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a b s t r a c t 

In recent years, the development of Chinese herbal medicine (CHM) has been challenged by shortages 

of CHM resources and drug safety concerns related to end products. There have been significant effort s 

by Chinese scholars to tackle these challenges, which are revealed by analyzing the research trend of 

CHM resources via surveying Chinese Traditional and Herbal Drugs (Zhong Cao Yao), a representative jour- 

nal in CHM. Our study focused on 781 articles in CHM resources from 2013 to 2018 and included four 

subject areas: germplasm resources, quality analysis and evaluation, cultivation, and bioengineering of 

CHM. Discussion and prospective for future investigations were also presented, including: construct the 

core germplasm of medicinal plants and expand germplasms; combine molecular research with field ex- 

periments and promote the deeper study of cultivation of CHM plants; improve the quality evaluation 

method of CHM and strengthen the identification of Chinese patented medicines; promote the sustain- 

able development of CHM resources by utilizing bioengineering and synthetic biology. This study helps 

international scholars understand the status quo of CHM research and provides theoretical support for 

the healthy, modern, and international development of CHM, and it will facilitate the sustainable devel- 

opment of the traditional Chinese medicine industry. 

© 2019 Tianjin Press of Chinese Herbal Medicines. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

In 2015, You-you Tu was awarded the Nobel Prize due to the

iscovery of artemisinin, a therapeutic drug of malaria extracted

rom the medicinal plant Artemisia annua L.. This landmark event

hows that Chinese herbal medicine (CHM) resources play a domi-

ant role in the new drug discovery. Currently more than one third

f clinic drugs are extracted and/or derived from CHM resources,

uch as irinotecan and composite Danshen Pills. CHM resources

ave had crucial value in the treatment and prevention of various

iseases for thousands of years, and they have significantly con-

ributed to improving human health. Furthermore, CHM resources

re also an important source for health care products, food flavors

nd pigments, and cosmetics, etc. With the progress of internation-

lization of traditional Chinese medicine, Chinese herbs are widely

sed all over the world. Many common herbs have been recorded
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n the United States Pharmacopoeia, Japanese Pharmacopoeia,

ndia Pharmacopoeia, and Korea Pharmacopoeia ( Chen et al.,

014 ). 

The market demand for CHM in recent years has significantly

ncreased. According to statistics, the annual consumption of CHM

n China exceeds 40 0 0 0 0 tons, of which the main consump-

ion is wild CHM ( Zhu, Wang, Liang, He, & Yan, 2018 ). The wild

esources of CHM, such as Glycyrrhiza uralensis Fisch., are be-

oming gradually exhausted due to overexploitation ( Zhang &

ong, 2016 ). As a result, the sustainable development of CHM

nd its resources has become an urgent problem to be solved.

ultivars have been the main source of many medicinal materi-

ls and their quality significantly affects the efficacy and use of

hese CHM plants. In this study, the Chinese domestic production

f CHM resources is comprehensively introduced through sum-

arizing the articles from the journal of Chinese Traditional and

erbal Drugs (Zhong Cao Yao) of the last 6 years (2013–2018), and

he guidance is provided for the sustainable development of CHM

esources. 
his is an open access article under the CC BY-NC-ND license. 

https://doi.org/10.1016/j.chmed.2019.08.004
http://www.ScienceDirect.com
http://www.elsevier.com/locate/chmed
http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Germplasm resources of Chinese herbal medicine 

2.1. Genetic diversity analysis by molecular markers 

The genetic diversity analysis of species germplasm resources

can provide a theoretical basis for cultivation and breeding and

new variety improvement. According to basic molecular biology

techniques, methods utilizing molecular markers can be divided

into three categories: 1. DNA markers based on molecular hy-

bridization, such as Restriction Fragment Length Polymorphism

(RFLP); 2. DNA markers based on polymer chain reaction (PCR),

such as Random Amplified Polymorphic DNA (RAPD), Random Am-

plified Microsatellite Polymorphism (RAMP), Amplified Fragment

Length Polymorphism (AFLP), Sequence Related Amplified Poly-

morphism(SRAP), Inter Simple Sequence Repeat (ISSR), and Simple

Sequence Repeat (SSR); 3. DNA sequence markers, i.e., sequence

analysis of some gene fragments in the nuclear genome, chloro-

plast genome, and mitochondria genome. The commonly used

genes are rbcL and matK of the chloroplast genome, and ITS of the

nuclear genome. 

The application of molecular markers in the study of genetic di-

versity of medicinal plants in Chinese Traditional and Herbal Drugs

is outlined in Table 1 . No articles use molecular markers based on

molecular hybridization techniques. Most studies have utilized the

molecular marker technology based on PCR, including SSR, ISSR,

SCoT, SRAP, RAPD, AFLP, CDDP, RAMP, and DALP, etc. For exam-

ple, the genetic diversity of Gastrodia elata germplasm resources

was studied by the SRAP molecular marker ( Chan et al., 2014 ). The

ISSR molecular marker was used to analyze genetic polymorphisms

and the relationship of Anisodus tanguticus from Gansu and Qinghai

Provinces in China ( Zhang, Ren, Zhang, & Guan, 2018 ). In addition,

the nuclear genomes or chloroplast genomes of medicinal plants

were cloned and sequenced in some articles. The sequences of nu-

clear gene ITS and chloroplast psbA-trnH and trnS-trnG in cultivars

and wild populations of Rehmannia glutinosa were amplified and

sequenced. The haplotype (gene) diversity and nucleotide polymor-

phism of three genes from wild plants and cultivars of R. glutinosa

were analyzed and compared ( Xia, Huang, Li, Zhou, & Gao, 2018 ). 

