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Tea plant (Camellia sinensis) is a widely cultivated cash crop and tea is a favorite

functional food in the world. Fresh tea leaves (FTLs) play a critical role in bridging

the two fields closely related to tea cultivation and tea processing, those are, tea

plant biology and tea biochemistry. To provide a comprehensive overview of the

development stages, authorship collaboration, research topics, and hotspots and

their temporal evolution trends in the field of FTLs research, we conducted a

bibliometric analysis, based on 971 publications on FTLs-related research

published during 2001-2021 from Web of Science Core Collection. CiteSpace,

R package Bibliometrix, and VOSviewer were employed in this research. The

results revealed that the development history can be roughly divided into three

stages, namely initial stage, slow development stage and rapid development

stage. Journal of Agricultural & Food Chemistry published most articles in this

field, while Frontiers in Plant Science held the highest total citations and h-index.

The most influential country, institution, and author in this field was identified as

China, the Chinese Academy of Agricultural Sciences, and Xiaochun Wan,

respectively. FTLs-related research can be categorized into three main topics:

the regulation mechanism of key genes, the metabolism and features of essential

compounds, and tea plants’ growth and stress responses. The most concerning

hotspots are the application of advanced technologies, essential metabolites,

leaf color variants, and effective cultivation treatments. There has been a shift

from basic biochemical and enzymatic studies to studies of molecular

mechanisms that depend on multi-omics technologies. We also discussed the

future development in this field. This study provides a comprehensive summary

of the research field, making it easier for researchers to be informed about its

development history, status, and trends.

KEYWORDS

Camellia sinensis, fresh tea leaves, bibliometrics, theanine, catechins, tea quality, tea
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frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fpls.2023.1092511/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1092511/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1092511/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1092511/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2023.1092511&domain=pdf&date_stamp=2023-04-06
mailto:scw69@163.com
mailto:lz-xiao@hunau.edu.cn
https://doi.org/10.3389/fpls.2023.1092511
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2023.1092511
https://www.frontiersin.org/journals/plant-science


Chen et al. 10.3389/fpls.2023.1092511
1 Introduction

Tea is a commonly consumed beverage globally and is

processed from the tender shoots (known as fresh leaves, usually

containing a bud and one or more leaves depending on the level) of

the tea plant (Camellia sinensis). Tea is popular with consumers for

its flavor, fragrance, and bioactive compounds. Fresh tea leaves

(FTLs) are used for tea processing and are rich in secondary

metabolites, such as theanine, catechins, and caffeine (Li et al.,

2015b). These components contribute to the distinct sensory quality

and physiological functions (Zhang et al., 2019) of the tea products.

Theanine is associated with the umami taste and formation of

volatile compounds (Guo et al., 2018, Guo et al., 2019), while also

functioning in anti-obesity and reducing stress-related symptoms

(Sharma et al., 2018; Hidese et al., 2019). Catechins increase the

astringent taste of tea, and oligomerization products such as

theaflavin and thearubigins can also impact the tea’s color

(Morikawa et al., 2019). Therefore, FTLs constitute the material

basis of the sensory qualities and health benefits of tea products.

FTLs are also profoundly affected by a series of exogenous or

endogenous factors, including artificial treatments during

cultivation, geo-climate conditions, biotic and abiotic stresses, and

genetic factors. From a practical perspective, shading treatment

applied to tea plants in the field for an extended period could

significantly alter the pigment content in chloroplasts, increase the

accumulation of amino acids (including theanine), and decrease the

contents of catechins and caffeine. Insects such as the leafhopper

(Empierce (Matsumurasca) onukii Matsuda) activate the synthesis

of volatile monoterpenes derived from linalool in infected tea leaves,

such FTLs can be used to manufacture the famous oolong tea

Oriental Beauty (Mei et al., 2017). In addition, the content of

secondary metabolites can also vary significantly among cultivars,

e.g., ‘Zijuan’ (C. Sinensis cv. Zijuan), a specialized cultivar with

purple leaves, contains much more anthocyanins than ordinary

cultivars (Zou et al., 2021). Thus, FTLs are an important medium

connecting pre-harvest and post-harvest stages in the tea industry,

which are mainly tea cultivation and processing. Based on this point

of view, research in this field is highly valuable.

Recently, a series of reviews on several aspects of FTLs,

including substance transformation during processing (Zhang

et al., 2019), the synthesis and transport of theanine and

catechins (Lin et al., 2022), (Liao et al., 2022), and the response of

essential components under stress (Shao et al., 2021), have been

conducted by researchers in this prospering field. However, it is still

challenging to examine the development and changes of the entire

field of research from a macro perspective, especially in terms of the

evolution of research trends and future development. Bibliometric

analysis is a systematic method that applies quantitative analysis

and statistics to publications such as journal articles and their

accompanying citation counts. It is helpful for researchers to

analyze a research field related to a given scientific question from

a global perspective, which can guide subsequent work. Over the

past few decades, a set of bibliometric tools have been developed,

among which the most used are Bibliometrix, CiteSpace, and

VOSviewer. The integration of them has become a common
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approach in various fields, including medical field(Chen et al.,

2022; Pei et al., 2022; Wan et al., 2022), biomaterials(Zheng et al.,

2022), and food safety studies(Wei et al., 2022), due to their ability

to provide more systematic and accurate information. Here, we

attempted to quantitatively analyze the publication status,

authorship collaboration, research hotspots, and trending topics

of FTLs research using bibliometric methods, aiming in provide a

comprehensive overview in this field.
2 Data source and analysis method

2.1 Data collection and screening

The Web of Science Core Collection (WoSCC) was chosen as

the data source for the present study due to the completeness and

high quality of its entries. Data retrieval was conducted on February

23, 2022, using [TS= (Camellia sinensis) AND TS=(tea)) AND (TS=

(leaf) OR TS=(leaves) OR TS=(bud) OR TS=(sprout) OR TS=

(shoot)] as the search term, with a timespan of publications from

January 1, 2001, to December 31, 2021. The initial query yielded

1,957 publications, among which the document type was set to

article, the language was restricted to English, and less relevant

documents were removed via manual filtering. Next, 984 papers

were retained for subsequent analysis, and 13 articles that

Bibliometrix could not correctly identify were removed. A total of

971 qualified documents were subsequently used in this study. The

conceptual design of the current work is highlighted in Figure 1.
2.2 Bibliometric analysis

Bibliometric analysis and visualization were performed using R

package Bibliometrix (version 3.21), CiteSpace (version 5.8.R3-

64bit), and VOSviewer (version 1.6.18). Microsoft Excel (version

2019) was used for data processing. Multiple units extracted from

the dataset were used to conduct the bibliometric analysis, including

journal, author, institution, country, reference, and keywords.

