SmC4H1 EF377337
DQ355979

Catalyzing the hydroxylation of cinnamate
to 4-coumarate

Root and
stem

Wang et al. (2015a),
Ma et al. (2015)

SmC4H2 KF220564 Root and
stem

Wang et al. (2015a),
Ma et al. (2015)

Sm4CL1 AY237163 Catalyzing a series of aromatic substrates to
form their corresponding
hydroxycinnamoyl-CoA esters

Leaf Wang et al. (2015a),
Ma et al. (2015)

Sm4CL2 AY237164 Root Wang et al. (2015a),
Ma et al. (2015)

Sm4CL3 KF220556 Root Wang et al. (2015a),
Ma et al. (2015)

Sm4CL-like1 KF220557 Root Wang et al. (2015a),
Ma et al. (2015)

Sm4CL-like2 KF220558 Wang et al. (2015a),
Ma et al. (2015)

Sm4CL-like3 KF220559 Wang et al. (2015a),
Ma et al. 2015

Sm4CL-like4 KF220560 Root Wang et al. (2015a),
Ma et al. 2015

Sm4CL-like5 KF220561 Wang et al. (2015a),
Ma et al. (2015)

Sm4CL-like6 KF220562 Wang et al. (2015a),
Ma et al. (2015)

Sm4CL-like7 KF220563 Wang et al. (2015a),
Ma et al. (2015)

(continued)
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S. miltiorrhiza, while SmPAL2 is mainly
expressed in stems and flowers. The full-length
ORF of SmPAL1 is 2827 bp, encoding a
711-amino-acid peptide. Meanwhile, SmPAL1
has been revealed to be induced by abscisic acid
(ABA), wounding, polyethylene glycol (PEG),
methyl jasmonate (MJ), salicylic acid (SA), Ca2+,
gibberellin (GA), and ethylene (Ma et al. 2015;

Hou et al. 2013). SmPAL2 contains 2127 bp
ORF encoding a 683-amino-acid peptide, and
SmPAL3 has 2283 bp ORF encoding 760 amino
acid, which are induced by PEG and MJ (Ma
et al. 2015; Song and Wang 2009). Interestingly,
all three SmPALs are regulated by MeJA, and the
expression of SmPAL1 and SmPAL3 is drasti-
cally raised at 6 h after MeJA treatment.

Table 11.2 (continued)

Key enzymes Accession
no.

Functions Highest
expressed
tissues

References

SmTAT1 DQ334606
EF192320

Catalyzing the transamination from L-
tyrosine to 4-hydroxyphenylpyruvate

Stem Wang et al. (2015a),
Ma et al. (2015)

SmTAT2 KF220575 Flower Wang et al. (2015a),
Ma et al. (2015)

SmTAT3 KF220555 Root and
stem

Wang et al. (2015a),
Ma et al. (2015)

SmHPPR1 DQ099741
DQ266514
EF458148

Participate in the synthesis of
4-hydroxyphenyl lactic acid

Stem and
flower

Wang et al. (2015a),
Ma et al. (2015)

SmHPPR2 KF220565 Stem and
leaf

Wang et al. (2015a),
Ma et al. (2015)

SmHPPR3 KF220566 Stem Wang et al. (2015a),
Ma et al. (2015)

SmHPPR4 KF220567 Wang et al. (2015a),
Ma et al. (2015)

SmRAS1 FJ906696 Catalyzing 4-coumaroyl-CoA and 3,
4-hydroxyphenyllactate to form an ester
(4-coumaroyl-3′,4′-dihydroxyphenyllactic
acid)

Root Wang et al. (2015a),
Ma et al. (2015), Di
et al. (2013)

SmRAS1-like GU647199 Root Wang et al. (2015a),
Ma et al. (2015), Song
(2010)

SmHCT1 KF220570 Root Wang et al. (2015a),
Ma et al. 2015

SmHCT2 KF220571 Stem Wang et al. (2015a),
Ma et al. (2015)

SmHCT3 KF220572 Stem Wang et al. (2015a),
Ma et al. (2015)

SmHCT4 KF220573 Stem Wang et al. (2015a),
Ma et al. (2015)

SmHCT5 KF220574 Stem Wang et al. (2015a),
Ma et al. (2015)

SmCPY98A14 HQ316179 Catalyzing rosmarinic acid synthesis Root Wang et al. (2015a),
Ma et al. (2015), Di
et al. (2013)
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Meanwhile, RNAi of SmPAL1 has been found to
cause a significant decrease in the content of RA
and SAB in S. miltiorrhiza, indicating that
SmPAL1 plays a more significant role in
phenylpropanoid pathway (Wang et al. 2015a;
Song and Wang 2011).

Cinnamate4-hydroxylase (C4H) is acytochrome
P450 enzyme involved in the catalysis of the pro-
duction of p-coumaric acid by trans-cinnamic acid
produced by PAL (Huang et al. 2008a). The full
length of SmC4H1 is 1512 bp encoding a
504-amino-acid protein. SmC4H1 is highly expres-
sed in roots and stems; meanwhile, it is induced by
elicitor such asMJ,ABA,Ag+, andUV-B radiation.
SmC4H2 encoding a 397-amino-acid protein is
absent ER-targeting peptide, probably causing by
N-terminal deletion of gene (Shi et al. 2019; Wang
et al. 2015a, b). The tissue expression of SmC4H2 is
the same to SmC4H1, expressed highly in stem and
root (Ma et al. 2015). However, SmC4H2 does not
seem to be involved in MJ regulation because of
their insensitive to MJ, but its promoter contains
some elements that respond to other stresses
including fungal attack and salicylic acid (Wang
et al. 2015a, b).

4-Coumarate: CoA ligase (4CL) catalyzing
4-coumaroyl acid to form 4-coumaroyl-CoA in

phenylpropanoid pathway has ten members such
as Sm4CL1, Sm4CL2, Sm4CL3, Sm4CL-like 1,
Sm4CL-like 2, Sm4CL-like 3, Sm4CL-like 4,
Sm4CL-like 5, Sm4CL-like 6, and Sm4CL-like 7.
Sm4CL1 has been found highly expressed in
stem, low in leaves and rear in roots, while the
expression levels of Sm4CL2, Sm4CL3, Sm4CL-
like1, and Sm4CL-like4 are high in roots. Fur-
thermore, the expression of Sm4CL1 is affected
by elicitors like MJ and YE, and Sm4CL2 is
induced by MJ, YE and Ag+, implying that
Sm4CL1 may be involved in the biosynthesis of
phenolic acids in the stems and leaves, while
Sm4CL2 may participate in the biosynthesis of
phenolic acids in roots of S. miltiorrhiza (Jin
et al. 2012; Shi et al. 2019; Wang et al. 2015a;
Zhao et al. 2006).

11.3.2.2 Genes in the Tyrosine-Derived
Pathway

Tyrosine aminotransferase (TAT) and
4-hydroxyphenylpyruvate reductase (HPPR) are
two main key enzymes which are involved in
forming 3,4-dihydroxyphenyllactic acid (DHPL)
in tyrosine-derived pathway. Tyrosine amino-
transferase (TAT) is the first enzyme in the
tyrosine-derived pathway of phenolic acids

Fig. 11.4 Schematic diagram of key enzyme genes highly expressed in different tissues
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biosynthesis. SmTAT1 contains an ORF of
1233 bp encoding 411 amino acid (Huang et al.
2008b). The expression patterns show that
SmTAT1 is expressed higher in stem compared to
root and leaf. Meanwhile, SmTAT1 responds to
MJ, ABA, SA, UV-B, GA, ethylene, Ag+, YE
(Xing et al. 2015; Yan et al. 2006; Liang et al.
2013). SmTAT2 and SmTAT3 are found to
express in flower, stem, and root, respectively,
also have been cloned from S. miltiorrhiza.
SmTAT1 and SmTAT3 are grouped in the same
branch in the phylogenetic tree analysis, but
SmTAT2 is divided into another branch, indicat-
ing that SmTAT1 and SmTAT3 may play a similar
role in the phenolic acid synthesis pathway
(Wang et al. 2015a).

4-Hydroxyphenylpyruvate reductase (HPPR)
is the second enzyme in tyrosine-derived pathway,
catalyzing 4-hydroxyphenylpyruvic acid to form
4-hydroxyphenyllactic acid. Three HPPRs are
designed as SmHPPR1, SmHPPR2, and
SmHPPR3. SmHPPR1 and SmHPPR2 encode 313
amino acid, and SmHPPR3 encodes a
319-amino-acid protein. Promoter region of
SmHPPR1 expressed highest in stem which pos-
sesses many stress-responsive elements. At the
same time, SmHPPR1 has been found that it can be
induced by MJ, SA, GA3, ABA, Ag+, and UV-B
radiation (Xing et al. 2015; Wang et al. 2015a;
Xiao et al. 2011).

