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Rhizosphere microorganisms, as one of the most important components of the soil microbiota and plant
holobiont, play a key role in the medicinal plant-soil ecosystem, which are closely related to the growth,
adaptability, nutrient absorption, stress tolerance and pathogen resistance of host plants. In recent years,
with the wide application of molecular biology and omics technologies, the outcomes of rhizosphere
microorganisms on the health, biomass production and secondary metabolite biosynthesis of medicinal
plants have received extensive attention. However, whether or to what extent rhizosphere microorgan-
isms can contribute to the construction of the quality evaluation system of Chinese medicinal materials is
still elusive. Based on the significant role of rhizosphere microbes in the survival and quality formation of
medicinal plants, this paper proposed a new concept of rhizosphere microbial markers (micro-markers),
expounded the relevant research methods and ideas of applying the new concept, highlighted the impor-
tance of micro-markers in the quality evaluation and control system of traditional Chinese medicines
(TCMs), and introduced the potential value in soil environmental assessment, plant pest control and qual-
ity assessment of TCMs. It provides reference for developing ecological planting of TCMs and ensuring the
production of high quality TCMs by regulating rhizosphere microbial communities.
� 2024 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V. This is anopen access article
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1. Introduction

Medicinal plants, as the most important source of traditional
Chinese medicines (TCMs), are the vital material basis for the pre-
vention and treatment of diseases in traditional Chinese medicine,
therefore their yield and quality have been widely concerned.
However, with the transformation of medicinal plant sources from
wild to artificial cultivation, many challenges have emerged, such
as the quality degradation of cultivated varieties, serious pests
and diseases, obstacles to continuous cropping, etc. The rational
quality evaluation of medicinal plants is the key to ensure the
safety, stability and effectiveness of TCMs (Xiao, Wang, & Yan,
2014). In the past, the quality evaluation of TCMs and medicinal
plants focused on the chemical components contained therein,
and a variety of quality evaluation methods were established, such
as the content determination of active components, quantitative
analysis of multi-components by single-marker (QAMS), chemical
fingerprint, and others. Especially, the concept of Q-marker was
proposed (Liu, Chen, Xiao, Zhang, & Liao, 2016), which effectively
promoted the quality evaluation of TCMs. These methods are
mainly applied to the post-harvest stage of medicinal plants,
including medicinal materials, decoction pieces or proprietary Chi-
nese medicine. Yet, there is a lack of effective evaluation and con-
trol of the quality formation process in the growth stage of
medicinal plants.

The recent studies suggest that the quality formation of TCMs is
not only influenced by genetics, environment, soil and climate, but
also impacted by biological factors (Han, Liang, & Sai, 2024).
Among many biotic factors, rhizosphere microbes, called the ‘‘sec-
ond genome” of plants, have a great impact on the growth, nutrient
absorption and stress resistance of plants (Compant, Samad, Faist,
& Sessitsch, 2019; Huang, Li, & Huang, 2020; Jaramillo, Mendes, &
Raaijmakers, 2015; Shao, Dong, Han, & Liang, 2021; C. Zhong et al.,
2022; Y. Zhong et al., 2022). On the one hand, rhizosphere
microbes can regulate the growth state of medicinal plants and
the biosynthesis of active ingredients; on the other hand, the com-
position and abundance of specific rhizosphere microbes can pro-
vide some special needs for the growth process of medicinal
plants, improving the growth environment to ensure the formation
of medicinal quality. Therefore, rhizosphere microbes, as indis-
pensable booster for the growth of medicinal plants, have the
potential to be used as reasonable indicators in the quality evalu-
ation of medicinal plants. In addition, with the development of
molecular biology and omics technologies in recent years (Li
et al., 2021), there is much progress in the research methods
(Guo, Liu, Tang, Chen, & Pei, 2017), influencing factors (Xun,
Shao, Shen, & Zhang, 2021) and interactions between medicinal
plants and rhizosphere microbes (Xiao et al., 2013; Zhu et al.,
2021). Accordingly, the upsurge of new technologies and the actual
production requirements provide the basis for the establishment of
rhizosphere microbial markers (micro-markers) of medicinal
plants.

Based on the important effects of rhizosphere microorganisms
on medicinal plants, this paper aims to establish rhizosphere
microbial indexes that take into account both quality evaluation
and production control. The concept of micro-markers is put for-
ward for the first time by selecting appropriate microbial markers,
establishing safe and effective evaluation standards for high-
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quality, suitable origin and excellent variety of medicinal plants
(Liu et al., 2020), and providing guidance for the existing problems
and quality control in the growth process of medicinal plants. The
establishment of micro-markers is of great significance for ensur-
ing the safety and effectiveness of medicinal plants, monitoring
the phytopathogens and pests of medicinal plants, understanding
and improving the soil environment, as well as unearthing why
endangered medicinal plants are in danger of extinction.