Two critical bibliometric metrics were referred (h-index and g-

index) while estimating the scientific production and impact of top

journals, authors, institutions, and countries. J.E. Hirsch proposed the

h-index and defined it as the number of papers with citation numbers

higher or equal to h; it is a helpful index used to characterize the

scientific output of a researcher. The h-index considers the number of

publications andcitations received from individualdocumentsandcan

be used to evaluate the impact of a scientific producer by avoiding the

influence of individual highly and nominally cited papers (Hirsch,

2005). The g-index was introduced by Egghe in 2006, defined to

representing top g papers that received at least g2 citations, and it’s

claiming to be a complete alternative to the h-index (Egghe, 2006). The

g-index considers the citations of top documents, resulting in a more

comprehensive view of one’s impact.

Networks used in science mapping usually include co-citation,

co-occurrence, and collaboration networks. The Silhouette score (S

score) and the centrality value are core indicators from CiteSpace and
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were applied to evaluate the consistencies of clusters and influence of

nodes in each network. When the clusters of reference co-citation

networks are generated, the S score is applied to validate cluster

consistencies that range from −1 to +1. For example, a cluster with an

S score of 1 usually indicates that the corresponding cluster is

relatively isolated (Provart et al., 2016). Centrality measures the

degree to which a node is in the middle of the path connecting

other nodes in the network (Brandes, 2001). The higher its value, the

more influential the node is generally, a value higher than 0.1 means

that the node occupies an essential position in the network (Chen,

2012). It is typically represented as a purple circle in the network

diagram, and the size of the circle is proportional to the centrality

value. The detailed software usage and data processing methods are

described in the Supplementary Material.
3 Results and discussion

3.1 Development stages of FTLs research

After querying and data screening, 971 articles related to FTLs

research were published between 2001 and 2021 (Table 1). The

number of publications output has increased each year. However, it

is worth noting that the number of papers published in 2021 is

lower than in 2020, interrupting the increasing trend. Considering

that there is usually a one- or two-year time lag between conducting

experiments and paper publication, this deviation may be due to the

impact of the COVID-19 epidemic, which could have hampered

certain experimental processes in 2020. But certainly, FTLs research

field has experienced a tremendous growth from scratch in the past

two decades with an annual growth rate of 38.76% in total number

of publications, as shown in Figure 2. The increase in total
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publications on FTLs research can be roughly divided into three

stages based on the yearly scientific production, namely the initial

stage (2001–2006), the slow development stage (2007–2015), and

the rapid development stage (2016–2021), with 3, 294, and 674,

publications in each stage, respectively.

Therewereonly threepaperswerepublished in the initial stage and

were mainly focused on how to isolate substances from FTLs and

identify their structures (Ma et al., 2001; Inoue et al., 2003; Kobayashi

et al., 2006). Itwas not until 2007 thatmany researchers started to focus

on other topics related to FTLs. By the year of 2007, the Human

Metabolite Database (HMDB) was created and was established

formally (Wishart et al., 2007), given that the human genome,

transcriptome, and proteome were already established. We speculate

that the development stage in FTLs research is closely related to the

establishment of metabolomics databases and the popularity of multi-

omics technologies. The establishment of the metabolite database and

the increasing advancement of metabolomics technologies may have

facilitated the research about the secondary metabolite of FTLs.

However, many scientific questions can hardly be solved with a

single omics technique (i.e., the theanine synthetase gene was not

identified until the first full genome assembly of tea plant was

published) (Xia et al., 2017). Since then, many newly developed

multi-omics techniques such as transcriptomics, proteomics, and

genomics, which in turn accelerated the development in this field.
3.2 Core journals, authorship,
and collaboration

3.2.1 Core journals based on Bradford’s law
Bradford’s law describes the distribution of scientific

publications in journals. It has been considered one of the
FIGURE 1

Data collection, filtering, and analysis of this study.
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fundamental laws of bibliometrics for decades and has been adopted

by many researchers in bibliometric studies (Naranan, 1970;

Venable et al., 2016). We analyzed the publication status and

identified the core journals using Bradford’s law (Figure S1). The

971 articles were published in 304 journals, and the top ten most

productive journals are listed in Table 2. These journals account for

3.31% (10) of the total journals and published up to 33.37% (29.87)

articles. The top three highest publishing journals are Journal of

Agricultural & Food Chemistry, Frontiers in Plant Science, and Food

Chemistry, with 58, 39, and 36 published articles, respectively. The

number of publications (NP), total global citation (TGC), h-index,

categories, and citations per publication (CPP) of the core journal

are also presented in Table 2. The TGC, h-index, and CPP of the

Journal of Agriculture and Food Chemistry were 1075, 20, and 18.53,

respectively. Frontiers in Plant Science ranked first in terms of TGC

(1420) and h-index (23) and second in terms of CPP (36.41). Its NP

was almost twice that of BMC Plant Biology, even though the latter

holds the highest CPP value.

Figure 3 shows the co-citation network of corresponding

journals. Nodes with low production are set to a lower alpha

value, resulting in higher transparency. Journals such as Plant
Frontiers in Plant Science 04
Physiology, PLOS ONE, Frontiers in Plant Science, BMC Plant

Biology, Trends in Plant Science, The Plant Cell, New Phytologist,

and Plant Molecular Biology are related to plant science and are

more closely distributed in the co-citation network. Other journals

such as Journal of Agriculture and Food Chemistry, Food Chemistry,

Journal of Food Chemistry and Agriculture, and Phytochemistry are

related to food science and chemistry and share a closer

relationship. The most co-cited journals include Plant Physiology,

The Plant Journal, The Plant Cell, BMC Plant Biology, Journal of

Agriculture and Food Chemistry, Food Chemistry, Journal of the

Science of Food and Agriculture, and Phytochemistry. This reflects

the multidisciplinary research context of the field.
3.2.2 Scientific production and cooperation
by country

The tea plant is cultivated in the hilly and mountainous

environments of tropical and temperate regions worldwide.