2.2. Research gaps in germplasm resources of Chinese herbal 

medicine 

As can be seen from Table 1 , these articles used various molec-

ular markers in the genetic diversity analysis of species. Besides,

the traditional research methods, including morphological markers,

cytological markers, biochemical markers and chemotype mark-

ers, can also be used to reveal the variations of genetic material

within a species at different levels. The research strategies used

in the genetic diversity analysis of germplasm resources of CHM

are shown in Fig. 1 . However, few papers in the journal analyzed

the genetic diversity of medicinal plants by using traditional meth-

ods. The multiple technologies should complement each other and

be used to better evaluate the germplasm resources of medici-

nal plants. For instance, morphological analysis, DNA analysis, and

HPLC quantitative analysis were combined to study the genetic di-

versity among Aconitum kiyomiense Kadota (Ranunculaceae), en-

demic to Takayama city, Gifu Prefecture, central Japan, and other

members of subgenus Aconitum ( Minami et al., 2019 ). 

3. Cultivation of Chinese herbal medicine 

3.1. Germination of seeds and growth of seedlings 

The papers of Chinese Traditional and Herbal Drugs addressed

the research and development of seeds and seedlings of CHM, and
hese papers can be divided into three directions. First, a study

ought to investigate the regulation mechanism of enzymes and

ndogenous hormones at different stages of seed germination ( Su

t al., 2017 ). Second, determining conditions for seed germination

nd seedling growth was an important topic of investigation. The

nfluences of temperature, endogenous hormones, and pollination

ethods for seed germination and emergence of Paris polyphylla

ar. yunnanensis were explored, and a technical system was es-

ablished to promote the germination of its seeds ( Zhang et al.,

017 ). Third, improving the stress tolerance of seeds and seedlings

f medicinal plants was investigated. 5-Aminolevulinic acid (ALA)

as used to treat Belamacanda chinensis seeds under salt stress

100 mmol/L NaCl). It was found that the exogenous ALA im-

roved the germination index of B. chinensis seeds and effectively

lleviated the damage of salt stress on PSII system of B. chinen-

is seedlings, which improved the ability of plants to resist stress

 Yang, He, Duan, & Xu, 2014 ). 

.2. Effects of environmental factors on Chinese herbal medicine 

The growth and quality of medicinal plants are affected by their

iving environment, including geography, climate, soil, and biolog-

cal factors, and their own reproductive mode. An altitude effect

tudy was performed on Angelic sinensis at 230 0 −280 0 m in Chabu

ountryside, Min County, Gansu province, China. The study used a

ombination of field trials and correlation analysis to explore the

mpact of altitude on the formation of A. sinensis and identified

he key factors affecting yield ( Wang et al., 2013 ). 

Light, temperature, and precipitation are key climatic factors

ffecting plant growth. The physiological indexes of Paris poly-

hylla treated at different temperatures were measured to find the

ptimum temperature suitable for its growth ( Zhang, Ma, Hu, &

an, 2018 ). The effects of growth factors, altitude, and illumination

shady slope and sunny slope) on anthraquinones and tannins of

edicinal rhubarb were studied to find the theoretical basis for

hoosing the optimum growth conditions ( Yan et al., 2017 ). 

Soil provides basic conditions for plant growth and develop-

ent. The nutrients and water in the soil are related to the qual-

ty of medicinal plants, and the microbial diversity in the soil is

onnected to the plant’s disease resistance. Therefore, studies fo-

using on plant growth ( Qiang, Wang, Wang, & Li, 2015 ; Shao

t al., 2018 ) and soil microbial composition ( Li, Song, Wang, & Li,

013 ) were also reported in Chinese Traditional and Herbal Drugs.

owever, there are few reports on CHM cultivation, especially

eld experiments due to the long experiment cycles and unstable

onditions. 

Endophytic fungi of medicinal plants, an active area of cur-

ent research, are fungi that live within plants and do not cause

bvious diseases in host tissues. Endophytic fungi of medicinal

lants can produce special active substances on their own and in-

uce and promote the synthesis and accumulation of secondary

etabolites of host plants. As for CHM, it is important to screen

ut endophytic fungi that produce bacteriostatic substances so that

he safe and effective biological measures can be found to in-

ibit the diseases of CHM. The endophytic fungi were isolated

rom Glehnia littoralis by the tissue isolation, and their antibacte-

ial activity was investigated ( Hou et al., 2015 ). Arbuscular myc-

rrhizal (AM) fungus could increase the survival rate of Paris poly-

hylla var. yunnanensis seedlings, and the multiple AM fungi strains

ffect the content of endogenous hormones of this plant ( Zhou,

i, & Luo, 2017 ). However, only the isolation and identification

f endophytic fungi were reported, and the effects of endophytic

ungi on secondary metabolites of medicinal plants have not been

eported. 
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Table 1 

Application of molecular markers in study of genetic diversity of medicinal plants in Chinese Traditional and Herbal Drugs . 