2. Research foundation of new concept ‘‘micro-markers

2.1. Rhizosphere microorganisms promote survival of medicinal plants

2.1.1. Rhizosphere microorganisms enhance stress resistance of
medicinal plants

Survival is the first priority of plants, so the ‘‘resistance” is the
first criterion for plants to consider. Abiotic stress, such as drought,
salt, high temperature, low temperature and flood, and biotic
stress, such as diseases, pests, weeds, affect the normal growth
and development of plants, and even threaten the survival of
plants (Waadt et al., 2022). Rhizosphere microorganisms of medic-
inal plants can promote the expression of defense genes of medic-
inal plants, activate the plant immune system, establish biofilms
on the root surface, compete for ecological niche and nutrition,
directly produce disease-resistant and insect-killing effects or indi-
rectly secrete compounds that induce plant resistance, thereby
increasing plant stress resistance and improving the survival rate
of medicinal plants (Mohamed & Kamal, 2011; Yin et al., 2021).
Bacillus amylolyticus TB6, an anti-fungal strain with 1-aminocyclo
propane-1-carboxylate (ACC) deaminase activity, was isolated
from the rhizosphere of Panax ginseng C. A. Mey. (Renshen in Chi-
nese), which increased the expression of stress-inducing enzymes,
such as polyphenol oxidase and catalase, thereby inducing resis-
tance in plant systems (Tian et al., 2018). Panax notoginseng (Burk.)
F. H. Chen (Sanqi in Chinese) rhizosphere bacteria Bacillus cereus
NS-2 and Bacillus velezensis GJ-7 can form biofilm on the root sur-
face of P. notoginseng and occupy ecological niche, effectively
inhibiting nematode invasion (Wu et al., 2022). Bacillus megaterium
reduces the infestation of Meloidogyne incognita, which was
achieved by the competition, hyperparatism, production of lytic
enzymes, secondary metabolites, and induces systemic resistance
(Gupta et al., 2015). Gu et al. (2020) proposed modifying the rhizo-
sphere microbiome - pathogen interaction to enhance plant resis-
tance through siderophore targeted therapy. Bacillus pumilus
GZDF3, isolated from the rhizosphere soil of Pinellia ternata
(Thunb.) Breit. (Banxia in Chinese), can produce antifungal compo-
nents such as siderophore, which has a synergistic effect with the
antibiotic amphotericin B, thus providing a basis for antifungal cul-
tivation of P. ternata (Sheng et al., 2020).

Heavy metal stress is common in the cultivation of medicinal
plants, which can affect plant morphology, photosynthesis and
growth (Hu et al., 2023). The rhizosphere microorganisms can pro-
tect heavy metal-stressed plants by converting heavy metals into
less toxic forms, absorbing heavy metals, forming protective films
on the root surface, and producing plant hormones to increase
plant heavy metal resistance. H2S-producing Desulfovibrio sp.
SRB1-1 could precipitate heavy metals as metal sulfides, immobi-
lize Cd and Pb in the soil (Shan et al., 2019). Magnin, Gondrexon,
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& Willison, 2014 proved the zinc biosorption potentialities of pur-
ple non-sulfur bacterium Rhodobacter capsulatus. Some bacteria,
such as Serratia, Achromobacter promote the growth and heavy
metal resistance of plants by producing indole acetic acid (IAA)
(Tanwir, Abbas, Hussaan, Basit, & Alomrani, 2023), siderophores
(Hesse et al., 2018; Rajkumar, Ae, Prasad, & Freitas, 2010), ACC
deaminase (Sun et al., 2022), and arginine decarboxylase
(Q. Wang, Zhang, He, & Sheng, 2018; X. Wang et al., 2018). In addi-
tion, increasing plant weight to reduce the relative content of
heavy metals is also an approach of rhizosphere microorganisms
to resist heavy metal stress (Zhou, Zhu, Ma, & Wang, 2017).

2.1.2. Rhizosphere microorganisms prevent continuous cropping
obstacle (CCO)

With the extension of planting years and release of root secre-
tions to the soil, the diversity and uniformity of soil microorgan-
isms in most medicinal plants are significantly reduced, the
structure of bacterial community is degraded, the accumulation
of pathogenic bacteria is increased, the activity of soil enzymes is
decreased, and the stability of soil ecosystem is decreased, which
may result in stunted plant growth and even dead seedlings (Li
et al., 2020; Misra et al., 2019; Song, Pan, Li, Wu, & Wang, 2018;
Zhang & Zhang, 2007; Zhang and He, 2011). For instance, the rhizo-
sphere bacterial community structure of Astragalus membranaceus
(Fisch.) Bge. var. mongholicus (Bge.) Hsiao (Huangqi in Chinese) (Li
et al., 2021), Sophora flavescens Ait. (Kushen in Chinese) (Lei, Liu,
Zhao, Hou, & Wang, 2020), P. ginseng (Tong, Liu, Liu, Xia, & Zhu,
2021), Cut Chrysanthemum (Wang et al., 2022) and other rhizo-
sphere bacteria showed a decayed pattern with time under the
influence of culture year, while the pathogenic fungal communities
were enriched. Reasonable crop rotation and intercropping sys-
tems are common methods to solve CCOs, as they increase the
diversity and richness of rhizosphere microbial communities and
optimize community structure (Wang et al., 2022). Therefore, in
theory, rhizosphere microorganisms can degrade allelopathic auto-
toxic substances, synthesize soil enzymes, improve soil physical
and chemical properties, and thus alleviate CCOs. Recent research
showed that Klebsiella variicola subsp. Variicola ZH07, isolated from
peanut rhizosphere, can degrade autotoxic substances such as ben-
zoic acid, p-hydroxybenzoic acid, salicylic acid, cinnamic acid,
vanillic acid and coumaric acid produced during continuous crop-
ping (Wang et al., 2022). Streptomyces canus GLY-P2, a strain
obtained from cucumber rhizospheric soil, can significantly pro-
mote the activities of phosphatase, urease, sucrase, and catalase
in rhizosphere soil, which can increase the resistance to stress of
cucumber (Wu et al., 2019).