11.3.2.3 Genes Involved in Rosmarinic
Acid (RA) Biosynthesis

Rosmarinic acid synthase (RAS) is regard as a
rate-limiting enzyme catalyzing
4-hydroxyphenyllactic acid to form precursor
4-coumaroyl-3′,4′-dihydroxyphenyllactic acid
(4C-DHPL). Seven SmRASs including SmRAS1,
SmRAS1-like, and five SmHCTs have been
revealed so far (Ma et al. 2015; Shi et al. 2019).
SmRAS1 containing 1284 bp ORF and encoding a
426-amino-acid polypeptide has been proved
expressed predominantly in roots and stems, and
induced by MJ, Ag+ (Di et al. 2013; Ma et al.

2015). SmRAS-like is expressed higher in stem
than other tissues and sensitive to Pseudomonas
lachrymans, MJ, light, and SA (Song. 2010; Ma
et al. 2015). SmHCTs include SmHCT1, SmHCT2,
SmHCT3, SmHCT4, and SmHCT5, encoding 341,
425, 426, 439, 427 amino acid, respectively.
SmHCT2, SmHCT3, SmHCT4, and SmHCT5 are
highly expressed in stem, while SmHCT1 is highly
expressed in root. Meanwhile, SmHCT3,
SmHCT4, and SmHCT5 were responsive to MJ
elicitation (Wang et al. 2015a; Ma et al. 2015).

Cytochrome P450-dependent monooxygenase
(CYP98A14) in S. miltiorrhiza participates the
synthesis of RA by catalyzing 4C-DHPL.
SmCYP98A14 has 1525 bp ORF encoding a
508-amino-acid protein, and its expression is
higher in roots than that in stems and leaves;
moreover, SmCYP98A14 is sensitive to MJ and
Ag+ (Di et al. 2013; Wang et al. 2015a; Ma et al.
2015).

11.4 Biotechnological Approaches
to Improve the Production
of Phenolic Acids

Due to the serious degradation of the quality of
traditionally cultivated S. miltiorrhiza, slow
growth cycle and low yield of active ingredients,
the yield and quality of S. miltiorrhiza cannot
meet the growing market demand. Phenolic
acids are active ingredients with important eco-
nomic and medicinal properties; its synthetic
route has been basically clear, how to improve
the amount of phenolic acid compounds in S.
miltiorrhiza has become a research hotspot and
difficulty. The application of plant biotechnol-
ogy in improving biological activity and the
required ingredients is more attractive and effi-
cient than traditional methods. Here, we will
introduce several methods which were reported
to enhance the production of PAs including
elicitors, metabolic engineering, and transcrip-
tional regulation.
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11.4.1 Elicitation Treatment
to Increase
the Production
of Phenolic Acids

Elicitors are usually an agent that stimulates a
plant defense response. Simulating biotic and
abiotic stresses, elicitors classified into biotic
elicitor and abiotic elicitor can stimulate plants
and plant cultures to respond to them and lead to
the accumulation of secondary metabolites in
plants and plant cultures, which is important to
produce valuable pharmaceutical ingredients
(Wang and Wu 2013). Some elicitors have been
utilized to enhance the production of secondary
metabolites such as phenolic acids in the hairy
roots or cell culture of S. miltiorrhiza, including
methyl jasmonate (MeJA), yeast extract (YE),
abscisic acid (ABA), silver ions (Ag+), gib-
berellic acid (GA), salicylic acid (SA), polyami-
nes, and ethylene. For example, treating with
MeJA (0.1 mM), RA and lithospermic acid B
accumulation were significantly increased.
Meanwhile, several RA biosynthesis genes were
induced by 0.1 mM MeJA, including pheny-
lalanine ammonia-lyase, cinnamic acid
4-hydroxylase, tyrosine aminotransferase,
4-hydroxyphenylpyruvate reductase, and
4-hydroxyphenylpyruvate dioxygenase (Xiao
et al. 2009). SA was utilized to treat suspension
cultures of S. miltiorrhiza, which lead to a sig-
nificant increase in the RA content. Furthermore,
increase of the PAL activity was measured with
SA treatment (Jiao et al. 2012). As the most
studied heavy metal ion elicitor, low concentra-
tion of Ag+ can stimulate 3-O-glucosylresvera-
trol production, which do not affect cell growth at
the same time (Cai et al. 2013). With Ag+

treatment, the total phenolic acids of S. miltior-
rhiza hairy roots were increased and the tyrosine
aminotransferase (TAT) activity showed a
remarkably rise (Yan et al. 2006). It was found
that accumulation of RA on day 6 after treatment
of S. miltiorrhiza hairy roots with Ag+ treatment
was significantly increased to 1.3 times than that
of the control and productions of caffeic acid and
ferulic acid were also increased with Ag+ treat-
ment. However, productions of DSU, cinnamic

acid, and lithospermic acid B (LAB) were sig-
nificantly dropped by Ag+ treatment. The results
of qRT-PCR showed that expression of five key
enzymes genes in RA biosynthesis pathways was
significantly up-regulated by Ag+ (Xing et al.
2015). YE was reported much more effective
than Ag+ to enhance the content of RA and
accumulation of total phenolic acids. The activity
of PAL showed a notable repression with YE
treatment, while the activity of TAT was
enhanced by YE (Yan et al. 2006). It was
reported that exogenous ABA and polyamines
increased the production of salvianolic acids in
hairy root cultures of S. miltiorrhiza. The results
of HPLC showed that contents of SAB and SAA
enhanced 2.0-fold and 3.3-fold, respectively,
after 80 lmol L−1 ABA treatment in S. miltior-
rhiza hairy roots. Meanwhile, PAL activity also
was detected, which increased 1.8-fold after
ABA treatment (Hao et al. 2012). Liang et al.
(2013) found that three significant phytohor-
mones including abscisic acid (ABA), gibberellin
(GA), and ethylene (Eth) could enhance the
production of phenolic acids and activities of
PAL and TAT in S. miltiorrhiza hairy roots.

11.4.2 Metabolic Engineering
for Production
of Phenolic Acids in S.
miltiorrhiza

The use of modern biotechnology and molecular
biology methods regulates the content of phenolic
acids in S. miltiorrhiza. The first is the regulation
of key enzyme genes in its synthetic pathway.
Hairy roots have the advantages of high genetic
stability, rapid growth, etc., which is considered
as a promising system to generate pharmacolog-
ical active ingredient of traditional Chinese
medicine plant (Guillon et al. 2006; Kai et al.
2012; Shi et al. 2019, 2014). In order to improve
the synthesis of pharmacologically active ingre-
dients such as phenolic acids in S. miltiorrhiza,
researchers attempted to overexpress one or more
key enzymes of the phenolic acid synthesis
pathway in hairy roots of S. miltiorrhiza. Previous
research revealed that the content of rosmarinic
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acid (RA) was *3.6-fold more than control in
SmC4H transgenic lines. Furthermore, the con-
centration of LAB enhanced 11.1-fold of that in
control (EV) when overexpressed SmC4H in
hairy roots. Overexpression of SmTAT and
SmHPPR in hairy root also showed an increase in
RA and LAB levels. It is worth noting that the
SmTAT-SmHPPR co-transformed lines had the
highest level of metabolites that the content more
than 16.1 and 18.8 times that in EV line (Xiao
et al. 2011). Overexpressed genes such as
Sm4CL, SmRAS, and SmCYP98A14 in the
biosynthesis pathway of phenolic acids are also a
strategy to be used for enhancing the yields of
phenolic acids in the future. Not only endogenous
genes, but also foreign genes can be involved in
the regulation of phenolic acid synthesis. It was
reported that the accumulation of phenolic acids
in S. miltiorrhiza, especially SAB, was affected
by overexpressing the foreign gene AtPAP1
(Zhang et al. 2010).

11.4.3 Transcriptional Regulation
of Phenolic Acids
Biosynthesis in S.
miltiorrhiza

The effects of overexpressing one or more critical
enzyme genes of synthetic pathway to enhance
the target product are limited, and the increase in
the yield of the target product is often limited.
The regulatory functions and mechanisms of
transcription factors for plant secondary meta-
bolism have become research hotspots. As
research continues, it has been found that the use
of upstream transcription factors to activate the
entire metabolic regulatory network is often more
efficient than simply transferring to one or sev-
eral rate-limiting enzyme genes. JA is involved
in plant growth and development regulation as a
plant hormone, as well as response to stress and
leads to accumulation of secondary metabolites
(Wasternack and Hause 2013; Namdeo. 2007).
With the continuous advancement of sequencing
technology, transcription factors mainly includ-
ing ERF, WRKY, bHLH, MYB, and other
transcription factors in responsive to JAs have

been discovered and cloned for secondary
metabolic regulation in S. miltiorrhiza (Zhou and
Memelink 2016; Yu et al. 2018; Cao et al. 2018;
Du et al. 2018; Ding et al. 2017).