No. Medicinal plant species Collection sites Sample sizes Sample sources Molecule marker technologies 

1 Aconitum brachypodum Yunnan 105 Wild AFLP 

2 Aconitum carmichaelii Sichuan 126 Cultivar AFLP 

3 Akebia trifoliate Shaanxi 6 Wild AFLP 

4 Amomum tsaoko Yunnan 214 Wild, cultivar SSR 

5 Angelica sinensis Gansu 41 Cultivar ISSR 

6 Angelica sinensis Gansu, Yunnan, etc. 1037 Wild, cultivar ISSR 

7 Anisodus tanguticus Gansu, Qinghai 127 Wild ISSR 

8 Anoectochilus roxburghii Fujian, Guangdong, etc. 24 Wild, cultivar ISSR 

9 Anoectochilus roxburghii Yunnan, Vietnam, etc. 18 Wild DALP 

10 Anoectochilus roxburghii Fujian, Guangdong, etc. 20 Cultivar RAPD 

11 Asarum L. Zhejiang, Guizhou 40 – rDNA ITS 

12 Astragalus membranaceus Inner Mongolia 80 Wild, cultivar ISSR 

13 Calanthe Zhejiang, Guizhou, etc. 55 – rDNA ITS 

14 Chuanmingshen violaceum Sichuan 63 Wild, cultivar, semi-wild SRAP 

15 Cichorium intybus, C. glandulosum Xinjiang, Shandong, etc. 14 – rDNA ITS 

16 Citri reticulatae Semen Sichuan 35 Cultivar ISSR 

17 Citrus reticulata cv. chachiensis Guangdong, Zhejiang, etc. 13 Cultivar SCoT 

18 Clerodendrum L. Jiangxi 9 Wild SSR 

19 Codonopsis lanceolata Fujian, Sichuan, etc. 12 – SSR 

20 Codonopsis pilosula Gansu, Shanxi 48 Wild SSR 

21 Codonopsis pilosula Shanxi – Cultivar SSR 

22 Coix lacryma-jobi L. Yunnan, Vietnam, Laos, etc. 25 – SRAP 

23 Curcuma wenyujin Zhejiang 11 – SRAP 

24 Curcumae Rhizoma Sichuan, Guangxi, etc. 9 Wild RAPD 

25 Dendrobium Lindl. Yunnan, Hainan, etc. 24 Cultivar ISSR 

26 Dendrobium officinale Fujian 43 Wild, cultivar CDDP 

27 Dioscorea opposita Jiangxi 22 Tissue culture seedling RAPD 

28 Dioscoreae Rhizoma Henan, Fujian, etc. 14 Wild rDNA-ITS 

29 Dipsacus Yunnan, Sichuan, etc. 90 – ISSR, SCoT, SRAP 

30 Dipsacus asper Sichuan 14 Cultivar SRAP 

31 Ephedra intermedia Gansu 11 Wild, cultivar, semi-wild ISSR 

32 Epimedium acuminatum Guizhou 50 Wild ISSR 

33 Eupolyphaga sinensis Shandong 10 – RAMP 

34 Ferula syreitschikowii Xinjiang 96 Cultivar ISSR 

35 Forsythia suspensa Shaanxi, Shanxi, etc. 14 – RAPD 

36 Fritillaria L. Xinjiang 10 – ISSR 

37 Gardenia jasminoides Guangxi, Hunan, etc. 47 Cultivar SCoT 

38 Gardenia jasminoides Fujian, Guangdong, etc. 573 Wild SSR 

39 Gastrodia elata Sichuan, Guizhou, etc. 24 Wild, cultivar SRAP 

40 Gentiana straminea Tibet, Qinghai, etc. 83 – ISSR 

41 Gentiana straminea Tibet 17 Cultivar nrDNA ITS 

42 Geranium wilfordii Liaoning, Shandong, etc. 20 – ISSR 

43 Goodyera L. Zhejiang, Anhui 35 – rDNA ITS 

44 Gynostemma pentaphyllun Yunnan, Guizhou, etc. 48 Wild ISSR 

45 Gynostemma pentaphyllun Guangdong, Chongqing, etc. 426 Wild SSR 

46 Hedysari Radix Gansu 15 Wild ISSR 

47 Hirudo nipponica Heilongjiang 10 – ISSR 

48 Houttuynia cordata Yunnan, Guizhou 16 – SSR 

49 Illicium difengpi Guangxi – Wild ISSR 

50 Istais indigotica Anhui, Beijing, etc. 23 Cultivar ISSR 

51 Leonurus artemisia Henan 8 Wild SCoT 

52 Marsdenia R. Br. – 21 Wild ITS2, rbcL 

53 medicinal leech Yunnan 14 – SSR 

54 Microcos paniculata Guangdong, Guangxi, etc. 14 – psbA-trnH , ITS2 

55 Notopterygium incisum Qinghai, Sichuan, etc. 245 Wild trnT-trnL 

56 Paeonia suffruticosa Hunan 47 Cultivar ISSR 

57 Panax japonicus Shaanxi, Sichuan, etc. 19 Wild, cultivar ISSR 

58 Panax quinquefolium Canada, Beijing, etc. 18 Cultivar RAPD, ISSR 

59 Panax vietnamensis var. fuscidiscus Yunnan, Laos 13 Wild SSR 

60 Paris polyphylla var. yunnanensis Yunnan 115 – SSR 

61 Pesudostellaria heterophylla Anhui, Jiangsu, etc. 12 Cultivar ISSR 

62 Pholidota cantonensis Zhejiang 68 Wild SRAP 

63 Pinellia ternate and their relative species Guizhou, etc. 43 – psbK-psbI, atpF-atpH 

64 Pleione bulbocodioides Yunnan, Sichuan, etc. 23 Cultivar ISSR 

65 Polygala tenuifolia Gansu, Hebei, etc. 31 Wild cpDNA trnL 

66 Polygonum multiflorum Guangdong, Zhejiang, etc. 116 Wild psbA-trnH 

67 Potentilla L. Hunan, Sichuan, etc. 6 – ISSR 

68 Psammosilene tunicoides Yunnan, Guizhou 184 Wild SSR 

69 Pseudostellaria heterophylla Fujian, Shandong 9 – rDNA ITS 

70 Rehmannia glutinosa Henan 62 Wild, cultivar ITS, psbA-trnH, trnS-trnG 

71 Rhodiola L. Tibet, Jilin 17 Wild RAPD, ISSR 

72 Rosa chinensis, and their relative species Henan 33 Cultivar ISSR 

( continued on next page ) 
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Table 1 ( continued ) 