2.2. Rhizosphere microorganisms promote quality formation of
medicinal plants

The interaction between root system and rhizosphere microor-
ganisms of medicinal plants is essential for the yield increase and
quality formation. Although the importance of rhizosphere micro-
bial community to plant growth has been widely recognized, the
understanding of rhizosphere microbes is still very limited. It is
crucial to promote the high-quality growth of medicinal plants
and understand the mechanism of rhizosphere microorganisms
on the quality formation of medicinal plants (Mendes, Garbeva, &
Raaijmakers, 2013).

Certain microorganisms contain gene pools involved in biosyn-
thesis of bioactive ingredients, which provide additional metabolic
capacity to the host plant, therefore specific plant–microbe inter-
actions can promote the production of active ingredients in medic-
inal plant (Huang, Long, & Lam, 2018; Zhai et al., 2019). Zhong et al.
(2022) found that the expressions of key genes involved in the
biosynthesis of liquiritin and glycyrrhizic acid, such as CYP72A154,
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CHI and PAL, were strongly negatively correlated with the abun-
dance of Lysobacter. Regulating the communication between these
rhizosphere growth-promoting bacteria and Glycyrrhiza uralensis
Fisch. (Gancao in Chinese) by regulating the rhizosphere environ-
ment was conducive to promoting the biosynthesis of liquiritin
and glycyrrhizic acid. The effect of rhizosphere microorganisms
on the accumulation of liquiritin may even be greater than the
growth time of G. uralensis. de Oliveira et al. (2019) believed that
the rhizosphere colonization of arbuscular mycorrhizal fungi
(AMF) in Piper aduncum L. (Hujiao in Chinese) could promote the
expression of defense-related genes, thus promoting the produc-
tion of volatile compounds (e.g. alcohol, ether and phenol), the
potential signaling and defense molecules. Especially, AMF
increased the content of sesquiterpene hydrocarbon, the main
components of volatile oil of P. aduncum, and induced the produc-
tion of 15 chemical components in plants.

Some rhizosphere microorganisms, especially plant rhizosphere
growth-promoting bacteria (PGPR), can convert essential nutrients
present in the soil into forms that are easily absorbed by plants for
growth and development (Richard, Manuela, Antonella, Anna, &
Stanislav, 2017). Bacillus safensis isolated from wheat rhizosphere
has good plant growth promoting activity, which produced sidero-
phore and indolelactic acid (IAA), dissolved zinc, potassium, inor-
ganic phosphate, and is a safe biofertilizer. The Paneer-whey
based bioformulation (P-WBF), developed from Bacillus safensis,
can promote nutrient uptake, increase the fresh and dry weight
of various parts of Stevia rebaudiana Bertoni (Tianyeju in Chinese)
and content of the active ingredient stevioside (Prakash & Arora,
2019).

Plant rhizosphere microbiota may also affect the active compo-
nents of medicinal plants by regulating plant metabolism through
the production of plant hormones (Huang et al., 2018). Stenotro-
phomonas enrichment in the A. membranaceus rhizosphere can pro-
duce substances that regulate plant growth and promote the
accumulation of bioactive ingredients, thereby promoting the
growth of A. membranaceus and secretion of metabolites. The root
exudates can in turn support the growth of Stenotrophomonas in
the rhizosphere, thereby increasing the content of astragaloside
(Li et al., 2021).

2.3. Rhizosphere microorganisms reflect habitat characteristics and
plant quality

Some Bacillus species have good plant growth promoting activ-
ity, which can produce siderophore and IAA, dissolved zinc, potas-
sium, inorganic phosphate, and are closely related to the high yield
of many medicinal plants (Wang et al., 2022). B. badius and B. fir-
mus can increase the biomass of above and below ground parts
of licorice (Zhong et al., 2022). B. amyloliquefaciens can increase
the activities of urease, catalase and phosphatase, and increased
the fresh weight of roots of P. ginseng (Tian et al., 2018). B. amyloliq-
uefaciens BF1 and B. subtilis Y37 treatment can increase the number
of soil beneficial bacteria, antagonize pathogenic bacteria, improve
soil physical and chemical properties, and upregulate glycolysis/
gluconeogenesis pathways, thus improving the height, stem diam-
eter, fresh weight, yield of Lilium brownii F. E. Brown var. viridulum
Baker (Baihe in Chinese) (Tu et al., 2023).