Members of the AP2/ERF TF family
responding to JA are significant biosynthesis of
secondary metabolites in plant (Zhou and
Memelink 2016). SmERF115, most sensitive to
MeJA, has been isolated and characterized. The
phenolic acids production of hairy roots in S.
miltiorrhiza is enhanced when SmERF115 over-
expressed, while silencing of SmERF115 leads to
the decreased of phenolic acids. Meanwhile,
SmERF115 is binding directly the promoter of
SmRAS and up-regulating the expression of
SmRAS to mediate the yield of phenolic acids
(Sun et al. 2019).

Basic helix-loop-helix (bHLH) transcription
factor, one of the largest families of transcription
factors in plants, plays an important role in plant
growth and development and secondary meta-
bolism. SmbHLH37, SmbHLH51, and
SmbHLH148 in S. miltiorrhiza were revealed to
participate the regulation of phenolic acids.
SmbHLH37 was reported binding the promoter
regions of SmTAT and SmPAL to repress their
expression, inhibiting the SAB synthesis path-
way and resulting in decreased SAB production.
In contrast, SmbHLH51 and SmbHLH148
played a positive role in mediating the pathway
of phenolic acid biosynthesis. The content of
SmbHLH51-OE lines increased 2.19-fold and
1.59-fold, respectively, and overexpressed
SmbHLH148 significantly improved three sal-
vianolic acid levels including caffeic acid, ros-
marinic acid, and salvianolic acid B (Du et al.
2018; Wu et al. 2018; Xing et al. 2018a, b). As a
special member of the bHLH family, the MYC2
transcription factor has been widely studied.
MYC2 is not only the core of the response MJ in
plants, but also plays a significant role in sec-
ondary metabolism and various growth and
development processes (Kazan and Manners
2013; Gangappa et al. 2010). For example, it was
reported that SmMYC2 regulated the generation
of phenolic acids by activating both primary and
secondary metabolic pathways in S. miltiorrhiza.
Overexpressed SmMYC2 transgenic plants
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showed higher SAB content which was 1.88-fold
higher than in control lines (Yang et al. 2017).

As the largest transcription factor family,
MYB TFs are widely found in plant. The MYB
transcription factors are divided into four sub-
families, called 1R-MYB, 2R-MYB, 3R-MYB,
and 4R-MYB, respectively, depending on the
number of incomplete repeats (one, two, three, or
four) in the DNA-binding domain (Katiyar et al.
2012; Zhang et al. 2013; Li and Lu 2014). MYB
transcription factors have been shown to be
involved in primary and secondary metabolism,
cell fate and traits, developmental processes, and
responses to biotic and abiotic stresses (Dubos
et al. 2010; Katiyar et al. 2012). As a
R2R3-MYB transcription factor, SmMYB36 was
in involved in tanshinones and phenolic acids
biosynthesis regulation. In the overexpressing
SmMYB36 hairy roots, the content of SAB, RA,
and total phenolic acid decreased significantly
compared with the control lines, while the con-
tent of tanshinone increased in overexpressing
lines (Ding et al. 2017). It also was reported that
SmMYB111 promoted accumulation of SAB and
RA. The concentrations of RA in SmMYB111-
OE lines were 3.05 and 3.10 times higher than
that in control lines. Meanwhile, the content of
SAB in SmMYB111-OE lines was about 3.54-
and 2.50-fold higher than control (Li et al. 2018).

JASMONATE ZIM-DOMAIN (JAZ) tran-
scriptional repressor plays an important role in
the JA signaling pathway. Meanwhile, JAZs can
interact with MYC2 transcription factor and
repress it function when MJ absent (Thines et al.
2007). SmJAZ8 was found involved in biosyn-
thesis of phenolic acids and tanshinones in S.
miltiorrhiza hairy roots. The production of phe-
nolic acids was decreased when overexpressed
SmJAZ8, but increased in RNAi transgenic lines.
Meanwhile, the content of tanshinones also
declined or enhanced in SmJAZ8-OE lines or
RNAi lines, respectively (Pei et al. 2017).

The above results indicate that it is feasible to
increase phenolic acid production at the level of
transcription factor regulation. Altering the
expression of a transcription factor can directly
or indirectly result in a change in the expression
of one or more key enzyme genes in the phenolic

acid biosynthetic pathway to accumulate or
reduce phenolic acid. The production of phenolic
acids can be increased to meet needs of markets
by constructing single plants or hairy roots that
overexpress transcription factors that positively
regulate phenolic acid synthesis.

11.4.4 Callus Cultures of
S. miltiorrhiza for
Enhancing Production
of Phenolic Acids

Hairy roots have been previously introduced for
the mass production of valuable secondary
metabolites, especially some slow-growing
medicinal plants. However, studies on using
callus and cell suspension cultures in S. miltior-
rhiza to generate secondary metabolite, espe-
cially important pharmacological components,
are limited. In 1996, Taxus cell cultures were
reported that could be an alternative source of
paclitaxel and related taxane production. A sig-
nificant increase in paclitaxel and baccatin III
levels was observed in cultured cells of Taxus
species after treatment with MeJA (Yukimune
et al. 1996). In recent years, callus cultures of S.
miltiorrhiza were reported to be used for pro-
ducing RA and SAB. Callus cultures were cul-
tivated in MS medium using stem and leaf
explants; subsequently, the active ingredients of
the extracts from callus cultures were analyzed
by high-performance liquid chromatography
coupled to DAD and MS (HPLC-DAD-MS). The
results showed that extraction of callus cultures
from stem produced higher amounts of RA and
SAB than callus leaves. The content of RA in
stem was 1.27 ± 0.38% but 0.28 ± 0.02% in
leaves, meanwhile, the SAB production in stem
and leaves was 0.87 ± 0.20% and 0.07 ±

0.03%, respectively (Wu et al. 2016).
Plant callus and cell suspension cultures pos-

sessing high-value secondary metabolites are a
promising potential alternative source for indus-
trial production of medicinal ingredients like
phenolic acids. Cell cultures are insensitive to the
external environment and rapidly produce
metabolites with pharmacological active
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ingredients (Shi et al. 2019). How to use the
suspension cells and callus of S. miltiorrhiza to
carry out the production of secondary metabo-
lites of pharmaceutical ingredients needs further
investigation.

11.4.5 Making Use of Endophytic
Fungus in S. miltiorrhiza
to Produce Phenolic
Acids

Making use of endophytic fungus to produce
plant secondary metabolites is a novel technol-
ogy. Phoma glomerata D14, an endophytic fun-
gus isolated from S. miltiorrhiza, was also found
to produce salvianolic acid C (SAC). However,
HPLC analysis found that the production of sal-
vianolic acid C in extract of mycelium and broth
was very low, 47.67 ± 0.04 lg/g and
0.054 lg/mL, respectively (Li et al. 2016b).
Furthermore, Fusarium proliferatum SaR-2 and
Alternaria alternata SaF-2 were found to exhibit
higher levels of phenolics than plant roots.
Results of total phenol production detection
showed that total phenolic content of F. prolif-
eratum SaR-2 and A. alternata SaF-2 was
21.75 ± 0.11 mg/g and 20.53 ± 0.08 mg/g,
respectively (Li et al. 2015). Trichoderma atro-
viride D16, an endophytic fungus isolated from
roots of S. miltiorrhiza, has been reported to
produce tanshinone I and tanshinone IIA, which
was a potential source for industrially production
of tanshinone I and tanshinone IIA to meet
pharmaceutical needs (Lou et al. 2013). Chaeto-
mium globosum D38 isolated from S. miltiorrhiza
roots could enhance the production of tanshi-
nones, especially for dihydrotanshinone I and
cryptotanshinone. Furthermore, this endophytic
fungus could co-exist with the root of S. miltior-
rhiza without toxicity. Both live fungus and its
mycelia extract were revealed that could increase
the production of tanshinones (Zhai et al. 2018).
Due to the low variety and low content of endo-
phytic fungus-producing phenolic acids, more
endophytic fungus that produce phenolic acid
should be explored and culture conditions

optimized to increase phenolic acids production
in the future.

11.5 Conclusions and Prospects

S. miltiorrhiza is an important traditional Chinese
herbal medicine, which has been widely used in
the treatment of cardiovascular and cerebrovas-
cular diseases. Phenolic acid is one group of
biologically active compounds in S. miltiorrhiza.
It has great curative effect and pharmacological
activity. However, due to the market demand is
increasing, the germplasm resources of S. milti-
orrhiza are degraded, and the content of phenolic
acids in traditionally cultured S. miltiorrhiza is
low. How to improve the production of phenolic
acid has become an urgent problem to be solved.