No. Medicinal plant species Collection sites Sample sizes Sample sources Molecule marker technologies 

73 Rubia cordifolia Henan 7 Wild psbA-trnH 

74 Rubus L. Zhejiang 15 Wild rDNA ITS 

75 Sarcandra glabra Fujian, Guangdong, etc. 18 Cultivar ISSR 

76 Sarcandra glabra – 18 Cultivar ITS 

77 Siraitia grosvenorii Guangxi 28 Cultivar ISSR 

78 Solanum nigrum Heilongjiang, Hainan, etc. 17 Wild ITS, trnH-psbA 

79 Sophora alopecuroides L. Ningxia, Gansu, etc. 22 Wild ISSR 

80 Stemona tuberosa Guangxi, Guangdong, etc. 34 – ISSR 

81 Stephania kwangsiensis Guangxi 63 Wild SSR 

82 Tamarix chinensis Hebei 32 Cultivar ISSR 

83 Taxus chinensis var. mairei Fujian 23 Cultivar RAPD 

84 Tetrastigma hemsleyanum Jiangxi, Chongqing 64 Wild ISSR 

85 Tetrastigma hemsleyanum Jiangxi, Hunan, etc. 64 Cultivar SSR 

86 Trichosanthis Fructus Jiangxi, Hunan, etc. 30 Cultivar SRAP, ITS 

Fig. 1. Research on genetic diversity of germplasm resources of CHM 

Note : The image of morphological analysis comes from Palma-Rojas, Gonzalez, Carrasco, Silva, and Silva (2017 ), the image of cytological analysis is from Palma-Rojas et al. 

(2017) , the image of protein level analysis is from Kang and Huang (2002) , and the images of DNA level analysis and the cluster diagram are from Pang, Chen, Song, Wang, 

and Li (2018) . 
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3.3. Harvesting and processing of Chinese herbal medicine 

Quantitative determination of berberine and phellodendrine by

HPLC was carried out to analyze the changes of berberine and

phellodendrine content in different years, different harvest sea-

sons, and different portions of Phellodendron chinense , in order to

provide a scientific basis for harvesting P. chinense ( Ji, Xie, Cai, &

Zeng, 2014 ). The effects of different drying methods on composi-

tion and content of five active constituents in root bark and root

of Polgala tenuifolia were investigated. This work provided the ba-

sis for choosing the drying methods of P. tenuifolia with different

specifications ( Peng et al., 2018 ). 
.4. Research gaps in CHM cultivation 

The articles of this journal covered the effects of various bi-

logical and abiotic factors on the cultivation of CHM during

013 −2018, but few of them studied the molecular mechanisms.

t is well known that the continuous cropping obstacle is one of

he major problems in the cultivation of medicinal plants, and the

olecular techniques can be combined to analyze the causes of

ontinuous cropping obstacles of medicinal plants. The succession

f the bacteria community structure in soil of long-term continu-

us cotton cropping was studied using high-throughput DNA se-

uencing ( Wei & Yu, 2018 ). Furthermore, the formation of genuine
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erbs is also a hot research topic in medicinal plants cultivation.

owever, there are few articles concerning about these aspects. 

. Quality analysis and evaluation of Chinese herbal medicine 

The quality and safety of CHM, including the authenticity and

uality evaluation, have been of concern of many CHM scholars.

he main contents of identification and quality evaluation of TCM

re shown in Fig. 2 . More than one-third of the articles focused on

he identification and quality analysis of CHM to ensure the drug

afety. Among them, quality analysis articles account for the vast

ajority. 

.1. Identification of Chinese herbal medicine 

.1.1. Classical identification methods 

The classical identification methods, including origin iden-

ification, macroscopic identification, microscopic identification, 

nd physicochemical identification, were adopted in some Chinese

raditional and Herbal Drugs articles to identify CHM plants. HPLC

ngerprints were used for the identification of Ophiocordyceps

inensis and its fake burnet ( Huang et al., 2017 ), Lonicerae Japonicae

los, Lonicera Flos ( Liu, Li, Jin & Ma, 2017 ; Wang, Deng, Ma, & Yin,

017 ), and Crocus sativus ( Yao, Jin, He, & Wang, 2015 ) . Spectral

dentification technology was used in the identification of several

HM compounds. Methods of classification and identification

f Rhodiola quadrifida and Rhodiola crenulata were established

ased on nuclear magnetic resonance spectroscopy and 

1 H NMR

ngerprint-chemical pattern recognition techniques ( Li, Su, Li, Li,

 Si, 2018 ). The aqueous extracts of donkey-hide and its related

ompounds (horse-hide and mule-hide) were identified using 1 H

MR metabolomics ( Tian et al., 2015 ). Fourier transform infrared

pectroscopy (FT-IR) and two-dimension IR correlation infrared

pectroscopy (2D-IR) were used to identify Paeoniae Radix Alba,

aeoniae Radix Rubra , and their alcohol extracts ( Yang et al., 2016 ).

uang Citrus Reticulata Pericarpium (GCRP) samples were identified
ig. 2. Identification and quality evaluation of Chinese herbal medicine 

ote : The images of origin and macroscopic and microscopic identification are from Yi, W

rom Liu, Shi, and Lei (2017) and Yang et al. (2016) ; the image of molecular identificatio

licia Zon, and Fernández (2018 ). 
y near infrared spectroscopy techniques ( Yan et al., 2015 ). The

onosaccharide fingerprint technology was used to determine the

ifferences in the composition and amount of monosaccharides

n the cytoplasm of wild Astragalus and fast-growing Astragalus ;

heir monosaccharide ratio was distinct, which is useful in the

dentification of Astragalus with different growth modes ( Gao, Li,

ao, Wang, & Qin, 2015 ). 

