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Abstract: Soil microbes are the key to revealing the mechanisms driving variation in soil biogeo-
chemical processes. In recent decades, forests in Southeast China have been widely transformed into
tea plantations due to the drivers of economic benefits. However, the changes in the soil microbial
community and their potential function during the transition from a typical forest ecosystem to
tea plantations remain poorly understood. This study investigated the soil microbial community
in tea plantation soils with different planting ages, i.e., 6, 12, 23 and 35 years, and in an adjacent
woodland control. We discovered that tea planting significantly increased soil bacterial richness (ACE
and Chao1) and decreased fungal richness, the diversity of bacteria (Simpson and Shannon) show
a trend of initially decreasing and then increasing while there was no significant effect on fungal
diversity. After tea planting, the relative abundances of Actinobacteria and Proteobacteria increased by
180.9%–386.6% and 62.3%–97.5%, respectively; the relative abundances of Acidobacteria decreased by
11.4%–66.8%. However, the fungal phyla were not significantly different among different aged tea
plantations and woodlands. FAPROTAX and FUNGuild revealed that the transition of natural wood-
land to tea plantations significantly increased the relative abundances of aerobic_chemoheterotrophy
(14.66%–22.69%), chemoheterotrophy (34.36%–37.04%), ureolysis (0.68%–1.35%) and pathogenic
fungi (26.17%–37.02%). db-RDA proved that the bacterial community structure was more strongly
related to soil pH and available nitrogen (AN), while the main determinants of the fungal community
composition were soil pH and soil organic matter (SOM). These findings indicate that tea planting
has a strong effect on the soil microbial community and potential function. The change in soil pH
during tea planting was the most important factor affecting the soil microbial community, while soil
bacteria were more sensitive to tea planting than fungi.

Keywords: soil microbial community; tea planting ages; microbial potential function; high-throughput
sequencing

1. Introduction

Tea is the most common nonalcoholic beverage in the world and tea plantations have
become one of the most widely planted economic crop plantations in Southeast Asia and
China [1]. In 2018, the tea planting area reached 3.21 million hectares in China and has
presented an upward trend over time. Fujian is one of the most important tea planting areas
in China, with the highest tea output in China for many years. The growing population
and economic demand have resulted in the extensive transformation from natural forest
to tea plantation. Such areas spanned 219.8 thousand ha in 2019, and the gross crude tea
production and unit yield rank first in China. After the tea is planted in natural soil, a
unique tea garden soil ecosystem gradually forms due to the material circulation of the tea
garden itself and typical tea plantation management measures [2]. However, the transition
from a typical forest ecosystem to a monoculture tea plantation will lead to a series of soil
degradation issues, such as soil erosion [3], acidification [4] and nutrient leaching, as well
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as accumulating aluminum and fluorine, structural destruction and beneficial microbial
decreases [5], which have become the main constraint factor for sustainable tea production.

Soil microorganisms, including bacteria and fungi, play vital roles in many ecolog-
ical processes, such as soil carbon and nitrogen cycling, the evolution of soil structure
(Vezzani et al., 2018) and ecosystem function maintenance [6,7]. Therefore, the community
structure and functional guilds of soil microorganisms can be used as an effective evalua-
tion standard for soil fertility and health dynamics [8]. The soil environmental variations,
including pH, SOM, water content, total nitrogen (TN) and C/N ratio, were considered
to be key factors affecting the composition and function of soil microbial communities [9].
Previous research showed that tree species, planting ages and forest disturbance could
directly or indirectly affect soil microorganisms by changing the soil nutrient status in forest
ecosystems [10,11]. Xu et al. [12] and Liu et al. [13] found that the soil microbial community
structure and diversity of plantations with different stand ages were distinctly different.
The microbial diversity increased with plantation age [12,13], and the main functional
groups involved in the carbon cycle were gradually replaced by groups related to nitrogen
and sulfur cycling [14].