Therefore, FTLs related research is of a global interest and the

scientists involved in the contribution come from 40 countries

worldwide. However, it is inevitably that the contribution among

different counties vary, owing to a multitude of factors such as the

distinct historical and cultural background of tea consumption, the

variation in agricultural conditions, economic considerations, etc.

In general, the countries with higher scientific production in this

field are mainly located in Asia, North America, and Europe

(Figure 4A), where Asia is the world’s major tea production and

consumption region. In terms of this, China ranked first with 638

publications (i.e., 66% of the papers based on the corresponding

author’s address) published in the past two decades and led in terms

of total citations (9,745) (Table S1). China has thousands of years of

tea-drinking history, and the country has developed a modern tea

industry consisting of six different categories of tea: green tea, black

tea, dark tea, white tea, oolong tea, and yellow tea. The Chinese

government has placed great importance on the tea industry and

the welfare of tea farmers, and some local governments have

designated the tea industry as a key economic pillar industry. As

a result, financial investment in tea science research has been

increasing, leading to the strengthening of research efforts by

universities and research institutions. These factors have

contributed to the abundant research output in this field in

China.The second most productive country is India, with 103

papers published. India is another country of the major tea

producers and exporters, with a production and tea plant

plantation area of 1.258 million tons and 637,000 hectares,

respectively, which are second to China’s 2.986 million tons and

3.165 million hectares, respectively (Mei and Liang, 2022). Other

major tea producers, such as Kenya, Sri Lanka, and Turkey, are also

active in this field. However, many other countries such as Korea,

the United States of America (USA), Germany, Spain, and

Australia, also contributed to FTLs research and should not be

ignored, despite they are not major producers. Korea and the USA

feature in the list with 22 and 17 articles, respectively.

Figure 4B presents the CPP scores of the leading scientific

nations in the field of FTLs. European countries, such as the United

Kingdom, Germany, the Netherlands, and Spain, tend to exhibit
TABLE 1 Main information of the data set used in this study after the
manual screening.

Main information

Timespan 2001-2021

Documents 971

Keywords 2529

References 27914

Countries 40

Institutions 762

Authors 2756

Journals 302

Language English
FIGURE 2

Total publications increment by time and annual publications of
FTLs research from 2001 to 2021. The blue bars represent the
accumulation of articles, while the orange line indicates the yearly
scientific production.
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relatively high CPP scores. In Asia, Japan stands out with the

highest CPP among the prominent scientific producers, followed by

China, South Korea, and India. Although Malaysia and Ethiopia

also have high CPP scores, their publication counts are relatively

low and are influenced more by a few highly cited publications.

Figure 4C depicts the citation distribution of all papers from the six

countries with the highest scientific output. Despite China’s

contribution to some of the most highly cited papers in the field,

the presence of a large amount of poorly cited literature drags down

the average citation level. This may be linked to the rapid growth of

Chinese research output in recent years (35% of output in 2021 and

2020), as newly published papers often require more time to

accumulate citations from other researchers.

The cooperation relationships between different countries

present in Figure 4D, a country collaboration map generated by

Bibliometrix is presented in Figure S2. From the perspective of

cooperation network, the most visible significant collaboration is

the one between the USA and China, and a close cooperation sub-

network exists among European countries. The ratio of multiple

country production (MCP) and single country production (SCP) is
Frontiers in Plant Science 05
related to international collaboration; we can use the percentage of

MCP in the total number of publications to measure the functional

level of international cooperation. The findings of this dataset

(Figure 4A) showed that the countries with the highest

cooperation rates were Germany (100%), the Netherlands (100%),

Spain (83.33%), the USA (64.71%), and the United Kingdom

(60.00%). It is worth noting that the rate of international

cooperation is usually higher in European countries than in non-

European countries, and higher in developed countries than in

developing countries. However, China holds the highest value of

centrality, indicating its essential role in the international

collaboration network of FTLs research (Figure 4C, Figure S2).

3.2.3 Scientific production and cooperation
by institution

Universities and public research institutes are the mainstays of

FTLs research in terms of affiliated institutions, while private

companies and research institutes do not appear as a key role.

The top ten affiliated institutions are all located in China (Table S2),

which may be related to China’s vast tea market and tea drinking

culture. Among these, the Chinese Academy of Agricultural Science

and Anhui Agricultural University hold a close publication, total

citation, h-index, and centrality and have a substantial lead over

Fujian Agriculture and Forestry University in third place. An

institutional cooperation network describes the collaboration

between institutions (Figure 5A), it shows that cooperation

between research institutions is fragile. Affiliated institutions from

different countries are scattered across the map and are not closely

linked. Even though institutions in the same region cooperate

considerably more frequently, there is still room for strengthening

the cooperation.
3.2.4 Scientific production and cooperation
by author

Lotka’s law explains scientific productivity by determining the

relationship between authors, and the quantities of their scientific

outputs (Pao, 1985; Qiu et al., 2017). In the FTLs research field,
TABLE 2 Top ten produced journals with applied information (sorted by NP).

Journals NP TC h-index g-index Categories IF CPP

Journal of Agricultural and Food Chemistry 58 1075 20 30 Q1, Agriculture 5.859 18.53

Frontiers in Plant Science 39 1420 23 37 Q1, Plant Sciences 6.627 36.41

Food Chemistry 36 833 16 28 Q1, Food Science & Technology 9.231 23.14

Scientific Reports 28 542 15 23 Q1, Multidisciplinary 4.996 19.36

Scientia Horticulturae 28 420 11 20 Q1, Horticulture 4.324 15.00

Plant Physiology and Biochemistry 26 505 16 22 Q1, Plant Sciences 5.437 19.42

BMC Plant Biology 21 770 14 21 Q1, Plant Sciences 5.260 36.67

International Journal of Molecular Sciences 21 246 11 14 Q1, Plant Sciences 6.208 11.71

Molecules 18 298 9 17 Q2, Multidisciplinary 4.297 16.56

Journal of the Science of Food and Agriculture 15 363 12 15 Q2, Multidisciplinary 4.125 24.20
frontier
NP, TC, IF, and CPP represent the number of publications, and total citations, impact factor, and citations per publication.
FIGURE 3

Journals co-citation network. The size of each node represents the
citations of each journal. Colors closer to the middle of the node
represent older publication years, whereas exterior colors are more
recent publication years. The purple circle means the node’s
centrality ≥ 0.1, and the size of the circle is proportional to the
centrality value.
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0.35% of total authors contributed 35.77% of the total quantity

publications, basically, in line with the predicted trend of Lotka’s

law (Figure S3). We further analyzed the top ten most published

authors among them, their citations, h-index, and other related

information are listed in Table S3. All the top ten authors are

working in China, indicating a similar trend with the distribution of

leading institutions. The top three productive authors with their

publications, total citations (total global citations), and h-indexes

are Xiaochun Wan (52, 1300, 18, respectively), Yu Wang (47, 435,

13, respectively), and Ziyin Yang (37, 858, 16, respectively),

followed by Chaoling Wei (35, 1143, 18, respectively). According

to the annual scientific production of top authors (Figure S4), some

of them have been active in this field since 2007. Many others joined

around 2009 and contributed to FTLs research development. By

2014, nine of the top ten authors were active in this field, and FTLs

research began to enter the rapid development stage two years later.