The combination of several classical identification methods was

sed in a few papers. To distinguish Anoectochilus roxburghii, A.

ormosanus , and A. chapaensis , the methods of freehand section,

icroexamination, and digital photography were combined to

ompare the plant morphology, tissue structures of root, stem

nd leaf transverse, and dried medicinal powder ( Yi, Wu, Zhang,

u, & Huang, 2015 ). Qualitative and quantitative studies on Vitex

egundo var. cannabifolia and Vitex negundo were carried out

sing original plant identification, morphological identification,

icroscopic identification, TLC, and HPLC identifications ( Luo

t al., 2017 ). Some advanced technology, such as SEM and bionic

ystems, were also used in several studies. The bionic olfactory

ystem (electronic nose, PEN3) was used to measure the odor

f Aurantii Fructus from different growing areas ( Zhou, Li, & Luo,

017 ). Five pungent-taste herbs were recognized by electronic

ose and electronic tongue ( Cao et al., 2016 ). The structures of the

ower of Lonicerae Japonicae Flos and Lonicera Flos were observed

sing SEM ( Wu, Feng, & Zeng, 2014 ). 

.1.2. DNA molecular identification 

Three major DNA identification technologies are related with

olecular hybridization signal (RFLP), PCR amplification fingerprint

RAPD, etc.), and nucleic acid sequence analysis (ITS, rbcL , etc.),

espectively. Three studies are based on molecular hybridization

ignals and PCR amplification of fingerprints. The deer blood was

dentified using RFLP techniques; DNA sequence differences can be

sed to generate specific restriction enzyme sites that result in

hanges in the length or the amount of the enzyme fragment for

dentification ( Wang, Chen, Ren, & Wang, 2018 ). RAPD technology
u, Zhang, Wu, and Huang (2015) ; the images of physicochemical identification are 

n is from Yu et al. (2014) ; the image of mycotoxin is from Díaz Nietoa, Granerob, 
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was used to identify the donkey skin ( Tian et al., 2013 ) and Fritil-

laria thunbergii ( Li, Huang, Zhao, & Chen, 2014 ). In addition, some

studies used the DNA barcoding of medicinal plants, e.g., Scutellaria

baicalensis ( Xia, Feng, Gao, Li, & Zhang, 2014 ) , Atractylodes lancea

( Shao et al., 2015 ), and Bupleuri Radix ( Wang et al., 2017 ). Molec-

ular identification technologies, especially DNA barcoding technol-

ogy, have been an effective supplement to conventional identifica-

tion methods ( Chen et al., 2014 ). 

4.2. Quality evaluation of Chinese herbal medicine 

CHM is rich in various active compounds, synergistic compo-

nents, ineffective components, and toxic components. These ingre-

dients may change due to germplasm resources, adulteration, eco-

logical environment, cultivation mode, harvesting time, processing,

storage conditions, and other factors, thus affecting the quality of

CHM. Therefore, comparing active ingredients of the same species

in different environments or harvesting periods, or with different

processing methods is also crucial for the quality control of CHM. 

4.2.1. Analysis of active ingredients in Chinese herbal medicine 

Most articles focused on the determination of the active in-

gredients of CHM, including determining the content of effective

components, establishing a fingerprint of CHM, and the influence

of different processing methods on the effective com ponents, etc.

Numerous studies were conducted to establish the fingerprint of

CHM for the quality control or the comparison between differ-

ent breeds. For example, on the HPLC fingerprint of Anoectochilus

candidus , there were 22 characteristic peaks that distinguish ac-

tive components from inactive ones. This fingerprint provides a ba-

sis for the comprehensive evaluation of the quality of A. candidus

( Wu & Huang, 2015 ). Eupolyphaga Steleophagai contains 18 specific

amino acids, and the HPLC fingerprints of E. Steleophagai and their

adulterants were established using the OPA-FMOC online derivati-

zation method ( Wang et al., 2016 ). From the HPLC fingerprint, it

can be concluded that the active ingredient content of Lindera ag-

gregate produced in Tiantai, Zhejiang Province is higher than those

of the other five producing areas ( Fang, Chen, Yu, Jin, & Huang,

2013 ). 

In addition to fingerprint technology, the “Quantitative Analy-

sis of Multi-components by Single marker (QAMS)” method was

also adopted in some studies. For instance, the QAMS method was

used to determine five active constituents of Draconis Resina , and

the results were comparable to those determined by the external

standard method ( Wan, Wang, Fang, Xiong, & Mei, 2017 ). Although

QAMS was first proposed in 2006 ( Wang, Gao, Fu, & Wang, 2006 ),

no enough attention was paid to it, and only a handful of articles

were published in Chinese Traditional and Herbal Drugs from 2006

to 2015. The new concept of “quality marker (Q-Marker)”, first pro-

posed by Chang-xiao Liu, was published in Chinese Traditional and

Herbal Drugs in 2016 ( Liu et al., 2016 ). Orydalis ohizoma was taken

as an example to illustrate research based on the concept of Q-

marker ( Zhang et al., 2016 ). The research group of Xiao-he Xiao

put forward the new concept of “effect-equivalent” ( Zhang, Xiao,

Wang, & Wang, 2015 ). Both groups carried out a large number of

studies and provided new ideas for the quality evaluation of CHM.