Although many studies have shown that long-term single planting will affect the
physical and chemical properties of soil, change the soil structure and enzyme activity,
and, thus, the soil microbial community structure [14–16]. However, it is currently unclear
how monoculture tea plantations (especially in the chronosequence of tea plantations)
may alter the soil microbial community and ecosystem functions. This is because the
cultivation of tea trees may be completely different from that of other plantations, which
may be attributed to the differences in management measures (such as long-term single
application of nitrogen chemical fertilizers) and plant characteristics (such as aluminum
rich litter and special root exudates) [5]. Firstly, the average amount of nitrogen application
in Chinese tea plantations can reach 444 kg N ha−1y−1, and more than half of them use
more than 450 kg N ha−1y−1 [17], which is much higher than that in other plantations.
Furthermore, under long-term tea plantation conditions, the input of aluminum-rich litter
and the decrease in pH lead to the accumulation of aluminum in soil [18], which may cause
a decline in microbial activity and quantity [19]. In addition, most analyses of soil microbial
communities were usually based on PLFAs [13,20], without information on specific taxa.

In this study, high-throughput sequencing coupled with FAPROTAX and FUNGuild
analysis was used to study the soil bacterial and fungal community structure and functions
in tea plantations with different planting ages. The aims of the present study were (1) to
examine the microbial community composition of tea plantations with different cultivation
years; (2) to elucidate the changes in soil bacterial and fungal functions (especially those
related to nutrient cycling) in tea plantations with different planting ages; and (3) to deter-
mine the environmental factors driving soil microbial variation under chronosequence of
tea plantations. The results have implications for the efficient and sustainable management
of tea plantations in the future.

2. Materials and Methods
2.1. Study Site

The study area was situated in Nanyang Town, Shouning County, city of Ningde,
Fujian Province, China (Figure 1). This area mainly has a subtropical monsoon climate,
with an annual average temperature and precipitation of 15.1 ◦C and 1911 mm, respec-
tively. The soil is developed from granites and is classified as red soil (Ultisols; US soil
taxonomy). Previously, this region was converted to secondary woodland, dominated by
Pinus massoniana, Castanopsis sclerophylla, Castanopsis eyrei, Schima superba and Machilus
thunbergii. However, in the past two or three decades, to increase income, a large area of
woodlands has been reclaimed to tea plantations. The tea plantation in this study covered
approximately 70 ha, which is under unified management.
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Figure 1. Study site.

In May 2021, soil samples were collected from the Zhang Tianfu tea fields converted
from woodland 6, 12, 23 and 35 years ago (denoted as Y6, Y12, Y23 and Y35, respectively),
and an adjacent woodland (Y0) was used as a control. In each tea plantation and woodland,
four representative sites were randomly selected from a total area of 2000 m × 4000 m. At
each representative site, 3 plots (3 m × 3 m) were randomly selected at 50 m intervals. Five
soil cores were collected in each plot, and all subsamples were pooled to form a composite
sample for each representative site. Stones and debris were manually removed and then
sieved using a 2-mm screen, after which the fresh samples within sterilized plastic bags
were shipped to the laboratory. Each sample was subsequently further divided into two
parts: one was stored at −80 ◦C for DNA extraction, and the other was air-dried for soil
basic physiochemical analyses.

2.2. Soil Physiochemical Analyses

The soil bulk density was analyzed using the cutting ring method. Soil pH was
determined in a 1:2.5 (w/v) soil:water slurry by a glass electrode. SOM and TN were
determined using wet digestion with H2SO4-K2Cr2O7 and the semimicro Kjeldahl digestion
method, respectively [21]. Inorganic nitrogen (NH4

+-N and NO3
−-N) was measured by a

continuous-flow analyzer (Skalar, Breda, The Netherlands). Soil available N, P and K were
measured by NaOH hydrolyzable, molybdenum blue colorimetry and flame photometry
methods, respectively [22].