Xiaochun Wan is a professor from Anhui Agricultural

University, along with Chaoling Wei and Weiwei Deng. They are

dedicated to studying tea plant biology, especially the biosynthesis

of characteristic tea plant metabolites, such as catechins, theanine,

caffeine, and anthocyanins, as well as their underlying regulatory

mechanisms (Shi et al., 2011). Together, they produced the most

highly cited paper in the current dataset by assembling a high-

quality genome for the Chinese variation of tea plant (C. sinensis

var. sinensis, CSS) (Wei et al., 2018) and established the Tea Plant

Information Archive (TPIA, http://tpdb.shengxin.ren/), the first
Frontiers in Plant Science 06
comprehensive web-accessible database designed for tea plants

(Xia et al., 2019). Ziyin Yang and Lanting Zeng are affiliated with

South China Botanical Garden, Chinese Academy of Sciences, and

focus on researching the biosynthesis pathways and regulation

networks of tea specialized secondary metabolites such as l-theanine

(Cheng et al., 2017) and volatile compounds (Yang et al., 2012; Yang

et al., 2013) in FTLs. A 2017 study found that the breakdown of

chloroplast proteins may be necessary to accumulate free amino acids

in FTLs under dark conditions (Chen et al., 2017), expanding our

understanding of how cultivation practices such as shading treatment

can improve tea quality.

We further explored the collaborative relationship between the

authors (Figure 5B). We found that the trend of elitism is even more

pronounced in terms of authorship than institutions. Many

internally tightly connected clusters can be found within author

collaboration networks, with the aggregation of these clusters

coinciding with the authors’ affiliations. Authors were separated

into multiple clusters in the collaboration network; these clusters

showed close inner cooperation, whereas inter-cluster collaboration

was relatively weak. For example, Xiaochun Wan, Chaoling Wei,

and Weiwei Deng from the same institution are very close on the

map. The same situation also applies to other authors such as Yu

Wang with Zhaotang Ding, Ziyin Yang with Lanting Zeng, and

Xinchao Wang with Yajun Yang. In addition, Xiaochun Wan

possesses a higher centrality than other authors, hinting at his

broad influence in the collaboration network of FTLs research.
B

C

D

A

FIGURE 4

Countries’ scientific productions and collaboration relationship. (A) Scientific production and international collaboration by countries. (B) Citations
per publications for each country. (C) The citation distribution of all papers from the top six countries. (D) Collaboration network of countries
generated with CiteSpace. The size of each node represents the citations of each country. Colors closer to the middle of the node represent older
publication years, whereas exterior colors are more recent publication years. The purple circle means the node’s centrality ≥ 0.1, and the size of the
circle is proportional to the centrality value.
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3.3 Research trending topics

3.3.1 Trending topics based on keyword co-
occurrence and clustering

Over the past twenty years of FTLs research, a considerable

difference in the frequency of keywords was observed within the

word cloud map (Figure S5). We also generated the keywords co-

occurrence network using VOSviewer to further reveal the cluster

relationship and co-occurrence status. One hundred and four

keywords with a minimum occurrence of 10 were used to

generate the plot (Figure 6). Among them, keywords used in data

querying such as camellia-sinensis and leaves were excluded from

this analysis.

Three clusters were identified using VOSviewer, namely green,

blue, and red clusters (Figure 6A), that correspond to the different

research topics, respectively. The average citations of keywords were

also generated and shown in Figure 6B. Certain keywords with low

frequency (e.g., pathway, l-theanine, catechins) received more

citations. This finding might indicate that, although these topics

have received widespread attention from researchers, the number of

relevant studies still need to be improved. The more regularly cited

keywords among the more frequently occurring group were green,
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identification, genes (expression), and arabidopsis. These keywords

are related to essential metabolites and their regulation mechanisms

and are distributed in the green and blue clusters.

The green cluster is mainly related to the regulation mechanism

of key genes, containing the highest frequency of the keyword

expression. Other keywords with higher occurrence, such as

arabidopsis, accumulation, biosynthesis, and metabolism are also

classified into cluster green. The metabolism and characterization of

essential compounds is the subject of the blue cluster, which

includes the second most frequently occurred keyword, green.

Green represents green tea, the most produced and consumed

type among the six major types of tea products in China. Other

types of tea, such as black and oolong tea, can also be found in this

cluster. The keyword quality indicates the primary concern of this

cluster. Other keywords of lower frequency, such as catechins,

caffeine, polyphenols, and theanine, encompass the most

important metabolites of the tea plant. The keywords in the red

cluster were lower in frequency overall than the other two clusters

but also conveyed rich information about the growth and stress

responses of tea plants. The most common keywords in this cluster

included growth, tolerance, response, and stress, which indicate the

main interests of this cluster. More specific objects of study can be
B

A

FIGURE 5

Collaboration network of (A) institutions and (B) authors, generated with CiteSpace. The size of each node represents the citations of each institution
or author. Colors closer to the middle of the node represent earlier publication years, whereas exterior colors are more recent publication years. The
purple circle means the node’s centrality ≥ 0.1, and the size of the circle is proportional to the centrality value.
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identified from less frequently occurring keywords, such as heavy

and non-metallic elements such as aluminum, cadmium, calcium,

copper, and phosphorus, and environmental factors such as drought,

freezing tolerance, and water.

