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Abstract

An analysis of soil chemical properties and microbial community compositions in spring, summer, and autumn over a growing
season was conducted at three tea farms managed using the same cultivation method on Jeju Island, Korea. The contents of
SOM (soil organic matter), TC (total C), TN (total N), TS (total S), potassium (K*), and lithium (Li*) increased from spring
to autumn, and significant differences were observed among tea farms. Across all tea farms, the dominant bacterial phyla were
Gammaproteobacteria (25.84 + 1.66%), Alphaproteobacteria (17.99 +£0.51%), Actinobacteria (18.38 +1.29%), and Acido-
bacteria (14.49 +£0.79%), and the dominant fungal phyla were Ascomycota (45.16+1.57%), Basidiomycota (26.76 +1.79%),
and Mortierellomycota (23.59 +2.43%). We found distinct differences in the composition of the bacterial community among
tea farms, whereas strong seasonal variations were observed in the composition of the fungal community. Important factors
in determination of the bacterial relative abundance included water content, SOM, soil pH, EC (electrical conductivity),
and contents of DOC (dissolved organic C), ammonium (NH,*), calcium (Ca*h), K*, and magnesium (Mg2+); however,
only EC, DOC, and nitrate (NO;~) were important factors in the fungal relative abundance. The differences in soil chemical
properties and microbial community compositions among tea farms could be attributed to the differences in environmental
factors depending on the geographic location of tea farms. Seasonal variations in the contents of chemical components of
tea leaves, such as catechins, total amino acids, theanine, and caffeine, were greater than the differences among the farms.
The quality parameters of tea showed significant correlation with soil fungal diversity indices, indicating the possibility for
use of soil fungal diversity as a biological indicator of tea quality.

Keywords Green tea - Tea farm soil - Soil chemical properties - Soil microbial composition - Next-generation sequencing -
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Introduction the health benefits for patients with various diseases includ-
ing cancer and cardiovascular diseases (Cabrera et al. 2006;
Chacko et al. 2010), has received significant attention. In

addition to the benefits of green tea, the safety and health

Tea is one of the most popular beverages worldwide. The
tea industry has shown continuous growth (Gunathilaka

and Tularam 2016) with an annual increase in global tea
consumption of 4.5% over the last decade. According to the
FAO (2018), 5.5 million tons of tea were consumed in 2016.
Among various types of teas, green tea, with its complex
flavor and cultural significance (Ho et al. 2015), as well as
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benefits of Lactobacillus plantarum strains isolated from
green tea leaves have been reported (Arellano et al. 2020;
Park et al. 2020).

Among the numerous chemicals in green tea, catechins,
amino acids, and caffeine are regarded as key quality indi-
cators (Yao et al. 2005; Ho et al. 2015; Han et al. 2017).
Catechins contribute to the overall flavor and astringency
of green tea, whereas several free amino acids, particularly
theanine, impart the umami and sweet taste (Kaneko et al.
2006; Han et al. 2017), while caffeine provides a bitter taste
(Mozumder et al. 2020). Therefore, the complex balance of
those constituents is considered to contribute to the overall
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flavor of the tea and determine the unique characteristics
of green tea (Khokhar and Magnusdottir 2002; Wang et al.
2011). Geographic characteristics and environmental factors
including soil moisture, nutrient availability, soil properties,
altitude, seasons, and climate of tea farms have an effect on
the contents of catechins, theanine, and caffeine (Fernandez
et al. 2002; Kodama et al. 2007; Duncan et al. 2016; Han
et al. 2017; Zhao et al. 2017). Thus, the combination of these
characteristics determines the unique sensory properties of
green tea in a particular region (Chan 2012; Han et al. 2017).
Despite these climatic studies, few addressing the impor-
tance of tea farm soils, particularly soil microorganisms,
have been reported. The function of soil microorganisms is
critical in terrestrial ecosystem processes, including nutri-
ent cycling, decomposition of organic matter, and primary
production (Wagg et al. 2014; Kim et al. 2021), thereby con-
tributing to the maintenance of soil fertility (Fierer 2017).
Tea trees are perennial crops with a productive life span
of more than 100 years (Mozumder et al. 2020), and soil
chemistry and soil microorganisms interact closely with tea
trees; therefore, the importance of soil microorganisms in
tea cultivation should not be disregarded.