It was a strategy that the use of modern bio-
logical means to regulate the synthesis of phe-
nolic acids, through the expression of genes
leading to the accumulation of secondary
metabolites. However, its mechanism of action
and regulation mode needs further exploration
due to its complex secondary metabolic network.
Combined with molecular biology, transcrip-
tomics, and metabolomics, the expression of
secondary metabolite-related genes and their
mechanisms are important for understanding the
synthesis and regulation mechanisms of phenolic
acids. Currently, the upstream pathway of RA
synthesis and the key enzymes involved in reg-
ulation have been basically understood, including
SmPAL, SmC4H, Sm4CL, SmTAT, SmHPPR,
SmRAS, and SmCYP98A14. However, the
synthetic pathways of other phenolic acids such
as SAB downstream of RA are still unclear.
Therefore, exploring the synthetic pathways
downstream of RA to other phenolic acids, dis-
covering the key enzymes involved in catalysis
and further researching the metabolic mechanism
of metabolites, will be beneficial to promote the
production of phenolic acids and drug develop-
ment in S. miltiorrhiza.

To date, several types of transcription factors
such as bHLH, MYB, JAZ, and AP2/EARF have
been reported to regulate phenolic acid
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biosynthesis. Through the genome and tran-
scriptome data of S. miltiorrhiza, it is possible to
dig deeper and isolate more genes involved in the
regulation of phenolic acids. The strategy of
constructing a “transcription factor-biosynthetic
pathway critical gene-metabolite” network will
contribute to the improved synthesis of phenolic
acids in S. miltiorrhiza. Meanwhile, compre-
hensive utilization of synthetic biology, elicitors,
hairy roots and transgenic plants, endophytic
fungus, genetic engineering and transcriptional
regulation to enhance phenolic acid production in
S. miltiorrhiza is also the direction of future
research.
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12Tissue Culture and Hairy Root
Induction of Salvia miltiorrhiza
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Abstract
Salvia miltiorrhiza is a well-known medicinal
plant with great economic and medicinal
value. Its root contains two major groups of
bioactive compounds, including lipophilic
diterpenoid tanshinones and hydrophilic phe-
nolic acids. S. miltiorrhiza has been widely
used in traditional Chinese medicine
(TCM) for treating various human diseases
for thousands of years, such as dysmenorrhea,
amenorrhea, and cardiovascular disease. The
wild S. miltiorrhiza resources are far from
being able to meet the market demand. It is
necessary to develop more efficient methods
to produce reliable and sustainable resources.
The in vitro culture is a high-quality method
to improve the quality and the proliferation of
S. miltiorrhiza seedlings. It can directly pro-
duce the active constituents of S. miltiorrhiza
on a large scale, and it will solve the problems
in the current cultivation process and the
quality control of S. miltiorrhiza. In this
chapter, we review recent progress in vitro

cultures of S. miltiorrhiza, including cell
culture, tissue culture, and hairy root culture,
as well as possible factors affecting the
production of active constituents in the
culture.

12.1 Introduction

Salvia miltiorrhiza, known as Danshen in
Chinese and belonging to the Lamiaceae family,
is a well-known medicinal plant with great
economic and medicinal value (Wagstaff et al.
1995). The root of S. miltiorrhiza has been widely
used in traditional Chinese medicine (TCM).
S. miltiorrhiza contains two major groups of
bioactive compounds, lipophilic diterpenoid tan-
shinones and hydrophilic phenolic acids (Cheng
2006a). They were used for treating various
human diseases, such as dysmenorrhea, amenor-
rhea, and cardiovascular disease for thousands of
years (Cheng 2006b; Li et al. 2009; Wang et al.
2007). Furthermore, S. miltiorrhiza is an emerg-
ing model plant for TCM studies because of its
relatively small genome size, short life cycle,
undemanding growth requirements, and signifi-
cant medicinal value (Xu et al. 2016).

Due to the medicinal and healthcare function,
S. miltiorrhiza has a broad international market
prospect and development potential. It has been
estimated that 20 million kg of S. miltiorrhiza is
needed in China each year. With the expansion
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of S. miltiorrhiza market and the dramatic
increase of demand, the wild S. miltiorrhiza
resources are far from being able to meet the
market demand. Tissue culture and hairy root
culture are high-quality methods for improve-
ment of the quality and yield of S. miltiorrhiza,
and for direct production of effective components
of S. miltiorrhiza.

This chapter summarizes the achievements in
the field of tissue culture and hairy root culture of
S. miltiorrhiza.

12.2 Cell Culture

There are a large number of secondary metabo-
lites in plants. These secondary metabolites can
be utilized as food, cosmetic, and drug, which are
closely related to human life and have great
values in use. However, there are many disad-
vantages in the production of these metabolites
from plants. So, plant cell culture is developed
into a potential technology for the production of
active constituents. The approach of plant cell
culture has many advantages in the production of
active constituents. For example, it is more sus-
tainable and well-controlled, and is easy to pro-
duce the constituents with complex structures
(Ochoa-Villarreal et al. 2016). Cell culture sys-
tems of S. miltiorrhiza were first established in
1981 (Chen et al. 1981; Huang et al. 1981; Qiu
and Song 2015). The callus was induced from
roots on the MS medium with 1 mg/L
2,4-Dichlorophenoxyacetic acid (2,4-D) and
0.1 mg/L kinetin (KT). The callus contained
active constituents, including cryptotanshinone,
protocatechualdehyde, and diterpenoid quinone
compounds. After that, cell cultures of S. milti-
orrhiza attracted many scientists’ attention.
Many laboratories have established cell culture
methods using different explants (Shan et al.
2007). In 1983, six cell lines were induced from
seedlings of S. miltiorrhiza on MS medium
1 mg/L 2,4-D and 0.1 mg/L KT. Suspension cell
culture of these lines in a liquid MS medium
showed that line A contained two terpenoids,
cryptotanshinone and ferruginol (Nakanish et al.
1983).

In order to realize large-scale industrial pro-
duction of plant cell secondary metabolites,
researchers began to study the possible factors
affecting active constituent production. They
included the conditions of cell cultures and the
addition of elicitors. Miyasaka et al. (1987)
studied the effects of the components of MS
medium and the light on the production of the
diterpenes cryptotanshinone and ferruginol in
cell suspension cultures of S. miltiorrhiza. They
showed that the components of MS medium,
including sucrose, nitrogen source, and thiamine,
affected the production of cryptotanshinone and
ferruginol. Phosphate, MnSO4, and KT showed
slight beneficial effects. Light had little effects on
cell growth, but inhibited the production of fer-
ruginol. Based on these results, Miyasaka et al.
(1987) designed a revised medium for the pro-
duction of cryptotanshinone.

Phytohormone plays an important role in
plant cell culture. It not only affects the growth of
cells but also affects the biosynthesis of sec-
ondary metabolites in cells (Putalun et al. 2004).
Huang et al. (2000) reported the effects of phy-
tohormone in secondary metabolite biosynthesis.
They investigated the influences of 2,4-D, Gib-
berellin A3 (GA3) and Benzylaminopurine
(BA) in the growth of cells and the yields of
secondary metabolites. The results showed that
2,4-D promoted cell growth, but inhibited
lithospermic acid B production. GA3 inhibited
cell growth, but promoted the production of
rosmarinic acid and lithospermic acid B. BA was
intermediate between 2,4-D and GA3.

Elicitors are the biotic and abiotic factors
supplemented in the medium. They can promote
the production of secondary metabolites in plant
tissue cultures. The most common biotic elicitors
include jasmonic acid (JA), methyl jasmonate
(MeJA), and salicylic acid (SA), which are sig-
naling molecules associated with plant defense.
The abiotic elicitors contain ultraviolet (UV) ra-
diation, osmotic stress, and heavy metal salts.
The dosage and time of elicitor addition to the
medium are very important for the production of
secondary metabolites. In addition, the elicitors
can be used alone or in combination to pro-
mote the production of secondary metabolites
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(Park et al. 2017; Zhou and Wu 2006). The effect
of elicitors on the secondary metabolites in the
suspension cells of S. miltiorrhiza has been
widely studied. Table 12.1 shows the elicitors
used to induce the production of secondary
metabolites in cell and hairy root cultures.

Yu et al. (2018) investigated the effect of
different elicitors on the primary and secondary
metabolites in the suspension cell culture and
tissue culture of S. miltiorrhiza Bunge. The
results showed that SA could significantly pro-
mote glucose metabolism and increase the pro-
duction of ten secondary metabolites, including
caffeic acid, rosmarinic acid, salvianolic acid B,
cryptotanshinone, shikimic acid, salvianolic acid
A, dihydrotanshinone, p-coumaric acid, tanshi-
nol, and tanshinone IIA, in suspension cells.
However, SA had no significant effects on the
production of protocatechuic acid and tanshinone

I. In addition, the content of the ten secondary
metabolites was also promoted by NaCl and
AgNO3 in the suspension cells.