Keywords in the green cluster reflect the extensive interest of

researchers in regulating gene expression in tea plants under various

conditions. Researchers have identified essential genes in the

pathway of several metabolites by applying genomics,

transcriptomics, metabolomics, or combined multi-omics

technologies, along with bioinformatics. For example, Xia et al.

assembled the first high-quality genome of CSA and applied

comparative transcriptomic analysis to obtain gene homologs
Frontiers in Plant Science 08
related to the biosynthesis of catechins, theanine, and caffeine

from 23 wild relatives (Xia et al., 2017). Further, they identified

13 genes encoding SAM-dependent N-methyltransferases (NMTs),

which could catalyze the caffeine synthesis pathway from

xanthosine, and found evidence to support the independent

evolution of these genes. Keywords such as arabidopsis,

accumulation, biosynthesis, metabolism, and mechanism, closely

associated with expression, paint a comprehensive picture. Using

Arabidopsis thaliana as an essential reference, researchers have

uncovered a series of transcription factors in tea plants that play a

crucial role in plant growth, stress response, and metabolite

synthesis. For instance, CsTCPs can regulate stem tip
B

A

FIGURE 6

Co-occurrence network of keywords, generated with VOS viewer. The minimum number of occurrences is set as 10, resulting in 104 of all keywords
meeting the threshold. The size of each node presents its event, and the co-occurrence network is colored by (A): clusters and (B): average citations.
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development and catechin biosynthesis (Yu et al., 2021), CsMYBs

were shown to be associated with l-theanine biosynthesis, and

CsMYB1 was further found to regulate trichome development and

catechin synthesis in tea plants, applying bioinformatics and

metabolomics technologies (Wen et al., 2020; Li et al., 2022a, 1).

MYB transcription factor family genes can also be involved in the

response of tea plants to drought and other stresses (Li et al., 2022b).

The quality of FTLs is closely related to the quality of processed

tea products (Liao et al., 2022; Shao et al., 2021; Chaturvedula and

Prakash, 2011). In the blue cluster, different types of tea and

essential substances that determine tea quality were closely

associated. Green tea, black tea, and oolong tea are the most

popular tea products, while catechins, caffeine, and theanine are

the most important substances. These FTLs substances and their

corresponding processed teas have received much attention from

researchers (Zeng et al., 2017; Zhou et al., 2017). The suitability of

FTLs is fully discussed (Wang et al., 2019), and the quality changes

of pre- and post-harvest fresh leaves were also explored (Fu et al.,

2015). Moreover, agronomic practices were analyzed to determine

their effect on the quality of FTLs and their finished tea (Arkorful

et al., 2020; Chen et al., 2021; Rubel Mozumder et al., 2021).

The red cluster is related to tea plants’ growth and stress

response and contains keywords representing heavy metals, non-

metal elements, and other environmental factors. One of the most

attractive characteristics of the tea plant is its hyper-enrichment in

and tolerance to aluminum. In a comparative study with five other

woody plants, the aluminum content of FTLs was 8,910 mg/kg,

similar to Melastoma affine (9,930 mg/kg) but much higher than

Sterculia lanceolate (26 mg/kg), Ardisia crenata (45 mg/kg), Acacia

Formosa (58 mg/kg), and Machilus thunbergia (115 mg/kg) (Xie

et al., 2001). Aluminum has recently been found to play an essential

role in the growth and development of the tea plant root system

(Sun et al., 2020); however, the health risk associated with a high

aluminum content remains to be considered. Other metal elements,

such as cadmium and copper, can also affect the growth and

development of tea plants at different levels and pose potential

food safety risks for tea products (Shu et al., 2003; Cao et al., 2010;

Zhang et al., 2020a). Environmental factors such as drought (Lv

et al., 2021; Ding et al., 2022), freezing tolerance (Yang et al., 2021),

and shade (Wang et al., 2012a; Chen et al., 2017) have also been

shown to affect the metabolic activities of FTLs and influence tea

quality (Shao et al., 2021).
3.3.2 The evolution of trending topics
Figure 7 shows the temporal evolution of trending topics of

FTLs-related studies over the past two decades, based on the

keywords’ occurrence status. The definition of the trending status

values, and related information are presented in Table S4.

Expression, green, black, biosynthesis, accumulation, catechin,

theanine, and other essential metabolites of FTLs had higher

frequency and are higher in the value of trending status,

demonstrating their continued focus in the field. From 2009 to

2015, trending topics included dry-matter production, spectrometry,

superoxide-dismutase, hydrogen-peroxide, and purine alkaloids,

leaning more towards basic biochemical and enzymatic studies.
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Around 2016, the interest in the field rapidly expanded to include

tea quality, metabolite biosynthesis, and tea plant stress response.

Keywords such as soil, plant, chemical composition, and chlorophyll

fluorescence appeared in 2015 and 2016, representing the influence

of environmental factors on tea plants and corresponding to the red

cluster in Figure 6A. The median year for the keywords catechin,

caffeine, and polyphenols was 2017. These keywords correspond to

the blue cluster, reflecting the focus on essential compounds and the

quality of tea products during this period. In the last four years of

the two past decades, trending topics such as expression,

biosynthesis, identification, and gene represent the intense focus

on the regulatory mechanisms underlying key gene function.

Moreover, it is worth noting that evolution and genome appear in

2020, with a relatively high frequency and trending status value,

indicating that these keywords have gained much attention in a

short period around 2020. Another recently trending topic

is anthocyanin.
3.4 Hotspots based on publication and
reference co-citation

3.4.1 Most influential publications
Bibliometrix was used to identify the most locally and globally

cited publications, according to the cited times of each publication,

the related information of most influential publications are

presented in Table 3.

The highest locally cited paper (150 times) yet was published by

Professor Chao-Ling Wei in 2018; this number is much higher than

for other papers (Wei et al., 2018). It is also the most globally cited

publication (351 times) in the dataset. In this study, Wei et al.

assembled the first high-quality genome of the Chinese variety of

tea plant. This genome is 3.14 Gb in size and has scaffold contig N50
FIGURE 7

Trending topics in the field of FTLs research per year. A trending
status value close to -1 means that the keyword was frequently
mentioned in the early period of the trending duration and faded out
over time. In contrast, a value close to +1 means that the keyword is
increasingly popular. Due to the small quantity of publications before
2007, related keywords cannot be identified, detailed calculation
method is described in the Supplementary Material.
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of 1.39 Mb. A comparison of the CSS genome with the first

published Assam-type tea plant (C. sinensis var. assamica) (Xia

et al., 2017) showed that the differentiation time was approximately

0.38–1.54 million years ago between the two tea plants varieties. A

whole-genome duplication (WGD) event that occurred in the

ancestral species of C. sinensis was further identified; it is believed

that this event contributed significantly to the origins of critical

genes in the biosynthesis pathways of catechins. The authors also

identified the glutamine synthetase (GS) gene CsGSI as the

candidate gene for theanine synthesis (TS) and thus renamed

it CsTSI.