The direct effects of soil microorganisms on plants occur
through root-associated organisms that form mutualistic or
pathogenic relationships with plants, and indirect effects
occur through the action of free-living microorganisms that
increase the availability of essential nutrients and produce
a variety of bioactive chemicals that protect the plants from
pathogens (van der Heijden et al. 2008; Singh et al. 2011).
Thus, soil microorganisms affect the growth and health of
plants (Chaparro et al. 2012; Cai et al. 2017) and contribute
to the quality and other characteristics of crops (Veloso et al.
2020). Interactions between soil microorganisms and plants
have been reported in a variety of crops including coffee
(Evizal et al. 2012; Jurburg et al. 2020) and grapes (Belda
et al. 2017; Gupta et al. 2019); however, few studies have
reported on the relationship of soil microorganisms in tea
cultivation.

Previous studies examining mainly microbial biomass,
community composition, or diversity among soils from tea
farms focused on the periods of tea cultivation. For example,
Xue et al. (2006) reported higher microbial biomass and activ-
ity in a 50-year-old tea orchard compared with 8- and 90-year-
old orchards. Zhao et al. (2012) reported a decrease in the
Shannon diversity index in tea orchards of different ages in the
following order: 45 years > 25 years > 7 years > 70 years. Other
studies investigating the community compositions of bacteria
(Liet al. 2016) and fungi (Li et al. 2020) according to the age
of tea farms found that long-term cultivation had resulted in
significant change in the compositions of the bacterial and
fungal community. Han et al. (2007) also reported that the
microbial composition and biomass were strongly influenced
by the intensity and duration of tea cultivation and that soil pH
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was an important factor. These previous studies have demon-
strated that soil nutrient contents are diminished by long-term
tea cultivation (Dang 2005; Li et al. 2016) and soil pH is sig-
nificantly reduced due to the accumulation of fertilizers, leaf
litter, antimicrobial substances, and root exudates, resulting
in significant changes in soil microbial compositions (Tokuda
and Hayatsu 2002; Xue et al. 2006). However, these previous
studies only compared changes in soil chemical properties and
microbial communities according to the tea cultivation period.
These studies are limited to one-season observation and lack
of understanding of spatiotemporal changes in soil chemical
properties and microbial communities. Temporal and spatial
observations are essential in the effort to attain a complete
understanding of soil-microbial interactions on tea farms (Pan-
dey and Palni 2002; Chen et al. 2021).

Depending on the geographic location of the tea farm,
environmental characteristics such as slope, altitude, and
microclimate are different. Because soil properties and
microbial communities are sensitive to these environmental
factors, they would be expected to exhibit not only seasonal
but also spatial variations. In addition, as soil microorgan-
isms affect the health and quality of crops (Singh et al. 2011;
Evizal et al. 2012; Veloso et al. 2020), elucidating the rela-
tionship between soil microbial communities and tea char-
acteristics is important. Given the importance of plant-soil-
microorganism interactions in the rhizosphere, efforts to link
tea cultivation and the knowledge of soil microorganisms at
tea farms could be helpful in development of more effec-
tive soil management strategies for sustaining plant growth
and improve the quality of tea under long-term cultivation
(Dutta et al. 2015; Bhattacharyya and Sarmah 2018; Pineda
et al. 2020).

The aim of this study was to identify seasonal variations
in soil chemical properties, microbial community composi-
tions, and tea leaf compositions among tea farms with dif-
ferent geographic locations within a close proximity and to
determine the relationship between them. We hypothesized
that differences in season and geographic location of tea
farms determine the differences in soil chemical conditions,
leading to differences in the soil microbial community com-
positions among tea farms, and that these variations may be
associated with the quality of tea. The significance of this
study is that it is the first study to report spatial and temporal
variations in the soil chemical properties and microbial com-
munity compositions of tea farms.

Materials and methods
Study site and sampling

The study sites were Seogwang (SG), Dolsongyi (DS), and
Hannam (HN) tea farms on Jeju Island, South Korea (Fig.
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S1). Detailed information on each sampling site is provided
in Table 1. The period of tea cultivation is over 40 years at
all three farms, which belong to the AmorePacific Group
(Seoul, South Korea) and are managed with identical cul-
tivation practices and fertilization schemes using the same
tea species (Camellia sinensis). Detailed information on the
fertilizer applied to each tea farm is provided in the supple-
mentary material (Table S1).