4.2.2. Analysis of inorganic elements in Chinese herbal medicine 

In addition to active ingredients, the efficacy of CHM is also re-

lated with trace elements found in some herbs. Since 2013, Chi-

nese Traditional and Herbal Drugs has published five articles on the

analysis of inorganic elements in CHMs. The inorganic elements in

Polygoni Multiflori Radix were analyzed by ICP-MS, and the inor-

ganic elements were compared between different origins and com-

mercial herbs ( Luo et al., 2015 ). Inorganic elements can directly
articipate in the regulation of essential elements in vivo and pro-

uce synergistic effects with the medicinal organic components to

nhance their curative effects. However, excessive heavy metal ele-

ents affect the safety of CHMs. The same study found that heavy

etal elements, including Hg, As, and Cr, exceeded the standard

f “green industry for import and export of medicinal plants and

reparations” ( Luo et al., 2015 ). 

.2.3. Analysis of pesticide residues and mycotoxin in Chinese herbal 

edicine 

With the growth of artificial cultivation of CHM, the toxic-

ty of pesticide residues is also drawing close attention due to

afety concerns. A few articles reported the detection of pesticide

esidues and aflatoxin. Eight kinds of organochlorine pesticide

esidues in Anoectochili Roxburghii Gemma Terminalis , i.e., BHC

 α-BHC, β-BHC, γ -BHC, and δ-BHC) and DDT (PP’-DDE, PP’-DDD,

P’-DDT, and PP’-DDT), were detected using gas chromatography

GC) ( Shen et al., 2016 ). The immunoaffinity column HPLC method

ith post column photochemical derivatization and fluorescence

etection was used to determine the aflatoxin residue of ani-

al medicines, and a few animal drugs were found to have the

flatoxin contamination ( Liu et al., 2017 ). This study suggested

hat the standardization of CHM storage should be immediately

onsidered to prevent mildew and reduce safety risks for drug use.

.3. Research gap in quality analysis and evaluation of Chinese 

erbal medicine 

The authenticity of CHM is the basis for ensuring their clinical

se. Most articles use molecular techniques for the identification of

HM, and only a few articles use classical identification methods.

he identification methods have become more and more conve-

ient and accurate. However, these methods are not suitable for

he identification of large quantities of medicinal materials, and

t is time-consuming and laborious to regulate and monitor the

edicinal materials on the market. Therefore, it is recommended

hat new high throughput technologies and methods should be de-

eloped and applied. In addition, the detection of active ingredi-

nts is to ensure the effectiveness of CHM, and the detection of

oxic and hazardous substances is to ensure the safety of CHM.

owever, papers on pesticide residues, mycotoxin and toxic ingre-

ients detection are too few as compared with those of the active

omponents. Pyrrolizidine alkaloids (PAs), aristolochic acids (AAs)

nd some other toxic compounds are found in a variety of CHMs,

nd are harmful to human health if used improperly ( Li, Xia, Ruan,

u, & Lin, 2011 ; Vanherweghem, Depierreux, Tielemans, Abramow-

cz, & Vanhaelen-Fastre, 1993 ). These toxic compounds should

e quantified to ensure the medication safety of the relevant

HMs. Therefore, the detection of toxic ingredients should be given

riority. 

. Bioengineering of Chinese herbal medicine 

.1. Cell engineering 

Tacca chantrieri Andre is a national tertiary protection plant.

he best combinations of explants and hormones were selected to

nduce the callus and establish an asexual system for T. chantrieri .

his research provided technical support for the protection and

cientific development of T. chantrieri and provided a reference for

ts further study ( Wei et al., 2013 ). With the leaf of Saposhnikovia

ivaricate as the explant, the S. divaricate callus was successfully

nduced and a stable and efficient plant regeneration system was

stablished ( Fu, Huang, Wang, Hui, & Yang, 2018 ). However, plant

ell cultures require high conditions and batch results varied
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idely. The cell growth was slow and the yield was low. Currently

here are less studies of plant cell engineering. 

.2. Genetic engineering 

Genetic engineering is a very important topic in Chinese Tra-

itional and Herbal Drugs . Although natural products are com-

lex in structure, most of them are synthesized through several

ain metabolic pathways from a few precursor substances, such as

cetic acid and amino acids; MVA, MEP, the shikimate pathway and

he malonic acid pathway are especially highlighted. The main syn-

hetic routes of CHM natural products are shown in Fig. 3 . There

re many key enzymes in each pathway. Although different plants

ay contain the same components, the enzymatic characteristics

nd the regulatory mechanisms of these key enzymes are distinct

n different plants. More than 100 papers studied the cloning and

xpression of key enzymes in different medicinal plants, and most

f them are related to MVA or MEP pathways (e.g., FPPS in Atracty-

odes lancea ( Jiang et al., 2017 ) and sesquiterpene synthase (SES)

n Dendrobium officinale ( Shen et al., 2017 )). Key enzymes in shiki-

ate and malonic acid pathways, such as chalcone isomerase (CHI)

n Fagopyrum dibotrys ( Luo et al., 2013 ) and Scutellaria baicalensis

 Guo, Cheng, Yang, Liu, & Han, 2015 ), are also investigated, as well

s the synthesis pathways of alkaloids ( Wang et al., 2016 ) and the

spartic acid metabolic pathway ( Wang et al., 2017 ). 