2.3. DNA Extraction, Amplification and Sequencing

In accordance with the manufacturer’s instructions, DNA extraction was carried out
using the PowerSoil® DNA Isolation Kit (MO BIO Laboratories, Elmwood Park, NJ, USA).
A NanoDrop 2000 (NanoDrop Technologies Inc., Wilmington, NC, USA) was used to assess
the quality and quantity of the extracted DNA. The primers 338F and 806R [23] and ITS1F
and ITS2R [24] were utilized to amplify bacterial 16S rRNA (V3-V4 region) and the fungal
ITS1 region, respectively.

Subsequently, purified PCR products were sent to Biomarker Technologies Co. (Beijing,
China) for sequencing on an Illumina NovaSeq 6000 platform (Illumina Corporation,
San Diego, CA, USA). The original sequences data were deposited into NCBI (SUB12113571
and SUB12114103).
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2.4. Bioinformatic Processing and Statistical Analysis

The raw reads were assembled, quality-filtered, and processed using the QIIME plat-
form. The remaining effective sequences of the bacteria and fungi were then assigned
into operational taxonomic units (OTUs) at 97% similarity using USEARCH software
(version 10.0) [25]. The taxonomic information of each OTU was annotated using the SILVA
and UNITE databases for 16S rRNA and ITS, respectively. Alpha diversity indices were an-
alyzed by using the Mothur software (version 1.35.1). FAPROTAX [26] and FUNGuild [27]
were used to predict the potential functional traits of bacteria and fungi, respectively.

The changes in soil physicochemical properties, diversity indices and the relative
abundance of bacterial or fungal communities among different tea planting ages were tested
with one-way analysis of variance (ANOVA) in SPSS 26.0 (IBM SPSS Inc., Chicago, IL, USA).
Principal coordinate analysis (PCoA) and distance-based redundancy analysis (db-RDA)
were performed using R version 3.5.2. Pearson’s correlations among the soil microbial
community and environmental factors were calculated and visualized in a heatmap using
the ‘corrplot’ package in the R platform.

3. Results
3.1. Changes in Soil Physicochemical Properties

Substantial differences in soil physicochemical properties were observed between tea
gardens and woodland (Table 1). Tea planting significantly increased the soil nutrients, and
the contents of SOM, TN, TP, AN, AP and AK increased by 0.49–1.40, 1.01–1.62, 1.42–7.45,
1.51–3.84, 9.59–134.62 and 3.08–4.36 times, respectively, compared with the woodland. The
contents of TN, SOM, TP, AP and AK increased with the extension of planting years, and
the highest SOM (34.82 g kg−1), TN (1.80 g kg−1), TP (1.31 g kg−1), AP (140.03 mg kg−1)
and AK (140.40 mg kg−1) were measured in Y35. Nevertheless, the tea plantation decreased
the C/N ratio of the soil and was significantly lower in Y6 (9.10) than in the woodland
(11.92) (p < 0.05, Table 1), but the C/N ratio recovered with increasing planting age. In
addition, after the transition from woodland to tea plantations, the soil pH significantly
decreased, from 5.0 for woodland land to 3.63–4.46 for tea plantations.

Table 1. Soil properties across different plantation ages 1.

Soil Properties Y0 2 Y6 Y12 Y23 Y35

pH 3 5.0 ± 0.22 4,a 3.84 ± 0.16 c 3.63 ± 0.2 c 4.46 ± 0.16 b 4.25 ± 0.34 b

SOM (g kg−1) 14.5 ± 5.81 c 21.67 ± 4.85 bc 26.04 ± 4.82 ab 28.84 ± 8.14 ab 34.82 ± 6.26 a

TN (g kg−1) 0.69 ± 0.16 b 1.38 ± 0.22 a 1.48 ± 0.39 a 1.52 ± 0.28 a 1.8 ± 0.2 a

C/N 11.92 ± 2.17 a 9.1 ± 1.0 b 10.43 ± 1.72 ab 10.86 ± 1.4 ab 11.25 ± 1.6 ab

TP (g kg−1) 0.16 ± 0.03 c 0.38 ± 0.02 bc 0.53 ± 0.14 bc 0.81 ± 0.32 b 1.31 ± 0.61 a