Soil samples were collected at the time of leaf harvest
over the growing season (April, June, and September 2020).
Before soil sampling, litter, living vegetation, and plant
debris were carefully removed using a knife and a shovel,
and soil samples were collected to a depth of 10 cm from
the soil surface with 4 replicates. All samples were imme-
diately transported to the lab on ice and maintained at 4 °C
for chemical analysis or stored at —80 °C until microbial
analysis. Weather information over the sampling periods is
provided in the supplementary material (Fig. S2).

Soil properties

Soil water content was measured by weight loss after drying
at 105 °C for 24 h in an oven, and soil organic matter (SOM)
was measured via the loss-on-ignition at 450 °C for 4 h in
an oven. Dissolved organic C (DOC) was extracted with dis-
tilled water, filtered through a 0.45-pm membrane filter, and
measured using a TOC analyzer (Shimadzu, Kyoto, Japan).
Soil pH and electrical conductivity (EC) were measured in
a 1:5 (soil/water) suspension using a pH meter (Thermo Sci-
entific, Waltham, MA, USA). Total C (TC), total N (TN),
and total S (TS) were measured in milled samples (Mixer
Mill MM 400, Retsch) using an elemental analyzer (Vario
MICRO Cube, Langenselbold, Germany). Analysis of ions,
including ammonium (NH,*), nitrate (NO;™), potassium
(K™), calcium (Ca*), sodium (Na*), magnesium (Mg>*),
and lithium (Li"), was performed at the National Instru-
mentation Center for Environmental Management (NICEM,
Seoul, South Korea).

Jeju is a volcanic island; thus, the soil of our study sites is
classified as Andisol (volcanic ash soils). Detailed informa-
tion on soil texture was provided by AmorePacific Group

(Seoul, South Korea) and presented in the supplementary
material (Table S2).

Leaf composition

Fresh tea leaf samples were collected from each study site in
June and September 2020. Thirty grams of fresh tea leaves
was collected and composited from a radius of 2 m from
the soil sampling site. Three replicate samples were then
prepared for each sample occasion. Tea leaves were dried
and then milled in a grinder (Cyclotec 1093, Foss Pacific
Pty Ltd, Hillergd, Denmark). For analysis of leaf composi-
tion, 3 g of leaf powder was used. Near-infrared spectra were
obtained using a spectrometer (XDS, Foss Pacific Pty Ltd)
at a wavelength range of 400-2500 nm.

For determination of the catechin content, S0 mL of
50% methanol was added to 0.5 g of leaf powder. Ultra-
sonic extraction was performed for 30 min, and the super-
natant was filtered through a 0.45-pm PTFE syringe filter. A
UPLC (Waters, Milford, MA, USA) with a photodiode array
detector was used for quantification of catechin content. An
Agilent Zorbax Eclipse XDB C18 (2.1 100 mm, 1.8 pm)
column with mobile phases of solvents A and B (A, 0.05%
trifluoroacetic acid; B, 70% methanol and 30% acetonitrile)
was used for chromatographic separation. The injection vol-
ume was 20 pL, and the temperature of the column oven was
40 °C. Elution was performed at a flow rate of 1 mL/min.
The detection wavelength was set at 280 nm.

DNA extraction and sequencing

A DNeasy PowerSoil Kit (Qiagen, Hilden, Germany)
was used according to the manufacturer’s instructions for
extraction of microbial DNA from 0.25 g soil. A NanoDrop
ND-1000 Spectrophotometer (NanoDrop Technologies Inc.,
Wilmington, DE, USA) was used for assessment of the qual-
ity and quantity of DNA.

For all of the DNA samples, we amplified the V3-V4
regions of the bacterial 16S rRNA gene with the primer set of
341F (5'-CCTACGGGNGGCWGCAG-3') and 805R (5-GAC
TACHVGGGTATCTAATCC-3") (Klindworth et al. 2012) and

Table 1 Descriptive

. . . Seogwang (SG) Dolsongyi (DS) Hannam (HN)
information of each sampling
sites: geographic location, soil Latitude 33°18'17" N 33°16'40" N 33°19'14" N
tzz‘l’g‘e‘;’;ir zogrzglr‘;i’;il;‘lei q Longitude 126°17'42" E 126°29'05" E 126°40'10" E
solar radiation Altitude (m) 150-160 281-290 211-220
Soil taxonomy Andisol Andisol Andisol
Soil content (clay, silt, and sand, %) 30.6-53.7-15.7 30.6-53.7-15.7 23.3-73.0-3.7
Mean temperature (°C) 15.19+1.94 16.07 +£1.95 14.58 +1.98
Precipitation (mm) 2929 2465 2983
Solar radiation (MJ/m?) 14.20+1.30 13.99+1.67 13.84+1.09
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the ITS1 region of the fungi with the primer set of ITS1-F (5'-
CTTGGTCATTTAGAGGAAGTAA-3") (Gardes and Bruns
1993) and ITS2 (5'-GCTGCGTTCTTCATCGATGC-3")
(White et al. 1990). Sequencing was performed at Macrogen,
Inc. (Seoul, South Korea) using the Illumina Miseq platform
(Illumina, Inc., San Diego, California, USA).