Similar to Fusarium, a pathogen that causes root rot (Zhang
et al., 2022), Monographella is likely to be a pathogen that causes
continuous crop disorders (Yu, Jiang, Ren, Li, & Xu, 2018). With
the growth of planting years, the relative abundance of M. cuc-
umerina in P. ginseng and P. notoginsengwas significantly increased,
the abundance of beneficial bacteria was decreased significantly,
and the pathogenicity of soil was increased (Luo et al., 2019;
Tong, Liu, Liu, Xia, & Zhu, 2021). Also the abundance of Mono-
graphella in Panax quinquefolius L. (Xiyangshen in Chinese) with
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root rot disease was significantly higher than that in healthy group
(Yu, Jiang, Ren, Li, & Xu, 2018).

Some studies have found that the authenticity of Chinese
medicinal materials may be related to the specificity of rhizo-
sphere microorganisms. For example, six fungal genera, i.e., Curvu-
laria, Paraconiothyrium, Cylindrocarpon, Macrophomina, Xylaria and
Otospora, were present in Daodi areas, which were absent in non-
Daodi areas (Zheng, Liu, Huang, & Hou, 2016).
3. Determination principle of micro-markers

Based on the above research background, we believe that simi-
lar to establishing physical examination criteria to detect physical
conditions, micro-markers can be established to evaluate andmon-
itor the growth state of medicinal plants. Micro-markers for medic-
inal plants are a type of key rhizosphere microorganisms in the
planting process of medicinal plants, which is closely related to
the safety and efficacy of medicinal plants, and can provide guid-
ance for the high-quality cultivation of medicinal plants. It is not
only an important index of quality evaluation, but also a chief
index of problem diagnosis in the growth process of medicinal
plants. Some potential micro-markers for medicinal plants are
summarized in Table 1.

The identification of micro-markers are supposed to meet the
following conditions: (1) Ideally, it is abundant in special stages,
such as the planting stage of medicinal plants, the susceptibility
period of plant diseases and pests or the harvest period; rhizo-
sphere microorganisms unique to high quality medicinal plants
or problematic medicinal plants could be considered as candidates,
Table 1
Potential micro-markers for medicinal plants.

Medicinal plants Potential micro-markers

Astragalus membranaceus Stenotrophomonas

Lycium barbarum norank_f_Anaerolineaceae, norank_f_AKYG1722,
norank_o_Gaiellales

Artemisia annua Trichoderma asperellum ACCC30536

Glycyrrhiza uralensis Bacillus badius, Bacillus firmus, Rhodoplanes, Lys

Stevia rebaudiana Bacillus safensis

Panax ginseng Bacillus amyloliquefaciens
Bacopa monnieri Bacillus megaterium, Trichoderma harzianum Th

Panax ginseng Fusarium
Astragalus membranaceus Rhizobiales, Sphingomonadales, Burkholderiales
Pseudostellaria heterophylla Trichoderma harzianum
Paeonia lactiflora Alternaria

Paeonia suffruticosa Curvularia, Paraconiothyrium, Cylindrocarpon,M
Xylaria, Otospora

Alisma plantago-aquatica Steroidobacter, Pseudolabrys, Nevskia and Nitr

Dendrobium nobile Acidobacteriales, Pseudonocardiaceae, Pseudoa
Pseudomonadales

Ferula assa-foetida Actinobacteria, Gemmatimonadetes, Bacteroide
Acidobacteria, Verrucomicrobia

Panax quinquefolius Janthinobacterium, Nitrospira, Pedomicrobium
Paradendryphiella, Sporopachydermia, Myrothe
Racocetra

Glycyrrhiza uralensis Proteobacteria, Actinobacteria

Panax notoginseng Proteobacteria, Firmicutes, Actinobacteria

Solanum nigrum, Sedum alfredii,
Noccaea caerulescens, Brassica
juncea

Sphingomonas, Micrococcaceae
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so as to reflect the characteristics of high/low quality medicinal
plants. (2) The unique and inherent rhizosphere microorganism
of high-quality medicinal plants in genuine producing areas would
be best. (3) The rhizosphere microorganisms that directly related
to the content of medicinal or toxic components of medicinal
plants might be suitable micro-markers. (4) The positive micro-
markers can promote plant growth, while the negative micro-
markers reflect the harmfulness of diseases, insects or heavy
metals in medicinal plants, both of which have certain uniqueness
and representativeness; it can be either the presence/absence of
one or several microbes (which are relatively easy to identify) or
the relative abundance range of a particular microorganism. (5)
At the current stage, micro-markers could be defined at the
genus level; in the future, more precise indicators will be available
at the species level, depending on the available molecular
biology technologies with the species level resolution. The selec-
tion, detection and application of micro-markers are summarized
in Fig. 1.
4. Determination and research method of micro-markers

Safety is an important premise of rational drug use, and effec-
tiveness is the primary goal of rational drug use. As an important
index for quality evaluation and quality control of medicinal
plants, micro-markers should take both safety and effectiveness
into consideration. The standardized treatment method is an
important premise to ensure the rationality, representativeness
and repeatability of the evaluation of each batch of medicinal
plants.
Functions References