TK (g kg−1) 11.28 ± 4.98 b 7.82 ± 1.89 b 10.3 ± 3.34 b 19.16 ± 7.91 a 9.06 ± 1.05 b

AN (mg kg−1) 53.82 ± 17.54 c 202.04 ± 33.85 ab 260.58 ± 128.66 a 135.01 ± 28.16 bc 181.27 ± 28.76 ab

AP (mg kg−1) 1.03 ± 0.24 b 10.94 ± 3.58 b 70.26 ± 22.99 ab 102.67 ± 68.66 a 140.03 ± 95.06 a

AK (mg kg−1) 26.19 ± 5.74 c 106.81 ± 17.85 b 134.52 ± 7.26 a 135.36 ± 22.51 a 140.4 ± 24.59 a

BD 1.13 ± 0.07 a 1.04 ± 0.1 a 1.11 ± 0.12 a 1.1 ± 0.03 a 1.05 ± 0.08 a

1 Data are mean values ± standard deviation (n = 4); 2 Y0 represents woodland; Y6, Y12, Y23 and Y35 represent tea
planting for 6, 12, 23 and 35 years; 3 pH: soil pH value; SOM: soil organic matter; TN: soil total nitrogen; TP: soil
total phosphorus; TK: soil total potassium; AN: soil available nitrogen; AP: available phosphorus; AK: available
potassium; BD: bulk density and C/N: soil organic carbon (SOC)/TN. 4 Lowercase letters indicate significant
differences between different treatments at p < 0.05.

3.2. Alpha Diversity

For the soil bacterial community, there were significant differences in the alpha di-
versity, including the ACE, Chao1, Simpson and Shannon indices, among planting ages
(Table 2). The ACE and Chao1 indices increased with the extension of planting years and
were generally significantly higher in Y23 and Y35 than in the woodland, revealing that
soil bacterial richness increased after long-term tea planting. However, the Simpson and
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Shannon indices show a trend of initially decreasing and then increasing. For the soil
fungal community, the ACE and Chao1 indices indicated that fungal richness decreased
with the extension of planting ages and was generally significantly lower in Y35 than in
the woodland. Furthermore, the Simpson and Shannon indices suggested that the fungal
diversity was not different among the different tea plantations and the control woodland.

Table 2. OTU richness and diversity indices of bacteria and fungi across planting ages 1.

Microbial
Community Diversity Indices Y0 2 Y6 Y12 Y23 Y35

Bacteria

ACE 1168.22 ± 21.47 b, 3 1209.66 ± 43.74 b 1156.59 ± 65.86 b 1402.17 ± 86.74 a 1392.16 ± 30.82 a

Chao1 1205.3 ± 33.18 b 1239.94 ± 37.74 b 1201.53 ± 50.16 b 1419.15 ± 74.38 a 1408.89 ± 35.78 a

Simpson 0.9909 ± 0.0008 ab 0.9834 ± 0.0074 bc 0.9776 ± 0.0099 c 0.9924 ± 0.0042 ab 0.9932 ± 0.0031 a

Shannon 8.07 ± 0.14 b 7.86 ± 0.24 b 7.63 ± 0.37 b 8.58 ± 0.45 a 8.57 ± 0.29 a

Fungi

ACE 509.44 ± 70.33 a 454.6 ± 63.29 b 458.99 ± 52.06 b 420.81 ± 57.71 bc 357.49 ± 24.78 c

Chao1 427.79 ± 69.7 ab 468.44 ± 64.67 a 456.59 ± 35.8 a 430.18 ± 38.97 ab 368.84 ± 30 b

Simpson 0.891 ± 0.0343 a 0.9435 ± 0.0268 a 0.9303 ± 0.0131 a 0.9401 ± 0.0445 a 0.8828 ± 0.0569 a

Shannon 4.67 ± 0.52 a 5.62 ± 0.72 a 5.05 ± 0.3 a 5.5 ± 0.86 a 4.65 ± 0.65 a

1 Data are mean values ± standard deviation (n = 4); 2 Y0 represents woodland; Y6, Y12, Y23 and Y35 represent tea
planting for 6, 12, 23 and 35 years. 3 Lowercase letters indicate significant differences between different treatments
at p < 0.05.