Sequencing data processing

QIIME2 (Bolyen et al. 2019) was used for analysis of paired-
end reads. Reads were demultiplexed and trimmed accord-
ing to sample-specific indexes and were filtered, denoised,
and merged with DADA?2 (Callahan et al. 2016). Merged
reads were collapsed to representative sequences or ASVs,
and taxonomic assignments were assigned to 99% sequence
identity based on the Silva 132 database for bacteria (Quast
et al. 2013) and UNITE database for fungi (Xue et al. 2019).
Alpha diversity metrics (Shannon diversity and observed
species) were calculated to obtain a comprehensive descrip-
tion of the within-sample bacterial community. Although
next-generation sequencing is useful for evaluating the
composition and diversity of soil microorganisms, it does
not indicate whether these genes are expressed (Nannipieri
et al. 2019).

Statistical analysis

A repeated-measures analysis of variance (repeated-meas-
ures ANOVA) followed by Bonferroni post-hoc test was
performed in R (v. 4.0.2) for determination of differences
in sample properties. Non-metric multidimensional scal-
ing (NMDS) based on Bray—Curtis distance matrices was
used for visual identification of differences between micro-
bial community compositions. The significance of NMDS
results was tested using permutational multivariate analysis
of variance (PERMANOVA). PERMANOVA was also used
to determine the differences in the tea composition between
locations or seasons. Pearson’s correlation analysis was
performed to determine the correlation between the soil
chemical properties and the microbial relative abundance
or between the microbial relative abundance and charac-
teristics of tea leaves. Canonical correspondence analysis
(CCA) was used to measure the soil chemical properties that
have the most significant influence on microbial community
compositions.

Results
The soil chemical properties of tea farm soils

No significant differences in soil water content or soil pH
were observed among the tea farms; however, all soil pH
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were under 5 (Fig. 1). In general, higher nutrient concentra-
tions were observed at Seogwang (SG) tea farm compared
with the other sites. Higher contents of SOM, TC, and TN
were observed at Seogwang (SG) tea farm compared with
Dolsongyi (DS) and Hannam (HN) tea farms (p <0.05).
Higher content of DOC was observed in June compared
with other months (p <0.05). The highest concentrations
of K* and Li* were observed at Dolsongyi (DS) tea farm
(p <0.05). Significantly higher contents of SOM, TC, TN,
and K* were observed in September compared with other
months. Information on soil chemical properties is provided
in Table S3.

Microbial community compositions and diversity

At the phylum level, Proteobacteria (47.11 +1.33%), Act-
inobacteria (18.38 +1.29%), Acidobacteria (14.49 +0.79%),
Verrucomicrobia (4.11+0.33%), Chloroflexi (3.90 +0.44%),
Bacteroidetes (3.64 +0.32%), Firmicutes (2.34 +0.63%),
Planctomycetes (2.72+0.19%), Gemmatimonadetes
(1.58 +0.23%), and Nitrospirae (0.80+0.08%) were domi-
nant in the bacterial communities across all tea farms;
together, these phyla accounted for more than 99% of the
total bacterial abundance (Fig. 2a). Significantly greater
abundance of Actinobacteria at Seogwang (SG) tea farm and
Firmicutes at Hannam (HN) tea farm was observed through-
out all seasons (p <0.05). Among Proteobacteria, the most
abundant class was Gammaproteobacteria (25.84 + 1.66%),
followed by Alphaproteobacteria (17.99+0.51%)
and Betaproteobacteria (2.20+0.31%). Ascomycota
(45.16 £1.57%), Basidiomycota (26.76 + 1.79%), and Mor-
tierellomycota (23.59 +2.43%) were the dominant fungal
phyla across all tea farms (Fig. 2c). Unlike bacterial commu-
nities, significant seasonal changes were observed in fungal
communities (p <0.05). In April, Ascomycota was dominant
at all sites (41.47+3.13%), followed by Mortierellomycota
(37.82+4.62%); however, Basidiomycota accounted for only
14.06 + 1.93%. Over the sampling periods, the relative abun-
dance of Mortierellomycota showed a significant decrease,
and that of Basidiomycota showed a gradual increase at
all sites. In September, Basidiomycota accounted for more
than 36.97 + 1.50% of the total abundance, and Mortiere-
llomycota only accounted for 15.04 +1.80% (Fig. 2c). In
NMDS plots (Fig. 2 b and d), distinct spatial variations were
observed in the composition of the bacterial community;
however, distinct seasonal variations were observed in the
composition of the fungal community. PERMANOVA indi-
cated significant differences in bacterial composition among
tea farms (F-value =14.5349, R*>=0.4077, p=0.001) and
in fungal composition among seasons (F-value =23.5807,
R*>=0.4710, p=0.001).