Dong et al. (2010) reported that SA promoted
the production of phenolic compounds. Mean-
while, the activities of phenylalanine ammonia
lyase (PAL), tyrosine aminotransferase (TAT),
superoxide Dismutase (SOD), catalase (CAT),
and peroxidase (POD) enzymes were increased
in S. miltiorrhiza cell culture (Dong et al. 2010).

Zhao et al. (2010a, b) studied the effects of
biotic and abiotic elicitors on the production of
diterpenoid tanshinones in S. miltiorrhiza cell
culture. Heavy metal ions (Co2+, Ag+, Cd2+),
polysaccharides (yeast extract and chitosan),
plant response-signaling compound (SA and
MeJA), and hyperosmotic stress with sorbitol
were used as elicitors. The results showed that
the production of tanshinone was significantly

Table 12.1 Elicitors used to induce the production of secondary metabolites in cell culture

Elicitor Tissue
culture type

Medium Metabolites References

SA (200 lmol/L), NaCl
(50 mmol/L), AgNO3

(60 lmol/L)

Suspension
cells

MS with 0.5 mg/L 2,4-D,
1 mg/L kinetin, 30 g/L
sucrose, 6 g/L gelrite and
1 g/L acid hydrolyzed
casein

Shikimic acid, tanshinol,
protocatechuic acid, caffeic
acid, p-coumaric acid,
rosmarinic acid, salvianolic
acid B, salvianolic acid A,
dihydrotanshinone,
cryptotanshinone,
tanshinone I and tanshinone
II A

Yu et al.
(2018)

SA Cell culture MS with 100 mg/L
myoinositol, 30 g/L
sucrose and 4.2 g/L agar

Phenolic compounds Dong et al.
(2010)

Heavy metal ions (Co2+,
Ag+, Cd2+),
polysaccharides (yeast
extract and chitosan), plant
response-signaling
compounds (SA and
MeJA) and hyperosmotic
stress with sorbitol

Cell culture MS with 8 g/L agar and
30 g/L sucrose

Diterpenoid tanshinones Zhao et al.
(2010a, b)

H2O2 and NO SA-induced
cells

MS with 100 mg/L
myoinositol, 30 g/L
sucrose and 4.2 g/L agar

Salvianolic acid B Guo et al.
(2014)
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stimulated by silver nitrate, cadmium chloride,
and polysaccharide from yeast extract. The total
tanshinone content of cells was increased more
than tenfold (2.3 mg/g vs. 0.2 mg/g in control)
(Zhao et al. 2010a, b). The stimulating effect was
related to the concentration. The most significant
effect was achieved at 25 lM of Ag and Cd as
well as 100 mg/L (carbohydrate content) of yeast
extract. Among the three tanshinones detected,
cryptotanshinone was stimulated most dramati-
cally to about 30-fold, and tanshinones I and IIA
to no more than fivefold. On the other hand, most
of the elicitors suppressed cell growth. The yield
of biomass was decreased to about 50% (5.1–
5.5 g/L vs. 8.9 g/L in control). In addition, the
elicitors could promote the activity of pheny-
lalanine ammonia lyase and transiently increase
pH and conductivity of the medium. It suggests
that the elicitor-stimulated tanshinone accumu-
lation is a stress response of cells. Guo et al.
(2014) investigated the effects of H2O2 and NO
on the production of salvianolic acid B in
SA-induced cells. H2O2 and NO were signifi-
cantly elicited by SA, even if inhibitor or
quencher was used to inhibit them. The elicited
H2O2 significantly increased NO production, the
induced NO could also significantly enhance
H2O2 production, and both of them could induce
salvianolic acid B accumulation. H2O2 or NO
was induced by SA independently, and the eli-
cited H2O2 or NO could induce salvianolic acid
B accumulation in SA-elicited cells indepen-
dently or synergistically (Guo et al. 2014).

12.3 Tissue Culture

Plant tissue culture is a useful and rapid tech-
nique for plant propagation and secondary
metabolite production. It includes cell and organ
cultures (Saito 1993; Shasmita et al. 2018;
Espinosa-Leal et al. 2018). Here, we concentrate
on organ cultures of S. miltiorrhiza. Field culti-
vation of S. miltiorrhiza is influenced by geog-
raphy, season and invasion of microbe pathogens
(Wang and Wu 2010). The commercial supply of
tanshinones is mainly based on the extraction
from the cultivated S. miltiorrhiza roots, but the

resources of S. miltiorrhiza are limited. It is
necessary to develop more reliable and sustain-
able resources. Plant tissue culture of S. miltior-
rhiza is an effective method to improve the
quality and the proliferation of S. miltiorrhiza
seedlings. It can directly produce the active
constituents of S. miltiorrhiza on a large scale
and can solve the problems in the cultivation
process and the quality control of S. miltiorrhiza
(Wang and Wu 2010).

From the 1990s to present, many studies have
been carried out on tissue culture and regenera-
tion of S. miltiorrhiza. The effects of different
explants and hormone ratios on callus formation
and regeneration bud differentiation have been
investigated. In 1987, Wang and Liu reported the
first study on micropropagation of S. miltior-
rhiza. They showed that buds and shoots could
be induced from the leaf and petiole on MS
medium supplemented with 1 mg/L 2,4-D or
0.2 mg/L 6-benzylaminopurine (6-BA) and
1 mg/L 2,4-D or 1 mg/L 6-BA and 0.2 mg/L
2,4-D. Root could be induced and developed into
an entire plantlet on phytohormone-free 1/2 MS
medium. In 1991, Cai et al. studied tissue culture
conditions of S. miltiorrhiza in detail. It included
the effects of explants, basic media, and phyto-
hormones on shoot induced and rooting. The
results showed that the best conditions for
inducing shoots from leaf explant were MS
medium supplemented with 0.5–1.0 mg/L 6-BA;
The best conditions for rooting were 1/2 MS
medium supplemented with 0.2 mg/L
indole-3-butyric acid (IBA) (Cai et al. 1991). In
the same year, Shimomura and Kitazawa (1991)
studied the regeneration of adventitious shoots
from nodal segments of S. miltiorrhiza. They
showed that adventitious roots could be induced
from petiole segments of shoots on B5 medium.
When the roots were cultured in liquid medium
with 0.5 mg/L IBA for eight weeks, the content
of tanshinones was reached to the highest (Shi-
momura and Kitazawa 1991). Liang et al. (2009)
studied tissue culture and plant regeneration of S.
miltiorrhiza Bunge f. alba. They established a
regeneration system of S. miltiorrhiza Bunge f.
alba and found that the clustered shoots could be
induced on MS medium with 2.0 mg/L 6-BA
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and 1.0 or 0.5 mg/L naphthaleneacetic acid
(NAA). In order to strengthen shoots and elimi-
nate vitrified shoots, the shoots were transferred
to MS medium with 1.5 mg/L KT and 0.2 mg/L
NAA, and then roots were induced on 1/2 MS
medium with 0.2 mg/L IBA. Zhao et al. (2010a,
b) reported tissue culture and plantlet regenera-
tion of S. miltiorrhiza. They studied callus
induction and germination rate of three explants,
including young stem, leaf, and alabastrum. The
results showed that young stem was the best
explants for callus formation and shoot regener-
ation. MS medium supplemented with 6-BA
0.5 mg/L and 2,4-D 0.5 mg/L was suitable for
callus induction, whereas MS medium supple-
mented with 6-BA 1.0 mg/L and NAA 0.5 mg/L
was good for shoot propagation. For rooting of
regenerated shoots, 1/2 MS supplemented with
IBA 0.5 mg/L was best among the three hor-
mones (IAA, IBA, and NAA) tested.

12.4 Hairy Root Culture

In the 1980s, it had been reported that
Agrobacterium rhizogenes contained Ri plasmid.
It could infect wounded higher plants and
transfer a DNA segment (T-DNA) from the Ri
plasmid into the genome of the infected plant
(Moyano et al. 2002; Shanks and Morgan 1999).
Since T-DNA carries a class of genes that encode
enzymes involved in auxin and cytokinin
biosynthesis, the infected plant cultivated on a
hormone-free medium can produce massive
roots, called hairy roots (Guillon et al. 2006). The
active secondary metabolites of many plants
accumulated in the roots. Plant cultivation
requires a long time. Harvesting roots from
plants are destructive to plant growth. Therefore,
hairy root culture was developed to produce
valuable metabolites. It has the advantages of
genetic stability, grow fast, no need for exoge-
nous hormones, lack of geotropism, lateral
branching, and high content of secondary
metabolites (Sevon and Oksman-Caldentey
2002; Srivastava and Srivastava 2007). So far,
hairy roots are used to produce secondary

metabolites for more and more plants (Guillon
et al. 2006; Srivastava and Srivastava 2007).