3.3. Structures of Soil Microbial Communities at Different Tea Planting Ages

The relative abundances of bacterial phyla were generally different among the different
tea planting ages and woodlands (Figure 2a). There were 31 phyla in 20 soil samples.
Proteobacteria (20.96%–41.40%), Acidobacteria (9.41%–28.34%), Firmicutes (6.39%–16.03%),
Bacteroidetes (6.05%–13.80%), Chloroflexi (3.35%–13.27%) and Actinobacteria (2.37%–11.52%)
were the dominant bacterial phyla, about 86.83%–93.61% of the total sequences (Figure 2a,
Table S1). In addition, the relative abundances of GAL15, Verrucomicrobia, Rokubacteria,
Planctomycetes, Gemmatimonadetes and WPS-2 in the tested soil were also higher than 1%.
After tea planting, the relative abundances of Actinobacteria, Proteobacteria and WPS-2
were significantly increased (Figure S1a, p < 0.05); however, the relative abundances of
Acidobacteria, GAL15 and Rokubacteria decreased (Figure S1b, p < 0.05). In addition, in
tea plantations with different planting ages, the relative abundances of Proteobacteria,
Actinobacteria, Firmicutes and Bacteroidetes first increased and then decreased, while those of
Acidobacteria and Chloroflexi first decreased and then increased.

For soil fungi, Ascomycota (38.63%–55.27%), Basidiomycota (19.45%–39.13%), Mortierel-
lomycota (1.8%–10.1%) and Rozellomycota (0.12%–7.41%) (Figure 2b, Table S2) were the
dominate phyla among all samples, and there were no differences among the four phyla
between tea plantations and woodland (Table S2). Although the relative abundances of
the genera Glutinomyces, Hanseniaspora, Helvella, Hymenogaster, Neofabraea, Oidiodendron,
Sebacina and Trigonopsis significantly decreased after tea planting, they were all detected at
very low levels (<1%).

In order to further understand the microbial community differences across the different
planting ages of the tea plantations and woodland, PCoA based on OTUs was conducted.
The first two PCoA axes accounted for 67.81% and 28.04% of the variation in the bacterial
and fungal communities, respectively (Figure 3). PERMANOVA demonstrated that the
bacterial (R2 = 0.67, p = 0.001) and fungal (R2 = 0.356, p = 0.001) community compositions
were significantly affected by the planting age. The bacterial communities in the woodland
were obviously separated from those in tea plantation soil under different planting years,
indicating that tea planting had a distinct effect on the soil bacterial community (Figure 3a).
Nevertheless, for fungal communities, Y0 and Y6 were closer together (Figure 3b).
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taxonomic units. Y0 represents woodland; Y6, Y12, Y23 and Y35 represent tea planting for 6, 12, 23
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3.4. Correlations between Soil Microbial Community and Environmental Factors

There were close correlations between bacterial ACE, Chao1, Simpson, Shannon index
and physicochemical factors (Table 3). Bacterial ACE and Chao1 index were positively
correlated to SOM, TN and TP (p < 0.01 or 0.05); the Simpson and Shannon index positively
correlated with pH (p < 0.01 or 0.05). However, although fungi ACE showed negative
correlations with TN, TP and AK, the fungi Chao1, Simpson and Shannon index showed no
significant correlations with physicochemical factors. The influences of soil physicochemical
properties on bacterial and fungal communities were determined by db-RDA (Figure 4).
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The physicochemical variables explained 74.18% and 31.06% of the total variance in the
bacterial and fungal community composition, respectively. Soil pH was the most dominant
environmental variable explaining the total variation in bacterial and fungal structure.