At the genus level, 749 bacterial genera and 465 fun-
gal genera were detected (Fig. S3). Spatial variations were
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level. Across all seasons, Chaetomium (Ascomycota) and
Mortierella (Mortierellomycota) showed a decrease, while
Humicola (Ascomycota), Tausonia (Basidiomycota), Holter-
manniella (Basidiomycota), Papiliotrema (Basidiomycota),
Solicoccozyma (Basidiomycota), and Trichosporon (Basidi-
omycota) showed an increase.

Bacterial and fungal diversities were estimated using the
Shannon index and observed species (Fig. 3), and seasonal
variations tended to be more pronounced than those among
tea farms. Bacterial diversity did not show significant spa-
tiotemporal variations; however, fungal diversity was con-
stant from April to June and then decreased from June to
September.

Relationship between soil chemical properties
and microbial relative abundance

Prior to analysis of the relationship between soil chemi-
cal properties and microbial relative abundance, a correla-
tion analysis was performed to confirm the autocorrelation
among soil chemical properties. A positive correlation was
observed among SOM, TC, TN, and TS (data not shown).
To avoid the use of redundant variables, only SOM was used
for the relative abundance of microbial phyla that showed
correlation with SOM, TC, TN, and TS. According to the
results of correlation analysis, the relative abundance of
Acidobacteria showed a significantly negative correlation
with SOM, whereas those of Actinobacteria and Alphapro-
teobacteria showed significantly positive correlations with

Fig.3 The alpha diversity a

SOM and DOC (Table 2). However, the relative abundance
of Gammaproteobacteria showed no correlation with soil
nutrients. In the fungal community, the relative abundance
of Ascomycota showed negative correlation with TC and
TN which showed positive correlation with that of Basidi-
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gallocatechin gallate (GCG) were observed in June, while
the highest levels of epigallocatechin (EGC) and epicatechin
(EC) were observed in September (p <0.05) (Figs. 5 and
S4).

Relationship between soil microbial diversity
and tea quality

A correlation analysis between the soil microbial diversity
and major components of tea leaves was performed. Signifi-
cant correlations were found between soil fungal diversity
and major components of tea leaves (Table 3). For example,
catechin showed positive correlation with fungal diversity,
whereas total amino acids and theanine showed negative
correlation with fungal diversity (Table 3). The ratios of

CCA1 (24.29%)
® Seogwan BSG

) ® Apri
S)  Month = Jun

CCA1 (26.20%)
| ® Seogwang

. BSG) Apr
Site = Dolsongyi (DS)° Month @ Jun

A September A Hannam (HN) » Sep

theanine/catechin and theanine/caffeine were calculated as
indices of tea quality (Krahe et al. 2018), followed by analy-
sis of the relationship between these indices and soil micro-
bial diversity (Table 3). Tea quality indices showed a strong
negative correlation with the Shannon diversity of the fungal
community. A relatively moderate negative correlation was
observed between these quality indices and species number
of fungal community (Table 3).