S. miltiorrhiza mainly contains two classes of
bioactive constituents, including diterpenoid
tanshinones and phenolic acids. Tanshinone I
(T-I), tanshinone IIA (T-IIA), cryptotanshinone
(CT), and dihydrotanshinone I (DT-I) are the
representatives of tanshinones, whereas ros-
marinic acid, caffeic acid, and salvianolic acid B
are the major phenolic acids in S. miltiorrhiza
(Yan et al. 2014). In 1993, Hu and Alfermann
used different A. rhizogenes strains, including
LBA 9402, ATCC 15834, TR 105, R 1601, and
A4 1027, to induce hairy roots. As a result, seven
tanshinones, including tanshinone I, tanshinone
IIA, tanshinone IIB, tanshinone V, dihydrotan-
shinone I, cryptotanshinone, tanshinone VI, and
ferruginol were found in hairy roots and in the
medium (Hu and Alfermann 1993). After that, a
growing number of researchers take efforts to
improve the production of tanshinone and phe-
nolic acids from hairy roots of S. miltiorrhiza by
increasing the yield of hairy roots and the ratio of
active secondary metabolites (Kai et al. 2011;
Khalili et al. 2010). The results showed that the
production of hairy roots and active secondary
metabolites was affected by many factors,
including infected strains, explants, culture con-
ditions, medium contents, and elicitors.

Liu et al. (2009) investigated the induction
rate of different explants infected with A. rhizo-
genes strain R1601. The results showed that the
induction rate of leaves is the highest, followed
by stems. The petiole could not induce hairy
roots in the culture periods. Liu et al. (2009) also
studied the effects of culture time on medicinal
active ingredients in the hairy root of S. milti-
orrhiza. The results showed that the hairy root
increased by about 15 times on the 56th day after
culture. The yields of hairy roots in different
culture stages were positively correlated with the
culture time, and the contents of active ingredi-
ents were increased significantly at the 28th day,
42nd day and 56th day of the culture time,
respectively (Liu et al. 2009).

Tan et al. (2014) investigated the effects of
different agrobacteria and culture media on the
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yields of salvianolic acids in hairy roots of S.
miltiorrhiza. A. rhizogenes A4, LBA9402 and
15834 were used to infect S. miltiorrhiza leaves.
Hairy roots of S. miltiorrhiza induced by A.
rhizogenes were inoculated into culture media,
including MSOH, MS, B5, and 6,7-V liquid
media. All A. rhizogenes strains tested could
induce the generation of hairy roots. Hairy roots
induced by A. rhizogenes LBA9402 and A4
produced significantly more salvianolic acids in
MSOH liquid medium with a pH of 4.81 than
other media (Tan et al. 2014).

Various biotic and abiotic elicitors, such as
yeast extracts, Ag+, MeJA, SA and abscisic acid,
are able to improve the production of secondary
metabolites in S. miltiorrhiza hairy roots (Cheng
et al. 2013; Ming et al. 2013; Hao et al. 2015). In
hairy root culture, the yield of the active ingre-
dients could be improved with an optimum
concentration of the elicitors. Using a combina-
tion of different elicitors is more effective than
one elicitor. Table 12.2 shows the elicitors used
to induce the production of secondary metabo-
lites in S. miltiorrhiza hairy root culture (Cheng
et al. 2013; Ming et al. 2013; Hao et al. 2015).
Chen et al. (2001) reported that the hairy roots of
S. miltiorrhiza infected with A. rhizogenes
ATCC 15834 could produce tanshinones and
phenolic acids under normal growth conditions.

When hairy roots were treated with yeast elicitor,
the production of both phenolic acids and tan-
shinones was enhanced, and the growth of hairy
roots was stimulated (Chen et al. 2001).

Fang et al. (2011) studied the effects of phy-
tohormones on hairy root growth and tanshinone
biosynthesis. The results showed that the growth
of S. miltiorrhiza hairy roots was inhibited by
different concentrations of GA3 and 6-BA but
obviously promoted by the combination of
1.0 mg/L KT and 1.0 mg/L IBA. Total content
of tanshinone IIA was the highest under the
combination of 0.2 mg/L NAA and 3.0 mg/L
6-BA. Yang et al. (2018) studied the responses of
tanshinone biosynthesis to yeast extract (YE) and
Ag+ treatment in hairy roots of S. miltiorrhiza
and Salvia castanea Diels f. tomentosa. They
found that YE could enhance the growth and
tanshinone biosynthesis of two hairy roots and
contributed more to tanshinone accumulation in
S. castanea than S. miltiorrhiza. In S. miltior-
rhiza, dihydrotanshinone I and cryptotanshinone
were more responsive to YE, while tanshinone
IIA was more responsive to Ag+. In S. castanea,
accumulation of other four tanshinones and
related genes was more responsive to YE than
Ag+ (Yang et al. 2018). Liang et al. (2013)
investigated the effects of three phytohormones,
including abscisic acid, gibberellin and ethylene,

Table 12.2 Elicitors used to induce the production of secondary metabolites in S. miltiorrhiza hairy root cultures

Elicitor Tissue
culture
type

Medium Metabolites References

Yeast Hairy
roots

1/2 MS with 0.5 g/L sodium cefotaxime Phenolic acids and
tanshinones

Chen et al.
(2001)

Yeast extract
(YE) and Ag+

Hairy
roots

6,7-V liquid medium Tanshinones Yang et al.
(2018)

Abscisic acid,
gibberellin, and
ethylene

Hairy
roots

6,7-V medium with 20 g/L sucrose Phenolic acids Liang
et al.
(2013)

b-aminobutyric acid Hairy
roots

MS with 8 g/L agar and 30 g/L sucrose
but without ammonium nitrate

Tanshinones Ge and
Wu (2005)

Methyl jasmonate Hairy
roots

B5 medium with 8 g/L agar and 30 g/L
sucrose

Rosmarinic acid and
lithospermic acid B

Xiao et al.
(2009)

Rhizosphere bacteria Hairy
roots

6,7-V medium Phenolic acids You et al.
(2018)
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and their interactions on phenolic production in
S. miltiorrhiza hairy roots. They showed that
abscisic acid (ABA), GA, and ethylene could
induce the production of phenolic acids and
increase the activities of PAL and TAT in
S. miltiorrhiza hairy roots (Liang et al. 2013).

Ge and Wu (2005) studied the effects of
b-aminobutyric acid on the production of diter-
penoid tanshinones in S. miltiorrhiza hairy root
cultures. They found that b-aminobutyric acid
could strongly induce secondary metabolites.
Compared with MeJA, b-aminobutyric acid was
more effective in improving the production of
tanshinones. The combination of b-aminobutyric
acid and YE elicitor could further improve the
production of tanshinones (Ge and Wu 2005).
Xiao et al. (2009) investigated the effects of
MeJA on the accumulation of rosmarinic acid
and its derivative lithospermic acid B as well as
related gene transcript and metabolite profiling in
S. miltiorrhiza Bunge hairy root cultures. The
results showed that MeJA could dramatically
improve the production of rosmarinic acid and
lithospermic acid B (Xiao et al. 2009). You et al.
(2018) investigated the effects of rhizosphere
bacteria on the accumulation of phenolic com-
pounds in S. miltiorrhiza hairy roots. The results
showed that six Pseudomonas and Pantoea
bacteria, including HYR1, HYR26, SCR22,
14DSR23, DS6, and LNHR13, could signifi-
cantly promote the production of RA and SAB.
Among the six bacteria, LNHR13 was the most
effective (You et al. 2018).

So far, the production of secondary metabo-
lites by the hairy root culture has moved from
small-scale laboratory to large-scale production
(Shasmita et al. 2018). Qiu et al. (2004) first
reported the large-scale production of S. milti-
orrhiza hairy roots using ball-type airlift biore-
actor. They found that the growth rate and
tanshinone content of the 50-day-old hairy roots
obtained from ten-liter ball-type airlift bioreactor
were 241.71 and 0.11% of dry weight, respec-
tively, whereas the growth rate and tanshinone
content of the hairy roots obtained from the flask
was 203.33 and 0.16% of dry weight, respec-
tively. Thus, it is feasible to cultivate hairy roots

of S. miltiorrhiza in large scale by airlift biore-
actor, providing a new way for the sustainable
utilization of hairy root resources of S. miltior-
rhiza (Qiu et al. 2004).