Albino or etiolated tea plants garnered much interest among

FTLs researchers over the past two decades, having been the focus

of two of the five most locally cited papers. Feng L systematically

determined the quality components in young leaves and found that

three albino tea plants had significantly higher amino acid content

and substantially lower chlorophyll, catechin, and caffeine content

than normal plants (Feng et al., 2014). Tea plants with such

phenotypes were often considered suitable for producing high-

quality green tea (Zhang et al., 2020d). Professor Yang Ziyin’s

research also investigated tea plant resources by observing their

physiological responses under dark conditions and the changes in

volatile and non-volatile metabolites ((Yang et al., 2012).

The remaining two of the most locally cited publications

reported on the biosynthesis and accumulation mechanisms of

flavonoids in the tea plant. We noticed that Tao Xia was the

common responding author of the two papers. The team first

investigated the differences in flavonoid contents of tea plants

under shading treatment and regular light. They found that the

contents of lignans, catechins, and proanthocyanins decreased
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significantly, whereas the contents of phenolic acids increased

(Wang et al., 2012a). In a study published in 2013, they further

explored the accumulation of metabolites in the shikimic,

phenylpropanoid, and flavonoid pathways in different tissues of

the tea plant and investigated the expression profiles of related

genes (Jiang et al., 2013). In addition, shade treatment — a

commonly applied cultivation regimen — was a highlight among

the top-cited publications, with two related papers featured in the

list (Wang et al., 2012a; Yang et al., 2012).

Our analysis of the most cited publications showed that

researchers are likely to pay more attention to studies with the

following highlights.

Studies that introduce new technologies.Multi-omics techniques

have been widely applied in the study of FTLs. Researchers have

used metabolomics techniques to identify the major substances in

FTLs that contribute to flavor (Zhou et al., 2017) and color (Shen

et al., 2018). They also explored the changes in the accumulation of

these substances under different conditions in depth (Liao et al.,

2022). Metabolomics techniques have also helped researchers

understand key metabolites’ dynamics during tea processing (Yu

et al., 2020; Ye et al., 2022). The application of transcriptomics has

dramatically deepened the understanding of the synthesis and

regulation mechanism of key metabolites (Yu and Yang, 2020),

the mechanism of the tea plant’s adversity response (Zeng et al.,

2019), the mechanism of tea plant mutant formation (Zhang et al.,

2020b), etc. The most locally and globally cited paper was

contributed by Wei et al., 2018, who assembled the first high-

quality reference genome of CSS. This work is foundational to

future studies in tea plant genetics, domestication, and

transcriptomic studies. The availability of reference genomes
TABLE 3 Top five most cited articles locally and globally.

Title
(Authors,
publication

year)
Source LC

(rank)
GC

(rank) Keywords

Draft genome sequence of Camellia sinensis
var. Sinensis provides insights into the
evolution of the tea genome and tea quality.

(Wei et al.,
2018)

Proceedings of
the National
Academy of
Sciences

150 (1) 351 (1)
Comparative genomics; genome evolution; catechins
biosynthesis; theanine biosynthesis; tea quality

Determination of quality constituents in the
young leaves of albino tea cultivars

(Feng et al.,
2014)

Food
Chemistry

43 (2) 81 (12)
Camellia sinensis; albino tea; metabolic profiling;
multivariate analysis; tea quality

Tissue-Specific, Development-Dependent
Phenolic Compounds Accumulation Profile
and Gene Expression Pattern in Tea Plant
[Camellia sinensis]

(Jiang et al.,
2013)

PLOS ONE 42 (3) 132 (3)

MYB transcription factor; green tea; pro-anthocyanidin
biosynthesis; anthocyanidin-reductase; flavonoid
biosynthesis; Medicago-truncatula; ectopic expression;
seed coat; Arabidopsis; catechins

Characterization of volatile and non-volatile
metabolites in etiolated leaves of tea (Camellia
sinensis) plants in the dark

(Yang et al.,
2012)

Food
Chemistry

40 (4) 83 (10)
Capillary electrophoresis–time of flight mass
spectrometry; Dark; Etiolation; Metabolite; Tea; Volatile

Influence of shade on flavonoid biosynthesis
in tea (Camellia sinensis (L.) O. Kuntze)

(Wang et al.,
2012a)

Scientia
Horticulturae

38 (5) 109 (5)
Catechins Flavonoid metabolism; Gene expression; O-
glycosylated flavanols; Proanthocyanins; Shade Tea

Antioxidant activity of Camellia sinensis leaves
and tea from a lowland plantation in Malaysia.

(Chan et al.,
2007)

Food
Chemistry

3 (264) 158 (2)
Camellia sinensis; Fresh leaves; Tea; Lowland; Highland;
Total phenolic content; Antioxidant activity

De novo assembly and transcriptome
characterization: novel insights into catechins
biosynthesis in Camellia sinensis

(Wu et al.,
2014)

BMC Plant
Biology

0 (-) 128 (4)
Camellia sinensis; Transcriptome; High-throughput
sequencing; Catechins; RP-HPLC; Genetic diversity
TLC and TGC represent totally local citations and totally global citations, respectively.
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allows for transcriptomes with reference genomes and large-scale

resequencing studies to be carried out (Wang et al., 2020; Lu et al.,

2021), and for researchers to conduct genome-wide gene family

screening and functional studies more efficiently (Wang et al.,

2018). In recent years, in addition to the rapid emergence of

genomic technologies based on genome-wide association study

(GWAS) and metabolome genome-wide association study

(mGWAS) in FTLs research have become new research

paradigms, the combined use of multi-omics technologies to

comprehensively researched the FTLs field is also a new wave in

the field of research. A recent study has shown that structural

variants identified based on pangenome are valuable in designing

maker assays (Zhou et al., 2022); however, pangenome research on

tea plants remains non-existent. The development of plant pan-

genome may bring essential opportunities for FTLs research.