Discussion

Variations in soil chemical properties among tea
farms

In this study, soils from the three tea farms that we evaluated
were acidic (pH <5), which is in accordance with findings
of previous studies (Li et al. 2016; 2020). In general, tea
cultivation results in soil acidification due to high rates of N
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Fig.5 The major composition of tea leaves. The data represent
means +standard error (n=3). Letters denote statistically significant
differences; uppercase letters indicate the difference between sea-

sons, and lowercase letters indicate the difference between tea farms
(p<0.05). EGCG, epigallocatechin-3-gallate; EGC, epigallocatechin;
ECG, epicatechin-3-gallate; GCG, gallocatechin gallate

Table 3 Correlation analysis between soil microbial diversity and major composition or quality indices of green tea. Values are correlation coef-
ficients, and bold numbers indicate a significant correlation (* p <0.05, ** p <0.01, and *** p <0.001)

Microbial diversity index Caffeine Catechin Total amino acids Theanine Theanine/caffeine Theanine/catechin
Bacterial Shannon diversity 0.288 0.163 —0.107 —0.080 —-0.252 —0.125

Bacterial species 0.222 -0.011 0.028 0.094 —-0.100 0.055

Fungal Shannon diversity 0.463* 0.712%%*  —0.492* —0.574%* —0.739%%* —0.675%**
Fungal species 0.307 0.643%%%  —0.423* —0.541%* —0.613** —0.624%*

fertilizer, low N use efficiency of plants, and accumulation
of leaf litter or root exudates (Zhao et al. 2012; Karak et al.
2015; Yan et al. 2020). Thus, in general, the soil pH of tea
farms decreases with tea cultivation periods (Li et al. 2020;
Yan et al. 2020).

In our study, the content of SOM was 44.31%. Con-
sidering that approximately 58% of SOM is composed of
soil organic C (SOC) (Bianchi et al. 2008), a higher SOC
content would be found at our sites compared with those
reported at tea farms in China (Zhao et al. 2012; Li et al.
2016; Chen et al. 2021) and Japan (Tokuda and Hayatsu
2002). SOC not only serves as an energy source for soil
microorganisms to increase enzyme activity but also acts
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as nutrient storage, contributes to soil aeration, reduces soil
compaction, improves infiltration, and increases water hold-
ing capacity; therefore, it is closely related to soil fertility
(Chang et al. 2007; Munson et al. 2012; Karak et al. 2015).
Thus, tea cultivation could be positively affected by high
levels of SOM (Lal 2006; Kamau et al. 2008).

The contents of TC, TN, K%, and Li* showed seasonal-
ity and increased significantly in September (Fig. 1). Tea
trees show rapid growth in summer when they are actively
absorbing nutrients from soil (Xu et al. 2012). However, the
growth rate of tea trees gradually declined over the summer,
and nutrient consumption decreased; thus, it appeared that
the nutrients accumulated in the soil in autumn (Fig. 1). In
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addition, the chemical contents of the soil also showed spa-
tial variation, which was highest in Seogwang (SG) (Fig. 1
and Table S1). The differences among tea farms may be
attributed to differences in environmental factors such as
temperature, precipitation, solar radiation, and altitude,
depending on the spatial characteristics of the tea farms
(Fig. S2) (Corneo et al. 2013; Zhou et al. 2016; Ren et al.
2018; Pieriste et al. 2020). These differences can also lead to
differences among soil microbial community compositions
among tea farms (Ren et al. 2018; Yang et al. 2020). Further-
more, decomposition of organic fertilizers or leaf litter could
occur through different mechanisms due to the activities of
distinct soil microbes at each tea farm, which could also
result in differences in soil chemical concentrations (Sun
et al. 2016; Kim et al. 2021). Therefore, even if the three
farms are located relatively close to each other and are under
identical cultivation practices with the same tea tree species,
the chemical properties of the soil could also depend consid-
erably on the spatial characteristics of tea farms.

Differences in the relative abundance of soil
microbial community

Consistent with previous reports, Gammaproteobacteria,
Alphaproteobacteria, Actinobacteria, and Acidobacteria
were the dominant phyla across all tea farms (Li et al. 2016;
Wang et al. 2019); however, the relative abundance of phyla
was different. In our study, the relative abundances of Gam-
maproteobacteria and Alphaproteobacteria were higher,
while that of Acidobacteria was lower (Fig. 2a) than those
reported by Li et al. (2016) and Wang et al. (2019). These
results may be due to the higher contents of SOM, TC, and
TN in our soils compared with those of other studies. In the
results of correlation analysis between soil chemical con-
tents and these phyla, the relative abundance of Acidobacte-
ria showed a negative correlation with soil chemical contents
(Table 2), whereas that of Alphaproteobacteria showed a
positive correlation with soil chemical contents (Table 2).
Previous studies have demonstrated that the relative abun-
dance of Acidobacteria is higher in soils with low resource
availability but relatively lower in soils with high organic C
concentrations (Fierer et al. 2007; Li et al. 2016), whereas
the relative abundances of Gammaproteobacteria and Alp-
haproteobacteria are higher in soils with large amounts of
available nutrients (Li et al. 2016). However, no relationship
was found between the relative abundance of Gammapro-
teobacteria and the chemical contents of the soil (Table 2).
Our results also showed that Ascomycota accounted for
41.47-50.73%, which is relatively lower than a previous
report of higher relative abundance (53.4-90.8%) of Asco-
mycota throughout tea cultivation (Li et al. 2020). This dif-
ference may be because Ascomycota is an oligotrophic phy-
lum that prefers nutrient-poor environments (Sterkenburg