In addition, numerous studies have been car-
ried out on the regulatory mechanism of sec-
ondary metabolic pathways. Overexpression or
RNA-interfering one or two of the genes
involved in tanshinone biosynthesis could sig-
nificantly improve the production of tanshinones.
Xing et al. (2018) overexpressed SmbHLH10 in
S. miltiorrhiza hairy roots. The production of
tanshinones was increased in SmbHLH10-over-
expressing line 6. The expression level of genes
involved in tanshinones biosynthetic pathway
was consistent with tanshinone content.
SmbHLH10 could regulate tanshinones biosyn-
thesis via binding to G-box in the promoter of
tanshinone biosynthetic pathway genes (Xing
et al. 2018). Zhao et al. (2015) reported that
maize transcription factor C1 could improve the
accumulation of tanshinones in the hairy roots
through up-regulating SmMDC and SmPMK.
Xiao et al. (2009) showed that overexpression of
single C4H, TAT, or HPPR, or both the TAT and
HPPR genes could induce the production of RA
and SAB in the hairy roots, suggesting that these
genes play an important role in the biosynthesis
of salvianolic acids.
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13Genetic Transformation of Salvia
miltiorrhiza

Meizhen Wang and Shanfa Lu

Abstract
Salvia miltiorrhiza is a valuable traditional
Chinese medicinal herb. Due to the great
importance of tanshinones and phenolic acids
in S.miltiorrhiza, it is necessary to increase their
yields to satisfy the rapidly growing demand.
Many efforts have been made to elucidate
the biosynthetic pathways of tanshinones and
phenolic acids. This chapter describes two
Agrobacterium-mediated S. miltiorrhiza trans-
formation systems, named Agrobacterium
rhizogenes-mediated hairy root transformation,
and Agrobacterium tumefaciens-mediated
‘composite’ plant transformation, respectively.
These systems provide a solid foundation for
genetic engineering of S. miltiorrhiza to
enhance these bioactive compounds. The
achievements of S. miltiorrhizametabolic engi-
neering obtained through transformation are
summarized. In addition, recent advances on the
application of activation tagging mutagenesis
(ATM) and CRISPR/Cas9 for mutation of
genes in S. miltiorrhiza are discussed.

13.1 Introduction

Salvia miltiorrhiza Bunge, also known as Dan-
shen in China, is a well-known medicinal plant
belonging to the Lamiaceae family. Dried S.
miltiorrhiza roots have been widely used in tra-
ditional Chinese medicine (TCM) for treating
various human diseases, such as cardiovascular
and cerebrovascular diseases, Alzheimer’s dis-
eases, and cancer (Su et al. 2015). The Com-
pound Danshen Dripping Pill is the first Chinese
proprietary medicine that has completed
phase-III clinical trial for the treatment of stable
angina in USA (NCT01659580, https://
clinicaltrials.gov/). Lipophilic diterpenoid tan-
shinones and hydrophilic phenolic acids are two
major types of bioactive compounds in S. milti-
orrhiza (Zhou et al. 2005; Su et al. 2015). By far,
more than 90 diterpenoid compounds and 40
hydrophilic phenolic acids have been identified
from S. miltiorrhiza, including tanshinone I,
tanshinone IIA, tanshinone IIB, cryptotanshi-
none, salvianolic acid A, salvianolic acid B, and
so on (Su et al. 2015; Wei et al. 2017; Mei et al.
2019; Ngo et al. 2019). In vitro cell and tissue
cultures of S. miltiorrhiza, particularly
Ti-transformed hairy root, have been widely used
to produce these bioactive components (Tsutomu
et al. 1983; Shimomura et al. 1991; Song et al.
1997; Zhang et al. 2004, 2013a; Xiao et al. 2009,
2010; Wu et al. 2016). With the release of
S. miltiorrhiza genome sequence (Zhang et al.
2015a; Xu et al. 2016), studies have attempted to
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elucidate the biosynthetic pathways of the active
compounds (Guo et al. 2013; Luo et al. 2014;
Gao et al. 2014; Xu et al. 2015). Understanding
of the biosynthetic pathways and regulatory
mechanisms paves the way for metabolic engi-
neering of S. miltiorrhiza, which relies on simple
and efficient gene transfer approaches. Here, we
summarize the procedures of two Agrobac-
terium-mediated S. miltiorrhiza transformation
systems, together with their applications on
improving the major bioactive constituents or
other phenotypic traits. Moreover, recent pro-
gress on metabolic production by gene mutations
is also present.

13.2 Agrobacterium-Mediated
S. miltiorrhiza Transformation

Genetic transformation is the foundation for gene
function study and genetic engineering of plants.
Biolistic transformation and Agrobacterium-
mediated system are two successfully used
methods for gene delivery. A major disadvantage
of biolistic transformation is the multiple-copy
insertion of transgenes into plant genome, which
leads to considerable variation in their expression
and stability (Kohli et al. 1999). Agrobacterium-
mediated transformation, on the other hand,
offers single or lower copy numbers and more
stability for the transgene (Dai et al. 2001). It has
become the first choice of transformation method
for many plants.

So far, Agrobacterium is the only known
organism that can transfer DNA between king-
doms. The genus Agrobacterium contains a
number of species, such as Agrobacterium
tumefaciens, Agrobacterium rhizogenes,
Agrobacterium radiobacter, and Agrobacterium
rubi. For plant genetic engineering, A. tumefa-
ciens and A. rhizogenes are two most success-
fully used species. Their ability to transform
plant cells is associated with a region of
tumorigenic (Ti) or rhizogenic (Ri) plasmid
present in Agrobacterium, called transfer DNA
(T-DNA). T-DNA regions are approximately
10–30 kb in size, accounting for less than 10% of
native Ti or Ri plasmids (Zambryski et al. 1980;

Lemmers et al. 1980; Byrne et al. 1983; Barker
et al. 1983; Suzuki et al. 2000). Due to large size
and lack of unique restriction endonuclease sites,
it is complex to clone a gene of interest into the
T-DNA region of native Ti or Ri plasmids
(Gelvin 2003). However, the finding of binary
vector system has revolutionized Agrobacterium-
mediated gene transformation (Hoekema et al.
1983; de Frammond et al. 1983). In this system,
Ti or Ri plasmids are disarmed by complete or
partial deletion of the T-region but contain vir
genes, called the vir helper plasmid (Hoekema
et al. 1983; de Frammond et al. 1983). Another
vector contains two 25-bp-long T-DNA border
sequences essential for plant transformation,
called the binary vector (Schell and Van Mon-
tagu 1977; Joos et al. 1983). When these two
plasmids were within the same Agrobacterium
cell, the products of vir genes on the disarmed Ti
or Ri plasmid could act in trans on the T-region
of the binary vector and make it transfer to plant
cells. Subsequently, Agrobacterium strains har-
boring disarmed Ti or Ri plasmids, such
A. tumefaciens GV3101 (Van Larebeke et al.
1974; Koncz and Schell 1986) and A. rhizogenes
A4 (White and Nester 1980), were developed. In
this case, one just need to insert the gene of
interest into an expression binary vector con-
taining a selectable marker gene cassette (Koncz
and Schell 1986).

A. rhizogenes is a soil-borne bacterium that
causes hairy root disease at the infection sites.
Such hairy roots are capable of grow rapidly
in vitro without addition of exogenous plant
growth regulators (Mugnier 1988). It makes
hairy root culture a widely used tool to produce
plant secondary metabolites (Rao and Ravis-
hankar 2002; Sharma et al. 2013), such as tan-
shinones and phenolic acids in S. miltiorrhiza
(Zhi and Alfermann 1993; Chen et al. 1997,
1999; Ge and Wu 2005; Xiao et al. 2009). Since
A. rhizogenes can also transfer the T-DNA of
binary vectors carrying foreign genes, it offers
great potential to investigate gene functions,
enhance secondary metabolites, or produce
recombinant proteins (Georgiev et al. 2012).
A general scheme for A. rhizogenes-mediated
hairy root transformation of S. miltiorrhiza is
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shown in Fig. 13.1a (Hao et al. 2013; Xu and
Song 2017). Sterile young leaves are excised
from S. miltiorrhiza plants grown in vitro and
dipped into Agrobacterium suspension harboring
binary vector for explant infection. After blotted
dry on sterile filter paper and cocultivated on
solid MS medium for 2–3 days, they are trans-
ferred to solid MS medium containing selective
antibiotic and cefotaxime for inducing hairy root
formation. Hairy roots emerged from the wound
sites are cut off and transferred on solid MS
medium with 0.1 mg/L indole-3-acetic acid
(IAA) for 2–3 days to stimulate lateral root
production. Then, they are subcultured on fresh
solid MS medium with selective antibiotic and
gradual decrease of cefotaxime to remove
Agrobacterium cells. Vigorous transgenic root
lines with no bacterial contamination are used to
mass culture in liquid 6,7-V medium containing
selective antibiotic before harvest. All the cul-
tures are maintained in dark at 25 °C.