Studies that applied leaf color variants. Markedly altered levels

of essential metabolites usually accompany leaf color variants such

as albino or purple leaves. The occasional occurrence of albino

individuals among tea plants was discovered early on, and

numerous attempts have been made to explore the regulatory

mechanisms of albinism. The first reported albino tea cultivars

were ‘Xiaoxueya’ and ‘White leaf No.1’ (also known as ‘Baiye No.1’

in recent studies), whose leaves turn yellow under low temperatures

(Du et al., 2006). The number of reported albino tea plant variations

has dramatically expanded, with a recent review from China listing

over 50 (Liu et al., 2020). Researchers have found that albino tea

plants could be classified as light-sensitive, temperature-sensitive,

and ecologically insensitive (Zhang et al., 2020c). Their chloroplast

development (Gao et al., 2021), leaf structure (Du et al., 2008),

metabolic profiles (Li et al., 2015a), and gene expression profiles

(Liu et al., 2022) were also discussed in various publications. Purple

leaf variations, such as ‘Mooma1’, are highly accumulated with

anthocyanins, resulting in unique appearances and flavor. They also

constitute valuable samples for studying flavonoid-related pathways

(He et al., 2018). These materials are crucial for studying the

metabolism and regulatory mechanisms of related substances and

have considerable economic value because of their distinctive

qualities. However, the mechanism underlying the formation of

different albino tea plants remains unclear.

Critical studies on essential metabolites. Keyword co-occurrence,

top-cited papers, and trend topics proved that essential metabolites

are the core topics of FTLs research. The metabolic pathways and

their contribution to the quality of theanine, catechin, and caffeine

have been determined. However, their role in the life activities of tea

plants has not been fully demonstrated. An established mechanism is

that theanine is synthesized mainly in the roots of tea plants and

transported to the leaves. Therefore, theanine will likely act as a

nitrogen carrier for long-distance transport. Polyphenols are active

components in the oxidative stress response of tea plants and are

considered indicators for selecting drought-tolerant cultivars

(Cheruiyot et al., 2007). Nevertheless, the role of catechins — a

unique substance andmajor polyphenolic component in tea plants—

beyond antioxidants remains unclear. In recent years, anthocyanins

and proanthocyanins, which are closely related to the metabolic

pathway of catechins, have also received increasing attention.
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Studies in which applied cultivation treatments affected the

essential metabolites. Cultivation treatments can affect the

chemical composition of fresh tea leaves. For example, the most

widely used shade treatment can increase the amino acid content,

reduce the flavonoid content, and change the color of the fresh

leaves of tea plants (Ku et al., 2010; Lee et al., 2013). Moreover,

recent studies have shown that appropriate drought treatment can

enhance theaflavin accumulation in tea plant leaves (Lv et al., 2021).

These findings hint at a promising future — one in which the

collection of different natural products can be increased using

simple, low-cost cultivation measures to meet the needs of

different production types.

3.4.2 Hotspots’ evolution based on trends in
cited references

Cited references can be considered the intellectual base of a

particular research front (Chen, 2006). We applied CiteSpace to

construct the co-citation network of the cited references, aiming to

explore the theoretical base of FTLs research (Figure 8). These

references were clustered into 15 clusters. The size, S score, and

average year of publication of collections are satirized in Table S5,

and the co-citation networks for each time slice (three years) are

presented in Figure S6. Four trends were found based on a

comprehensive analysis of the above information.

The first trend appeared around 2005. We describe clusters in

terms of the number of publications, S score, and average

publication year, shown within brackets. The clusters contained

in this trend were #5 abscisic acid (32, 0.981, 2005), #15 n uptake (9,

0.983, 2005), #10 fatty acid (18, 0.989, 2006), #0 gene expression (69,

0.787, 2009), #7 leaf (26, 0.953, 2011) and #12 bud dormancy (16,

0.915, 2012). Cluster #11 peroxidases (17, 0.991, 2012) was a

relatively isolated cluster, representing a series of parallel studies

that failed to merge with the mainstream research and was also part

of trend one, based on the temporal perspective. The second and

third trends both started from clusters #0, #7 and #12, and shared

clusters #2 metabolomics (47, 0.868, 2015) and #3 theanine (42,

0.842, 2015). Trend two further developed into cluster #4 volatile

(38, 0.924, 2016), and trend three also contained cluster #9

ammonium (21, 0.929, 2017). Trend four started from clusters #2

and #3, developed into clusters #1 transcription factor (0.747,

2016), #8 tea (25, 0.896, 2017), and #13 weighted gene co-

expression network (15, 0.916, 2019), joined by cluster #6

microRNA (29, 0.888, 2014).

Key references with high centrality were identified using

CiteSpace (Table S6). For example, Mamati’s article (Mamati et al.,

2006) was essential in transforming from cluster #5 abscisic acid to

cluster #0 gene expression. Cluster #0 also included many other key

references, including (Eungwanichayapant and Popluechai, 2009;

Ashihara et al., 2010; Wang et al., 2012b; Deng et al., 2013).

Among these, (Wang et al., 2012b) had a close co-citation

relationship with (Wang et al., 2013) from #12 bud dormancy and

“Fan et al. (2015)” 47 from #9 ammonium. It should be noted that

“Wang et al. (2013)” held an important position in the co-citation

network as the first key reference of the rapid development stage, as

well as the only one that was co-cited with (Hao et al., 2014).
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The trending topics and reference co-citation network reflected

the development and evolution of the research hotspots and

interests in the field of FTLs research. During the initial stage, the

number of publications was too low to identify meaningful

keywords. By contrast, the topics in this field were significantly

expanded during the slow development stage. Researchers started

with biomass production, as well as physiological and enzyme-

related topics, and quickly progressed to studies on tea plant stress

response and essential metabolites. With the increasing number of

publications, the regulatory mechanisms underlying the

biosynthesis of important compounds were important concerns

during the rapid development stage. Keywords related to tea quality

such as amino acids, caffeine, polyphenols, and catechins have

received considerable attention over the last two decades.

Keywords such as genome and evolution have rapidly become

popular topics in the previous two or three years, in connection

with the recent release of a series of high-quality genome assemblies

of tea plants (Wang et al., 2021; Zhang et al., 2021).