et al. 2015; Chen et al. 2017); thus, Ascomycota could have
low dominance at our sites with high nutrient availability
(Table 2). Another possibility could be differences in prim-
ers used between two studies.

Distinctive differences in the relative abundances of bac-
terial phyla were observed for tea soils from different farms.
At Seogwang (SG) tea farm, Actinobacteria was the most
abundant phylum throughout all seasons (Fig. 2a). This phy-
lum is known to be dominant in organic matter-rich soils
(Barka et al. 2016) as observed in this study (Table 2). In
particular, higher organic matter content was observed for
Seogwang (SG) tea farm compared with other sites. Act-
inobacteria plays an important role in decomposition of
soil organic matter, thereby making a major contribution
to turnover of organic matter and the C cycle, which are
critical in replenishment of soil nutrients (Anandan et al.
2016; Zhang et al. 2020). This property of Actinobacteria
may have resulted in a higher concentration of soil nutrients
in soils from Seogwang (SG) tea farm than those in soils at
the other tea farms.

Ascomycota, Basidiomycota, and Mortierellomycota are
the most abundant fungal phyla observed in the composition
of fungal community on the global scale (Tedersoo et al.
2014). Likewise, they accounted for 95.50% of the total fun-
gal abundance in our study. Significant seasonal changes
were observed in the composition of fungal community. At
both the phylum and genus levels, the relative abundance of
Mortierellomycota showed a gradual decrease from spring
to autumn, while that of Basidiomycota showed a gradual
increase (Figs. 2c and S3b). Significant seasonal changes
were observed in the genus level for Ascomycota (Fig. S3b).
These trends of the fungal community could be caused by
increased amounts of plant litter and organic matter in soil
supplied by tea cultivation practices such as leaf pluck-
ing and pruning since April. Soil with high organic matter
content may be associated with an increase in the relative
abundance of Basidiomycota (Table 2). In addition, release
of nutrients from litter and organic matter can lead to an
increase in the relative abundance of Basidiomycota, which
is positively correlated with the concentrations of NO; ™, K,
and Na* (data not shown), and are known to be more abun-
dant in soils with high nutrient availability (Zumsteg et al.
2012; Sterkenburg et al. 2015).

Effects of environmental factors on soil microbial
community compositions

More pronounced spatial variations than seasonal variations
were observed for the soil bacterial community; however,
more pronounced seasonal variations were observed for
the fungal community (Fig. 2). These trends appeared to be
related to the chemical properties of the soil, particularly
soil pH. In CCA analysis, soil pH was an important soil
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chemical factor in the bacterial community, but not in the
fungal community (Fig. 4). Low soil pH imposes significant
restrictions on the composition of the bacterial community
because bacteria can grow in a narrow range of pH (Rousk
et al. 2010; Hou et al. 2020). In contrast, fungi can survive
within a wide range of pH, and soil pH imposes little restric-
tion on the composition of the fungal community (Rousk
et al. 2010). Therefore, low pH of soil observed in our study
may have had a significant effect on the composition of the
bacterial community, which may offset seasonal variations
in the bacterial community. On the other hand, the distinct
seasonal variations of the fungal community imply that,
unlike bacteria, they are more affected by climate factors
than by the chemical properties of the soil. In CCA, nine out
of 15 soil chemical factors were significant in the bacterial
community, whereas only three factors were significant in
the fungal community (Fig. 4). This result is consistent with
findings from global studies that reported only a minor influ-
ence of soil chemical properties on fungi and that climate
parameters are the most important environmental factors
predicting the composition of a fungal community (Teder-
soo et al. 2014; Egidi et al. 2019). For the same reason,
significant seasonal variation was observed with regard to
fungal diversity. Bacterial diversity did not show significant
spatiotemporal variation, whereas in general lower fungal
diversity was observed in autumn than in the other seasons.
An increase in precipitation might explain the lower fungal
diversity in autumn (Hawkes et al. 2011).