The screening and analysis of internal reference genes and

he analysis of key enzymes involved in plant growth under

tress are also important. The phloem development (APL) genes

rom Taxus chinensis were cloned and altered, and their potential

egulatory role in tissue regeneration after bark girdling was

evealed by investigating their expression profiles ( Li, Yang, Liu,

ang, & Qiu, 2015 ). Three actin gene sequences were cloned

rom Pseudostellaria heterophylla for the first time, and the PhACT2

ene was determined to be a suitable internal standard gene

or the expression analysis of functional genes in P. heterophylla

 Ding et al., 2016 ). An inorganic phosphate transporter (PiT) gene

as cloned from Polyporus umbellatus and bioinformatics and

xpression mode analyses were performed. The results laid the

oundation for further functional determination of genes involved
Fig. 3. Main synthetic route of 

Note: The structures are the natural active component
n phosphorus translocation regulation and symbiotic process

 Liu, Xin, Wang, & Guo, 2017 ). 

There are 17 articles related to transcriptomics, most of which

ere published in 2017 and 2018. Armillaria mellea and Zhaotong

astrodia elata vegetative stems were used as the experimental

aterial to reveal the symbiosis mechanism of A. mellea infecting

. elata through the comparative transcriptome sequencing anal-

sis ( Tan et al., 2018 ). Illumina HiSeq 2500 sequencing was used

o sequence the leaf transcriptome of Tussilago farfara at different

tages, and the expressions of phenylpropanoid biosynthesis genes

t different growth stages were compared to predict the optimal

ime for the synthesis and accumulation of phenylpropanoids ( Nie

t al., 2018 ). Transcriptome analysis is an important part of herbge-

omics (bencao genomics), and the use of omics technology will be

xpanded in the future ( Xin et al., 2019 ) 

.3. Research gap in bioengineering of Chinese herbal medicine 

The development of cell engineering technology can increase

he resources of medicinal plants to some extent. The plant cell

ulture and adventitious root culture technology were used to es-

ablish the first industrialized production line of CHM cells, which

nables the industrial production of endangered medicinal plants

uch as Saussurea involucrata and Panax ginseng ( Huang, 2016 ).

owever, the articles of basic research are too few, and no pa-

ers are about the application of cell engineering in the large-scale

roduction and industrial applications. In addition, the genetic en-

ineering studies of the key enzyme genes were mainly about the

pstream pathways, and the key enzymes in the downstream path-

ay have not been reported. In order to promote the sustainable

se of medicinal plants, it is essential to have a complete under-

tanding of the biosynthesis of natural active ingredients in CHM

lants. 

. Discussion and perspective of CHM resources 

Chinese Traditional and Herbal Drugs has an archive of 781 arti-

les related to CHM resources. The articles can be divided into four

ategories: germplasm resources of CHM, cultivation of CHM, qual-

ty analysis and evaluation of CHM, and bioengineering of CHM.
natural products of CHM 

s that has been widely studied in recent years. 
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The classification of the articles is shown in Fig. 4 . The articles re-

lating to quality evaluation and analysis of CHM are most abun-

dant, indicating that the effectiveness and safety of CHM are the

primary focus of current studies. Articles relating to bioengineer-

ing are also of significant importance due to the application of ad-

vanced technologies. 

6.1. Constructing core germplasm of medicinal plants and expanding 

germplasm resources 

The genetic diversity analysis of medicinal plant resources can

provide guidance for the collection, preservation, classification,

evaluation, and establishment of core germplasm of medicinal

plant resources. Frankle (1984) first proposed the core germplasm,

which could improve the utilization efficiency of germplasm

bank and facilitate its management. China’s first national CHM

germplasm resource database was completed and launched at

the Institute of Medicinal Plant Development (IMPLAD), Chinese

Academy of Medical Sciences (CAMS) in 2007 ( Liu et al., 2007 ).

The establishment of the database was of great significance for

ensuring the quality of medicinal materials, discovering new

varieties and breeding improved varieties, preserving biodiversity,

and ensuring the sustainable use of medicinal resources. However,

the improvement and operation of the medicinal plant germplasm

resource bank still faces many difficulties, such as difficulties

in collecting germplasm of wild medicinal plants and loss of

viability during its cryopreservation. A complete system for the

collection and preservation of medicinal plant germplasm needs

to be established, and the strength of domestic and international

scholars should be combined to expand the range of medicinal

plant species and populations. A follow up test of the germplasm

viability and a timely update of the germplasm will also be crucial

to the long-term development of germplasm resources. 

6.2. Combining molecular research with field experiments and 

promoting the in-depth study of cultivation of CHM plants 

The cultivation of medicinal plants is directly related to the

quality and yield of CHM. It is limited by many conditions, in-

cluding biological factors and abiotic factors. The traditional field

experiment takes a long time and has many uncontrollable factors.