However, this does not represent a competitive relationship

between the new omics technologies and other topics. On the

contrary, as Xia pointed out (Xia et al., 2020), the high-quality

genome assembly of different plant types greatly enhanced our

understanding of the molecular mechanisms underlying tea quality

to produce theanine (Wei et al., 2018), caffeine (Xia et al., 2017), and
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aromatic compounds (Wang et al., 2021). Trends in the intellectual

base reveal similar patterns. Trend one indicates the interest in

fundamental biochemical and enzymatic studies at the beginning of

the slow development stage, while gene expression in tea plants was

widely noted (Mamati et al., 2006; Eungwanichayapant and

Popluechai, 2009). After years of exploration, with the metabolic

pathways of the essential substances largely elucidated, the

researchers’ interest quickly focused on crucial metabolites such

as theanine (Deng et al., 2013). Three differentiating trends emerged

in a short period. Trends two and three focused on tea quality and

tea plant physiology, whereas trend four represented a considerable

increase in the application of molecular biology methods in the

FTLs research field, as demonstrated by the cluster titles

transcription factor , microRNA , and weighted gene co-

expression network.
4 Conclusions and perspectives

This study analyzed the stages of development, authorship

collaboration, research topics, and hotspots and their temporal

evolution trends in the past 20 years of the field of fresh tea

leaves, applying bibliometric tools. This result showed that the

field has experienced a rapid growth in the past two decades, with
B

A

FIGURE 8

Co-citation references network (1980–2021) and correspondent clustering analysis obtained with CiteSpace. (A) Co-citation reference network with
cluster visualization. The size of each node represents the citations of each reference. Colors closer to the middle of the node represent older
publication years, whereas exterior colors are more recent publication years. The purple circle means the node’s centrality ≥ 0.1, and the size of the
circle is proportional to the centrality value. (B) Visualization map of the corresponding clusters.
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more than 100 articles published annually. The development

history was divided into three stages based on the publication

status and research topics, namely initial stage, slow development

stage and rapid development stage. Most influential journals were

identified by Bradfords’ law, among which Journal of Agricultural &

Food Chemistry, published most of the articles and Frontiers in

Plant Science holds the highest total citations as well as h-index. The

most influential countries, institutions, and authors were also

identified as China, Chinese Academy of Agricultural Science and

Xiaochun Wan, respectively. Collaboration between authors from

different institutions was found significantly less than that within

the same institution. Since it has been well documented that

scientific collaboration facilitates increased scientific output and

impact across regions or countries, establishing broad and efficient

cooperation will be a challenge in driving this area forward in

the future.

Researchers have extensively explored three themes within the

field, namely, the regulatory mechanism of essential genes, the

metabolism and features of crucial compounds, and the growth and

stress responses of tea plants, and have made some progress. These

research topics emerged in 2009 and have maintained a blooming

development trend. The introduction of new technologies and

multi-omics approaches, the investigation of leaf color variants,

the examination of essential metabolites, and the development of

cultivation practices to enhance tea quality have been given

significant attention in the field. The cited references in this field

have formed 15 clusters and four evolutionary trends, which also

confirmed the evolution of research topics.

Based on the results of our analysis, the exploration on

following areas is expected to be emerging hotspots in the coming

years and will contribute to the development of this field.
Fron
1) To utilize a variety of tea germplasm, including wild

populations, wild relatives, cultivars, and special variants, to

advance the progress of tea breeding. High-quality varieties

are the foundation for satisfying the demand for premium

FTLs and diversifying tea product markets. However,

numerous challenges persist in the field of tea breeding.

Despite the development of molecular markers for critical

traits in tea plants, their practical use in breeding programs is

limited by the large genome size, self-incompatibility, high

heterozygosity, and absence of stable gene transformation

systems in tea plants. Currently, most commercial varieties

are produced through selective breeding from wild

populations and elite variants. These selective breeding

methods, however, are proving challenging as a basis for

continuous genetic improvement. Hence, new materials and

methods are required to enhance the existing breeding system.

The identification of low-heterozygous germplasm,

overcoming barriers to self-incompatibility, and establishing

interspecific hybridization systems are crucial steps towards

modernizing tea breeding programs. And the extensive range

of wild tea populations in East and Southeast Asia, wild

relatives, and various characterizing variants (e.g., albino
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and purple leaf mutants) present during cultivation offer

diverse materials for these efforts. Recent advancements in

molecular biology techniques, such as the integration of

transcriptomic, genomic, and epigenetic techniques, and the

eventual assembly of tea plant pan-genome, will aid

researchers in identifying QTLs (Quantitative Trait Loci) for

crucial traits, such as resistance and quality, on a larger scale.

Althoughmanypre-works are required, such as the refiningof

reference genomes, improvements in breeding systems can

significantly enhance the quality of FTLs, helping operators

mitigate the risks associated with global climate change and

market volatility.

2) Exploring the stress response patterns of tea plant specialized

metabolites have the potential to open new avenues for

improving cultivation techniques to producing high-quality

FTLs. Typically, unexpected stress leads to negative impacts

on tea plant growth and yields. However, recent studies have

demonstrated that fluctuations in essential metabolite levels

under various stress conditions canbring improvements in the

quality of FTLs. For instance, tea plants exposed to drought or

high temperatures often show an increase in catechin content

(Wanget al., 2016),while shading conditions lead to increased

levels of amino acids (Shao et al., 2022). Low temperature

conditions have also been found to increase anthocyanin

content (Han et al., 2017). Furthermore, it is already well

known that FTLs harvested after being exposed to multiple

stressors have a more intense aroma. In the context of the

continuous growth of global tea production, research into

fine-controlling artificial stress treatments in production

practices will be crucial in the pursuit of high-quality FTLs.

Techniques like shading through covering and intercropping,

artificial drought, and the targeted intervention of

phytophagous insects can be used to deliberately increase

the content of desirable metabolites, leading to the tea

products with enhanced taste, aroma, or active compounds.

3) To establish a unidirectional regulatory system that correlates

quality traits in FTLs with tea products, researchers need

consider multiple stages of the tea industry, including

breeding, cultivation, processing, and quality evaluation.

While various theoretical studies have accumulated on the

variation of quality components of FTLs under different

growth environments and artificial cultivation practices.

Also, changes in metabolites, enzyme activities during tea

processing, the effect of processing techniques and agents on

the flavor of tea products, and the flavor characteristics of

different tea types have been studied. The major challenge at

present is the ineffective application of research findings at the

pre- and post-harvest stages to production practice. To fill this

gap, a unidirectional regulatory system is needed to regulate

cultivation practices and produce high-quality FTLs for

processing into premium tea products. Future researchers

should view tea production as a system project and enhance

the applicability of research results by utilizing multi-stage

experimental designs.
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