A. rhizogenes-mediated hairy root transfor-
mation is widespread to study metabolic path-
ways in S. miltiorrhiza due to its simplicity and a
short period of time. Nevertheless, it presents
several limitations. For instance, not all the hairy
roots are co-transformed with the foreign genes,
which makes it complicated to select the trans-
genic hairy roots (Crane et al. 2006). A. rhizo-
genes rol gene on Ri plasmids may also have
effects on plant host secondary metabolism
(Chandra 2012). In some cases, it is required to

analyze other plant organs, such as leaves,
flowers, or stems, but ‘composite’ plants regen-
erated from hairy roots typically show an altered
morphology due to expression of rol genes
(Tepfer 1990). One method solving this problem
is to obtain normal plants by segregation in the
subsequent generations when T-DNAs of Ri
plasmid and vector insert into different chromo-
somes (Hatamoto et al. 1990; Boulter et al. 1990;
Webb et al. 1994), while it is time-consuming.
An alternative strategy for obtaining the whole
transgenic plants is to use A. tumefaciens-medi-
ated transformation approach, since oncogenes
have been removed from the Ti plasmid (Hood
et al. 1993). Figure 13.1b shows a simple and
high-frequency A. tumefaciens-mediated trans-
formation system of S. miltiorrhiza (Yan and
Wang 2007; Liu et al. 2015). Leaf disks are
infected with A. tumefaciens harboring binary
vector and cocultivated for 2–3 days on solid
MS medium supplemented with 1 mg/L
6-Benzylaminopurine (BAP) and 0.1 or
0.01 mg/L a-Naphthalene acetic acid (NAA) in
the dark at 25 °C. After that, explants are trans-
ferred to the same medium supplemented with
selective antibiotic and cefotaxime for bud
regeneration in the light at 25 °C. Then, regen-
erated buds are cut off and transferred to fresh
MS or 1/2 MS medium with the selective
antibiotic for rooting. Finally, the rooted plantlets
are acclimated and successfully transplanted to
soil for further analysis.

Fig. 13.1 An outline for
Agrobacterium-mediated
transformation of
S. miltiorrhiza.
a A. rhizogenes-mediated
hairy root transformation;
b A. tumefaciens-mediated
‘composite’ plant
transformation
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Taken together, two Agrobacterium-mediated
S. miltiorrhiza transformation systems have been
successfully developed. They are powerful tools
for gene functional studies and metabolic engi-
neering of S. miltiorrhiza.

13.3 Application of Genetic
Transformation in S.
miltiorrhiza

Establishment of S. miltiorrhiza transformation
system will be helpful to enhance secondary
metabolite production by genetic engineering
strategies. So far, the specific tanshinone and
phenolic acid biosynthesis pathways in S. milti-
orrhiza are not fully understood. However, many
efforts have been made to improve their pro-
duction by metabolic engineering (Tables 13.1,
13.2, 13.3 and 13.4). Overexpression of one or
two tanshinone biosynthetic pathway genes, such
as SmHMGR, SmDXS and SmDXR, SmHDR,
SmIPI, SmGGPPS, SmCPS, SmKSL and
CYP76AH1, could significantly improve tanshi-
nones, while knockdown of them has opposite
effects (Dai et al. 2011; Kai et al. 2011; Hao et al.
2013; Cheng et al. 2014; Shi et al. 2014; Cui
et al. 2015; Zhang et al. 2015c; Guo et al. 2016;
Ma et al. 2016; Shi et al. 2016a; Zhou et al.
2016a). Similarly, transgenic lines overexpress-
ing the upstream genes of phenolic acid biosyn-
thesis, such as SmPAL1, SmC4H, SmTAT, and
SmHPPR, could obviously increase the accu-
mulation of phenolic acids, including rosmarinic
acid, salvia acid B, and lithospermic acid B
(Song and Wang 2011; Xiao et al. 2011; Wang
et al. 2017a). Since the biosynthesis of lignin,
flavonoid, plastoquinone, and phenolic acid
shares the same upstream pathway, it provides an
alternative approach to enhance phenolic acid
accumulation by changing the metabolic flux
from the competitive branch. For example,
downregulation of SmCCR, SmCHS, and
SmHPPD responsible for lignin, flavonoid, and
plastoquinone biosynthesis, respectively, could
strongly induce phenolic acid accumulation
(Xiao et al. 2011; Wang et al. 2012b; Zhang et al.
2015b). Transcription factors (TFs) offer great

advantages in metabolic engineering due to their
regulation of multiple genes at the same time
(Gantet and Memelink 2002; Lu et al. 2016). It
has been reported that overexpression of tran-
scription factor genes, such as SmbHLH148,
AtDREB1A, SmMYC2a, and SmMYC2b, results
in simultaneous enhancement of tanshinones and
phenolic acids in S. miltiorrhiza (Wei et al.
2016b; Zhou et al. 2016b, Xing et al. 2018a).
However, some transcription factors, such as
ZmC1, SmMYB36, SmERF6, and ERF1L1, act as
activator on tanshinones and repressor on phe-
nolic acids, whereas some others, such as
SmERF115 and AtEDT1, play opposite functions
(Zhao et al. 2015; Ding et al. 2017; Bai et al.
2018; Huang et al. 2019; Sun et al. 2018; Liu
et al. 2017b). It implies the complex regulatory
network of secondary metabolite biosynthesis.
Further work is required to elucidate the pathway
genes and their regulatory mechanisms. Other
type genes, such as carbon metabolic genes
SmSnRK2.3 and SmSnRK2.6 (Jia et al. 2017),
hormone-regulated gene Sm2OGD5 (Xu and
Song 2017), and epidermal hair development
gene SmTTG1 (Li et al. 2018), are also used to
study their roles in the biosynthesis of tanshi-
nones or phenolic acids.

Jasmonates (JAs) are plant-specific signaling
molecules that are involved in secondary
metabolites biosynthesis (Wasternack 2007). It
has been shown that methyl jasmonate (MeJA)
treatment can stimulate tanshinones and phenolic
acids accumulation in S. miltiorrhiza (Xiao et al.
2009; Zhao et al. 2010). Hence, the combination
of elicitor treatment and transgenic technology
could produce a synergistic effect on stimulating
secondary metabolites production. One applica-
tion is the further enhancement of tanshinones in
SmGGPPS transgenic hairy root line G50 after
MeJA or salicylic acid (SA) treatment. The
results showed that tanshinone content was sig-
nificantly enhanced (Hao et al. 2015). Moreover,
metabolic engineering based on jasmonate
biosynthesis or signaling pathway genes, such as
SmAOC, SmJMT, SmJAZ, and LePS, could also
be an effective strategy for enhancing tanshinone
and phenolic acid production in S. miltiorrhiza
(Gu et al. 2012; Ge et al. 2015; Chen et al. 2016;
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Shi et al. 2016b; Wang et al. 2018a). Combina-
tion of metabolic engineering and elicitor treat-
ments may be a more promising strategy to
produce secondary metabolites in the future.

In addition, several genes, such as SmGols2,
SmGASA4, and AtDREB1A/B/C, have been
transformed into S. miltiorrhiza to promote stress
resistance (Wang et al. 2012a, 2018b; Wei et al.
2016b; Tao et al. 2017). Transgenic S. miltior-
rhiza has also been used to produce recombinant
protein human FGF-1 (Tan et al. 2014). Appli-
cation of genes used in genetic engineering of S.
miltiorrhiza is summarized in Table 13.4.

13.4 Recent Advances in Gene
Mutagenesis of S. miltiorrhiza

Activation tagging mutagenesis (ATM) uses
T-DNA or a transposable element harboring
CaMV35S enhancers to generate random inser-
tional mutagenesis, leading to transcriptional
activation of nearby genes (Hayashi et al. 1992;
Suzuki et al. 2001). Such gain-of-function
mutation system can be employed to isolate
mutants with increased secondary metabolites.
Six ATM transgenic S. miltiorrhiza callus lines
and one ATM plant line (SH41) with enhanced
tanshinone levels have been successfully pro-
duced (Lee et al. 2008; Ho et al. 2013). However,
a large ATM population of transgenic lines has
not been established for S. miltiorrhiza.

Compared with ATM, CRISPR/Cas is a more
useful tool to edit target genes causing
site-specific mutagenesis. It has been paid con-
siderable attention due to its simple manipulation
and high efficiency in gene mutation and tran-
scriptional regulation (Liu et al. 2017a). For
medicinal plants, it can be used for biosynthesis
of effective components or reduce toxicity of
toxic constituents. Knockout of SmCPS1 in S.
miltiorrhiza using CRISPR/Cas9 technology
resulted in completely missing of tanshinones in
homozygous mutants and reduce of them in
chimeric mutants (Li et al. 2017). The contents of
phenolic acids, including RA and LAB, were
significantly reduced in the successfully edited
hairy root lines, while the RA precursor

3,4-dihydroxyphenyllactic acid was highly
accumulated (Zhou et al. 2018). CRISPR/Cas
system is a new path for the analysis of gene
function in S. miltiorrhiza. It presents a promis-
ing potential in metabolic engineering of bioac-
tive compounds in S. miltiorrhiza in the near
future.
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