Seasonality of tea composition

Climatic factors have a significant influence on the contents
of catechins, free amino acids, and theanine in tea plants
(Lee et al. 2010; Ahmed et al. 2014; Dai et al. 2015). The
effects of climate on these tea components were evident in
our study, but seasonal changes were more pronounced than
variations among the locations of tea farms (Figs. 5 and S4).
Consistent with previous studies, that found lower catechin
contents were found in tea harvested in cooler months com-
pared with tea harvested in warmer months (Caffin et al.
2004), higher catechin concentrations, including EGCG
and ECG, which are important quality indicators of green
tea (Horie and Kohata 1998), were found in tea leaves har-
vested in June compared with those harvested in September
(Fig. 5). Gong et al. (2020) also reported higher concentra-
tion of catechin in summer harvest than in spring or autumn
harvest. In contrast, higher theanine concentration was
observed in September compared with June (Fig. 5). More
intense sunlight and longer days in June might explain these
results. Theanine is a precursor of catechin (Kito et al. 1968),
and intense sunlight is known to accelerate biosynthesis of
catechin from theanine (Yao et al. 2005; Lee et al. 2013;
Too et al. 2015). Therefore, it may be that higher catechin
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content with lower theanine were observed in June due to
long daytime and higher solar altitude, while lower catechin
contents with higher theanine may have been observed in
September for a similar reason.

Relationship between soil microbial diversity
and tea quality

One of the aims of our study was to relate soil microbial
diversity of the tea farms to the quality of tea assessed as leaf
composition. Tea quality is dependent on several parameters,
including nutritional, health, and sensory attributes as well
as organoleptic properties (e.g., color, appearance, texture,
aroma, and taste) (Liang et al. 2008; Ahmed et al. 2019).
Among the various constituents of tea, the balance between
theanine, catechin, and caffeine determines the overall taste
of tea, contributing to the quality and commercial value of
tea (Krahe et al. 2018). The theanine/catechin ratio affects
the balance between sweetness (theanine) and astringent
taste (catechin); a higher ratio is more favorable and cor-
responds to greater quality and commercial value. The
theanine/caffeine ratio affects the balance between sweet-
ness (theanine) and bitterness (caffeine), and a higher ratio
results in higher quality and commercial value. We found a
moderate positive relationship between the fungal diversity
of tea soil and the quality indices of tea (Table 3); this is due
to the seasonal variations between them. The spatiotemporal
characteristics of tea farms and the resulting differences in
environmental factors play an important role in determining
not only the composition of tea (Fernandez et al. 2002; Han
et al. 2017; Zhao et al. 2017; Gong et al. 2020), but also
the community composition, abundance, and activity of soil
microorganisms (Corneo et al. 2013; Cao et al. 2016; Ren
et al. 2018; Pieriste et al. 2020). Soil microbial diversity
showed a sensitive response to changes in environmental
factors and can be used as a representative indicator of envi-
ronmental factors on tea farms (Shi et al. 2014). Therefore,
we suggest the potential for use of soil microbial diversity
as a biological indicator of tea quality in tea soil.

Conclusion

We analyzed the soil chemical properties and microbial
community compositions of three tea farms with different
geographic locations within a close proximity according
to seasonal changes. The sampling locations of the three
tea farms were based on the identical soil classification and
have been exposed to the same fertilization and management
schemes but exhibited dissimilar soil chemical properties
and microbial community compositions. It is believed that
these differences are influenced by microclimate, such as
temperature, precipitation, and sunlight. The correlation
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between soil microbial diversity and tea quality were also
identified. Our results demonstrated the potential for use of
soil fungal diversity as a biological indicator of tea quality
which was not considered in previous studies on the eco-
systems of tea farms. The significance of this study is that it
is the first study to report spatial and temporal variations in
soil chemical properties and microbial community composi-
tions in tea farms. Although this study analyzed microbial
community compositions and diversity at the DNA level, the
detection of genes does not necessarily indicate that those
genes were expressed. Therefore, future studies linking
microbial community compositions and microbial activity
should be considered to understand the microbial functions
of tea. For example, mRNA-based methods could overcome
those limitations.
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