To draw a reliable conclusion, repeated experiments are warranted.
Fig. 4. Classification of articles in Chinese Tra

Note: The Numbers represent the number and
esearch of the interaction between various factors and the de-

ermination of main influential factors at the molecular level may

e a future direction. To study the influences of allelochemicals

n the microbial community of ginseng cultivating soil, the car-

on metabolic ability and genetic polymorphisms were analyzed

y Biolog and RAPD methods, respectively; It was found that al-

elochemicals significantly reduced the genetic diversity and car-

on metabolism of soil microbes in the new reforestation forest

f ginseng ( Li, Ying, Zhao, & Ding, 2014 ). The comparative genome

nd transcriptomic analyses revealed common and species-specific

esiccation tolerance strategies in Selaginella tamariscina , providing

ignificant insights into the desiccation tolerance mechanism and

he evolution of resurrection plants ( Xu et al., 2018 ). The effects

f Bacillus pumilus (endophytes) inoculation on growth, metabolite

ccumulation, and related protein expression were probed, and the

ntioxidant defense mechanisms of Glycyrrhiza uralensis Fisch. with

espect to the endophyte were investigated. The findings demon-

trated that B. pumilus improved G. uralensis growth under drought

tress through the modification of antioxidant accumulation and

nhanced glycyrrhizic acid content by the incremental expression

f key enzymes ( Xie, Chu, Zhang, Lang, & Zhang, 2019 ). However,

asic molecular research is not enough; Field experiments should

ollow after the molecular mechanism is elucidated. 

.3. Improving quality evaluation methods and strengthening the 

dentification of Chinese patent medicine 

The quality of CHM is directly related to clinical efficacy, and

he chemical components are the material base of CHM to exert

ts efficacy. The efficacy and safety of drugs can be guaranteed

nly when the effective components and toxic components of

HM meet the defined standards; then these drugs can be used

n clinical practice. The method of determining the content of

ingle or several components to evaluate the quality of CHM

as limitations. The ideal CHM quality control is to analyze and

etect the active components under conditions that ensure the

harmacodynamic substances of CHM are stable. However, it is

ery difficult to study the basic pharmacodynamic materials, and

t is more difficult to elucidate the pharmacodynamic basis of

HM accurately. Q-marker, the quality control of CHM based on

he biological effect benchmark, may be a beneficial supplement

o the quality standard of CHM, providing a new reference for the

esearch of CHM quality control ( Liu, 2019 ). 
ditional and Herbal Drugs in 2013 −2018 

 proportion of articles in each section. 
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Pesticide residues and heavy metal elements introduced by im-

roper cultivation and processing, and mycotoxins caused by im-

roper storage, will affect the efficacy of CHM and hinder the

se and development of CHM. A review summarized the ex-

rinsic harmful residues contaminating CHMs, as well as their

ypes, detection methods, national and international regulations

 Liu, Qin, Dou, Yang, & Sun, 2018 ). The pesticide contamination

f 313 samples, including Paeoniae Radix Alba , Chaenomelis Fruc-

us , and Moutan Cortex , were tested by the QuEChERS-UPLC-MS/MS

ethod. The pesticides detected were below standard levels, but

everal banned pesticides were detected. Future studies should fo-

us on mixed matrices and PFs following decocting ( Xiao et al.,

019 ). The detection of toxic components should also be included

n the quality evaluation of CHM. 

Chinese patent medicine is also an important component

f CHM. “Chinese pharmacopeia” contains 1493 kinds of Chi-

ese patented medicines. The composition of Chinese patented

edicines is complex and the dosage form varies. Counterfeit

edicines and other impurities will affect its quality and endan-

er human health. Lacking of accurate identification methods of

hinese patented medicines will restrict the application of CHM

hroughout the world. Therefore, improving the identification

tandard of Chinese patented medicines and strengthening quality

ontrol are also the main task of the CHM identification. The

igh-throughput sequencing technology was used to identify the

iological components of Liuwei Dihuang Wan ( Cheng et al., 2014 )

nd Jiuwei Qianghuo Wan ( Xin et al., 2018 ). With the develop-

ent of high-throughput sequencing technology and molecular

echnology, more and more mature and convenient systems will

e available for the identification of CHM. 

.4. Promoting the sustainable development of CHM by 

ioengineering and synthetic biology 

“Herbgenomics (bencao genomics)” was proposed ( Chen &

ong, 2016 ), including structural genomics, functional genomics,

nd epigenomics, etc. The concept of “model medicinal species”

ade a breakthrough in the development of medicinal plants, and

s the key foundation of “herbal genomics effect” in the “omics” era

 Liu, 2016 ). The biosynthesis and regulation of active compounds in

alvia miltiorrhiza , a model medicinal plant, have been the research

otspot ( Xu, Ji, Zhang, Song, & Chen, 2016 ). As above mentioned,

ost natural products are synthesized from a few precursor sub-

tances, however, relevant enzymes in the downstream pathway

eed to be fully identified. So far, the biosynthetic pathways of

any well-known natural active ingredients, such as artemisinin,

axol, and tanshinone, have not been completely analyzed. With

he development of high-throughput sequencing technology, the

nalysis of the synthetic pathway of active ingredients has been

ccelerated and has provided abundant information for the syn-

hetic biology of natural products. 

The synthetic biology can be very helpful in the sustainable

tilization of CHM resources, and bioengineering is an impor-

ant supporting technology of synthetic biology. Producing active

ngredients by synthetic biology is not affected by changes in

arious environmental factors, such as climate, pests, geography

nd seasonal restrictions, and the standardized production system

an be used, with shorter production cycle than whole plants,

nd more stable quality and production. At present, the synthetic

iology studies of artemisinin ( Martin, Pitera, Withers, Newman,

 Keasling, 2003 ; Ro et al., 2006 ), taxol ( Ajikumar et al., 2010 ),

aicalein, and scutellarein ( Li et al., 2019 ) have been successful.

he synthetic biology could help solve the problem of CHM ex-

austion and contribute to the sustainable development of CHM

esources. 
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