Promote accumulation of
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Li et al., 2021

Promote accumulation of
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Liu et al., 2022
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Fig. 1. Selection, detection and application of micro-markers. Micro-markers, which are closely related to the safety and effectiveness of medicinal plants, have been
established by screening common microorganisms, analyzing their correlation with the traits of medicinal plants, and have been verified, and have important guiding
significance for the cultivation of medicinal plants.
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4.1. Site selection and sampling of rhizosphere microorganisms

In the stage of a certain medicinal plant susceptible to diseases
and pests or the harvesting period, five-point sampling method
(Liu et al., 2022; Xiao et al., 2017) is used to collect the complete
root system of the characteristic medicinal plant; if it is a tree,
the hairy roots about 1 m away from the tree in four directions
can be harvested, and the depth is about 10–30 cm (Xu et al.,
2018). The loosely bound non-rhizosphere soil was shaken off,
and the roots with soil were eluted thrice with PBS for 15 s of each
time. The eluent was combined, and DNA was extracted by cen-
trifugation and precipitation for the rhizosphere microbial samples
(Zhong et al., 2022).

4.2. Identification of rhizosphere microorganisms

The research methods of rhizosphere microorganisms mainly
include traditional culture methods represented by plate culture
method, biomarkers methods represented by phospholipid fatty
acid (PLFA) and quinones profiling, and molecular biological meth-
ods based on PCR technology and probes technology. Huang, Li, &
Huang, 2020 and Yan, Chen, Yan, Yin, & Zhao, 2008 made the
detailed overview of research methods of rhizosphere microorgan-
isms (Yan, Chen, Yan, Yin, & Zhao, 2008).

Since culturable microorganisms only account for 0.1 % to 10 %
in the environment, the traditional culture methods have great
limitations, and it is rarely used in the identification of rhizosphere
microorganisms (Yan, Chen, Yan, Yin, & Zhao, 2008). Both respira-
184
tory quinone and PLFA are widely present in cell membranes.
Although biomarkers methods do not rely on microbial culture,
can reflect the composition and biomass of living cells, and are fast
and reliable, the taxonomic level they can identify is limited. In
addition, adapting to the environment can lead to altered fatty acid
structure in the cell wall (Siliakus, van der Oost, & Kengen, 2017),
archaeal cell walls have ether instead of ester bonds in their polar
membrane lipids, and the PLFA patterns are similar in various soils,
therefore PLFA is not suitable for the analysis of archaea, and is of
no use in determining the microorganisms at the strain level
(Borymski, Cycoń, Beckmann, Mur, & Piotrowska, 2018; Ling
et al., 2020). Molecular biological method is mostly based on PCR
amplification technology, such as PCR based molecular biological
method and clone library method. In addition, there are studies
based on probe-based identification techniques such as fluores-
cence in situ hybridization (FISH), micro-autoradiography,
stable-isotope probing, and DNA microarray technologies (Yan,
Chen, Yan, Yin, & Zhao, 2008). In the shotgun metagenome
sequencing, the DNA of all microorganisms is extracted directly
from environmental samples to construct a metagenome sequenc-
ing library for high throughput analysis. Molecular biology meth-
ods are no longer dependent on microbial culture, which can
reveal the information of microorganisms in rhizosphere soil more
comprehensively than microbial culture technology (Guo, Liu,
Tang, Chen, & Pei, 2017). Among them, molecular fingerprinting
technology based on PCR technology is rapid, easy to operate,
and can simultaneously analyze multiple samples, which enables
the establishment of micro-markers.
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4.3. Establishment and application of micro-markers

The first thing to consider is the type of micro-markers. The
micro-markers reflecting the growth state of medicinal plants are
determined by two or more of the following aspects: content of
medicinal ingredients, yield, heavy metal content, severity of dis-
eases and pests, and accumulation of allergenic autotoxic sub-
stances in the environment (Zhang, 2017). Among them, the
yield and medicinal component content are the common concerns
of all medicinal plants, and the micro-markers about the yield and
medicinal component content should be established for all medic-
inal plants. Micro-markers associated with other considerations
are flexible depending on the characteristics of medicinal plants.
For instance, some medicinal plants, such as Solanum nigrum L.
(Wang et al., 2022), Sedum alfredii Hance (Ng, So, Wong, & Lau,
2023) and Salvia miltiorrhiza Bunge (Fu, Yuan, Liu, & Wang,
2023), are heavy mental hyperaccumulating plants, and establish-
ing heavy metal micro-markers might be useful for them. Ginseng
is susceptible to root rot (Ji et al., 2021), so establishing micro-
markers of diseases and pests could be helpful in ginseng cultiva-
tion; the soil planted with Rehmannia glutinosa Libosch. (Guo et al.,
2013) and Ginseng (Zhou et al., 2023) often had the accumulation
of allelopathic self-toxic substances, and the micro-markers indi-
cating the accumulation of these harmful compounds in the envi-
ronment can be established.

A large number of experiments were conducted to screen the
characteristic microorganisms of high quality medicinal materials,
high yield medicinal materials, heavy metal contaminated medici-
nal materials, medicinal materials affected by diseases and pests,
and medicinal materials in allelopathic and self-toxic soil. Repre-
sentative high-quality medicinal plants, medicinal plants with
excessive heavy metals or medicinal plants with serious diseases
and pests were selected, and more than 30 batches of samples
were investigated by denaturing gradient gel electrophoresis
(DGGE), random amplified polymorphic DNA (RAPD), amplified
ribosomal DNA restriction analysis (ARDRA), amplified fragment
length polymorphism (AFLP), terminal restriction fragment length
polymorphism (T-RFLP) (Duarte et al., 2019; Siqueira, Sakamoto, &
Rosado, 2023; Vaneechoutte et al., 1995) and other technologies to
establish fingerprint profiling of rhizosphere microbes and screen
the commonmicroorganisms. Then, the correlations between com-
mon rhizosphere microorganisms and characteristic traits were
analyzed (Chen et al., 2022). In addition, some easily miscible
products, such as the plants in the genus of Dendrobium (Zuo, Zu,
Liu, Song, & Yuan, 2021) and Ferula (Q. Wang, Zhang, He, &
Sheng, 2018; X. Wang et al., 2018), can also be considered to estab-
lish relevant microbial standards for identification. Finally, the rhi-
zosphere microorganisms were obtained by plate scribing method
and verified by callus culture and cultivation experiments (Guo,
Liu, Tang, Chen, & Pei, 2017; H.X. Xu et al., 2022; J. Xu et al., 2022).

In the application of micro-markers, their relative abundance
can be determined by traditional culture method, biomarker
method and molecular biology method (Das, Dash, Mangwani,
Chakraborty, & Kumari, 2014).

5. Role and significance of micro-markers

5.1. Guaranteeing ‘‘safety” of medicinal plants

As the physical examination indicator of TCMs, micro-markers
should first ensure the ‘‘physical health” of plants. Chen, Teng,
Lu, Wang, & Wang, 2015 found that in seven southern provinces
of China, e.g., Zhejiang, Jiangxi and Hunan, the average soil concen-
tration of at least two heavy metals was higher than the first-level
value of China’s soil environmental quality standards. The average
concentrations of Cd, As and Ni in Guangxi and Guizhou provinces
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of China were even higher than the secondary standards. In 37
kinds and 2427 batches of Chinese herbal medicines, the unquali-
fied rates of heavy metals were 20.9% (Cd) > 5.8% (Pb) > 3.9%
(Cu) > 3.5% (Hg) > 2.9% (As), and the percentage of unqualified
parts were 97.3% (seed), 92.0% (fruit), 68.5% (flower), 53.2% (whole
plant), 51.3% (leaf), respectively (Fei, Xiao, Wang, Zhu, & Nie, 2021).
The content of heavy metals exceeded the standard in many
medicinal plants, such as Solanum nigrum L. (Ldz et al., 2021), Paeo-
nia ostii T. Hong & J. X. Zhang (Shen, Xu, Chen, & Zhang, 2017), Por-
tulaca oleracea L. (Kale, Lokhande, & Ade, 2015) and Lonicera
japonica Thunb. (Fan et al., 2020). In human, exposure to and inges-
tion of heavy metals via phytomedicine can lead to an increase in
the risk of tumors, neurological disorders, diabetes, infertility,
developmental disorders, kidney failure and cardiovascular dis-
eases (Karri et al., 2018; Paithankar, Saini, Dwivedi, Sharma, &
Chowdhuri, 2021; Yao et al., 2021). The growth period of most
medicinal plants is longer than that of grain crops (Zhang et al.,
2021), and more heavy metals or harmful elements could be
accumulated in the former. Therefore, the planting soil of
medicinal plants should have a special safety limit value for heavy
metals.

The heavy metal stress can increase the number of special
microorganisms such as heavy metal tolerant microorganisms,
which can promote the increase of plant biomass (Yang, Dai,
Skuza, & Wei, 2020), cell wall formation, phytochelatins synthesis,
photosynthetic pigment synthesis, antioxidant defense system
activation (Liu, Zhang, Zhang, & Chai, 2013) and organic acid secre-
tion (Rehman, Rizwan, Ali, Ok, Ishaque, & Saifullah, 2017; Wang
et al., 2022). Rhizosphere microorganisms can improve plant toler-
ance to heavymetals, and serve as an important indicator for heavy
metal risk assessment in medicinal plants (Qian, Huang, Su, & Bao,
2022). Some studies found that Sphingomonas and Micrococcaceae
are closely related to Cd accumulation in the roots of Solanum
nigrum, Sedum alfredii, Brassica juncea and Noccaea caerulescens,
and Micrococcaceae was also related to Cd accumulation in the
aboveground part (Luo et al., 2022), which may be potential
micro-markers of these medicinal plants. In addition, rhizosphere
microbial interactions can also promote the absorption of heavy
metals by plants, and a micro-marker group could be established
to monitor the safety of medicinal plants (Middleton, Yergeau,
Monard, Combier, & Amrani, 2020). For example, the co-
colonization of biocontrol microorganisms Fusarium flocciferum
and Delftia acidovorans in the rhizosphere of P. notoginseng resulted
in an increase of As concentration in the roots of P. notoginseng (Li
et al., 2021), which may increase the potential risk of phy-
tomedicine products.

5.2. Safeguarding ‘‘effectiveness” of medicinal plants

As the physical examination indicator of TCMs, micro-markers
should then ensure the ‘‘physical fitness” of plants. Due to artificial
breeding or changes in the living conditions of medicinal plants,
such as climate change, the abuse of fertilizers and pesticides or
environmental pollution, some medicinal plants have experienced
the degradation of traits and qualities. For instance, the biosynthe-
sis of ginsenosides and phytosterols in wild ginseng is higher than
that in cultivated ginseng, as well as the ginsenoside diversity (Ma
et al., 2023). By measuring and improving the relative abundance
of rhizosphere microorganisms related to the biosynthesis of
medicinal components, it is of great value to ensure the effective-
ness of medicinal plants. Sun et al. (2023) found that the relative
abundances of Vicinamibacterales and Rhizobialeswere significantly
correlated with wogonoside, the active ingredient of Scutellaria
baicalensis Georgi. The rhizosphere microorganisms no-
rank_f_Anaerolineaceae in Lycium barbarum L. can promote the
accumulation of betaine, while norank_f_AKYG1722 and no-
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rank_o_Gaiellales promoted the accumulation of polysaccharide
(Liu et al., 2022). Alternaria is closely related to paeoniflorin accu-
mulation in Paeonia lactiflora Pall. (Sun et al., 2022).

According to the pharmacophylogeny theory, the closely related
medicinal plants tend to have the same or similar chemical compo-
sitions and pharmacological activities (Xiao, Li, Hao, & He, 2021);
for example, the leaves ofMalus species generally contain phlorizin
and other polyphenols (Li, Shen, Bi, He, & Xiao, 2018), whereas the
plants of Acer tataricum subsp. ginnala (Maximowicz) Wesmael
contain abundant ginnalin (Bi et al., 2016). Some studies suggested
that some rhizosphere microbes can promote the synthesis and
accumulation of medicinal ingredients by regulating the expres-
sion of biosynthetic genes (Zhong et al., 2022). Thus, the phyloge-
netically related medicinal species with similar chemical
components could be associated with similar rhizosphere microor-
ganisms or core microbiome in the cultivated soil. This may pro-
vide a basis for the screening of micro-markers for the
biosynthesis of key secondary metabolites of medicinal plants.

5.3. Control of pests and diseases

As the physical examination indicators of TCMs, micro-markers
should also help plants find ‘‘health hidden trouble”. Planting a sin-
gle variety on a large scale for a long time will reduce the stability
of the ecological environment, and increase the risk of large-scale
diseases and pests. Rhizosphere microbial diversity can be used
as a biological index of disease susceptibility of medicinal plants,
and has potential value in monitoring, evaluating and improving
the health status of medicinal plants (Wu et al., 2015). Gu et al.
(2022) found that plants tend to have a binary outcome, complete
health or severe disease, when challenged by soilborne pathogens,
which is caused by the early differentiation of rhizosphere micro-
biome, and subtle changes in the rhizosphere microbiome compo-
sition can predict plant health earlier than the traditional method
of pathogen abundance detection. Shang et al. (2016) found that
the rhizosphere-related bacteria diversity of healthy Lanzhou lilies
was lower than that of diseased Lanzhou lilies, while fungi showed
the opposite trend. Moreover, the relative abundance of Fusarium,
Rhizoctonia, Verticillium, Penicillium and Ilyonectria (Neonectria) in
diseased plants was relatively high, which may also be the cause
of plant root rot. There were significant differences in rhizosphere
microorganisms between healthy and root-rotting P. quinquefolius;
Rhodoplanes and Kaistobacter were the dominant genera of healthy
P. quinquefolius, while Sphingobiumwas the dominant genus of root
rot one. Moreover, the content ofMonographella in root rot samples
(23.13%) was significantly higher than that in healthy samples
(2.90%) (Jiang et al., 2019). It is of great significance to establish
relevant standards for the species and quantity of rhizosphere
microorganisms of medicinal plants, so as to understand the
growth state of medicinal plants and promote the standardized
production of Chinese herbal medicines. Based on the rhizosphere
microorganisms of A. membranaceus, Li et al. (2021) constructed a
consortia consisting of Stenotrophomonas sp., Rhizobium sp.,
Ochrobactrum sp. and Advenella sp., which can inhibit the growth
of pathogenic fungi and active plant induced systemic resistance
(ISR) synergies to protect plants. The rhizosphere microbiota can
be a factor determining the ideal traits of plants, and how the plant
genotypes interact with the rhizosphere microbiota can be evalu-
ated to form an excellent host phenotype (Walters et al., 2018),
so as to modify the plant phenotype in actual production; however,
there are few reports on medicinal plants in this aspect.

5.4. Improving edaphic environment

As the physical examination indicators of TCMs, micro-markers
should also help plants ‘‘prevent disease”. Land degradation is the
186
loss of physical, chemical, or biological properties of soil by natural
or anthropogenic processes and the reduction or disappearance of
important ecosystem functions (Coban, De Deyn, & van der Ploeg,
2022). The continuous cultivation of many medicinal plants in
the same plot can lead to deterioration of basic physical and chem-
ical properties of soil, changes in soil microbial community struc-
ture, accumulation of autotoxic substances, slow plant growth,
aggravation of soil microbial community and other problems
(Chen et al., 2022). For example, the abundance of common soil-
borne pathogens (e.g. Monographella cucumerina, Ilyonectria mors-
panacis, Ilyonectria robusta, Fusarium solani and Nectria ramulariae)
of P. ginseng increased with the increase of cultivation years (Tong,
Liu, Liu, Xia, & Zhu, 2021). With the increase of cultivation years,
pathogenic fungi such as Plectosphaerellaceae, Fusarium and Cla-
dosporium were also enriched in the rhizosphere of four cut
chrysanthemums (Wang et al., 2022). The composition of soil com-
pounds is roughly similar, and the amount of root exudates is very
small, so it is not convenient to analyze plant pests and diseases by
identifying soil chemical components. In contrast, microorganisms
have high sensitivity to the changes of soil physical and chemical
properties (Hermans, Buckley, Case, Curran, & Lear, 2020). Norris
et al. (2020) believe that it is theoretically possible to link the
microbial communities that are abundant and easily detected to
soil function and health, so as to establish microbial standards
for evaluating soil health. Micro-markers, as microorganisms
recruited by plants from soil, can be used to evaluate soil health.
They can be used to timely detect the deterioration of soil condi-
tions. In addition, the microbial fertilizer developed from plant
growth-promoting bacteria can effectively alleviate soil acidifica-
tion and soil fertility decline, increase soil available potassium
and organic matter content, and promote nitrate reductase activity
in rhizosphere soil (Lai et al., 2023). Therefore, the core rhizosphere
microorganisms of healthy medicinal plants can be transferred to
diseased medicinal plants, which could improve soil rhizosphere
microecology and protect the environment; such an approach is
of great value for green development (Yu et al., 2023).
5.5. Solving cultivation problem of endangered medicinal plants

As the physical examination indicator of TCMs, micro-markers
should also help plants find the ‘‘cause of physical problems”.
The microbiome can dramatically alter the performance of individ-
ual plants and is fundamental to the persistence of endangered
plant populations (David et al., 2019). Micro-marker, as the abun-
dant microorganism in plant rhizosphere, is closely related to the
growth and quality formation of medicinal plants. Exploring the
common rhizosphere microorganisms of medicinal plants is of
great value for solving the cultivation problems of endangered
plants. The imbalance in the regulation of canopy density and soil
pH-bacterial diversity might exacerbate the endangered status of
Scutellaria tsinyunensis C. Y. Wu & S. Chow (Xu et al., 2022).
Furthermore, it was revealed that Haliangium and Candidatus
Koribacter are important genera for the protection of S. tsinyunensis,
which are of great significance for promoting the growth of S.
tsinyunensis and protecting the endangered plants.
6. Summary and prospects

Micro-markers can be divided into two types: one is for the
quality monitoring of medicinal plants in special stage, such as
high incidence period of medicinal plant diseases and pests, as well
as soil health status, etc.; the other is useful in evaluating the qual-
ity of medicinal plants in the harvest period, such as those associ-
ated with the content of index components and heavy metal
content of medicinal plants. In the past, most standards can only



K. Yang, Y. Zheng, K. Sun et al. Chinese Herbal Medicines 16 (2024) 180–189
be evaluated from the single aspect of TCMs or environment. The
establishment of micro-markers would help analyzing the complex
relationship between ‘‘environment - rhizosphere microorganisms
- quality and health of medicinal plants”, discovering risks and
intervening the growth state of medicinal plants in advance,
improving the evaluation standard system of high-quality medici-
nal materials, and revealing the causes of high-quality medicinal
materials. At present, there are also some challenges in the
improvement of micro-markers. The existing rhizosphere microbi-
ological research methods are costly, difficult to operate, of too
large workload, time consuming and lacking complete database,
which make it very difficult to establish and popularize micro-
markers. The sampling and preservation of rhizosphere microor-
ganisms require a low temperature environment, which brings
inconvenience to the application of micro-marker in the field. Also,
‘‘rhizosphere” is a relatively vague concept, and the composition
and abundance of rhizosphere microorganisms of medicinal plants
are affected by many factors and are in a dynamic changing process
with high complexity, which make it difficult to select micro-
markers. Rhizosphere microorganisms, as the sensitive index, can
help prevent and control plant diseases, understand soil health sta-
tus, evaluate the quality of medicinal plants, and ensure the safety
and reliability of clinical drugs. It is of great significance to alleviate
the serious threats of diseases, pests and continuous cropping,
improve non-uniform quality and decrease excessive heavy metals
in the production of medicinal plants. Micro-markers can also
work in the quality control of medicinal plants from the source
and provide guidance for the cultivation of quality medicinal
plants, and its unique significance in pharmacophylogeny awaits
further investigations.
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