Table 3. Relationships between soil properties and microbial (bacteria and fungi) diversity indices
(n =20) 1.

Microbial
Community Factor pH 2 SOM TN TP TK AN AP AK BD C/N

Bacteria

ACE 0.195 0.681 ** 0.615 ** 0.543 * 0.189 0.059 0.412 0.443 −0.293 0.132
Chao1 0.179 0.703 ** 0.614 ** 0.536 * 0.206 0.072 0.415 0.450 * −0.270 0.190

Simpson 0.625 ** 0.179 −0.044 0.166 −0.029 −0.515 * 0.064 −0.163 −0.021 0.428
Shannon 0.484 * 0.436 0.277 0.307 0.038 −0.276 0.159 0.157 −0.051 0.327

Fungi

ACE 0.059 −0.429 −0.549 * −0.508 * 0.096 −0.246 −0.360 −0.582 ** −0.065 0.197
Chao1 −0.332 −0.174 −0.142 −0.302 0.043 0.112 −0.217 −0.125 −0.409 −0.135

Simpson −0.260 0.258 0.243 −0.187 −0.140 0.220 −0.215 0.263 −0.008 0.058
Shannon −0.236 0.320 0.282 −0.100 −0.167 0.149 −0.148 0.226 −0.242 0.086

1 Data in the table are shown as R2 of the Pearson correlation; * indicates significance at p < 0.05, ** indicates
significance at p < 0.01. 2 pH: soil pH value; SOM: soil organic matter; TN: soil total nitrogen; TP: soil total
phosphorus; TK: soil total potassium; AN: soil available nitrogen; AP: available phosphorus; AK: available
potassium; BD: bulk density; and C/N: SOC/TN.
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Correlation analyses between the soil environmental factors and the microbial taxa
are shown in Figure 5. The bacterial phyla Actinobacteria, Proteobacteria and WPS-2 were
significantly and negatively correlated to the soil pH, while positively correlated to AN
(Figure 5a). In contrast, Chloroflexi, Verrucomicrobia, Acidobacteria and Planctomycetes showed
the opposite trend (Figure 5a). In addition, AK, AP and TP correlated negatively with
Chloroflexi but positively with Proteobacteria and WPS-2. In the case of fungi, the most
dominant phylum, Ascomycota, was negatively correlated with SOM and TP (Figure 5b);
Mortierellomycota was significantly and positively correlated with AN, AP, AK and TN, but
negatively correlated with soil pH (Figure 5b). In addition, soil nutrients (SOM, TN, TP, AP
and AK) correlated positively with Rozellomycota (Figure 5b).
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Figure 5. Relationships between soil properties and bacterial dominant bacterial (a) and fungal
(b) taxa (n = 20). * indicates significance at p < 0.05, ** indicates significance at p < 0.01, *** indicates
significance at p < 0.001. pH: soil pH value; SOM: soil organic matter; TN: soil total nitrogen; TP: soil
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3.5. Microbial Function Potential

As shown in Figure 6a, soil bacterial function groups in the present study were highly
enriched (>1%) in chemoheterotrophy (32.75%–37.04%); fermentation (13.75%–24.74%); aer-
obic_chemoheterotrophy (9.95%–22.69%); animal_parasites_or_symbionts (4.24%–9.82%);
nitrate_reduction (2.59%–4.57%); human_gut (1.70%–2.93%); mammal_gut (1.70%–2.93%);
cellulolysis (1.51%–3.22%); and nitrogen_fixation (1.08%–3.10%). Tea planting significantly
increased the relative abundance of Aerobic_chemoheterotrophy, chemoheterotrophy and
nitrogen_fixation by 101.96%, 7.85% and 90.06% compared with the adjacent woodland
(Figure S2a). However, Nitrate_reduction, animal_parasites_or_symbionts and fermenta-
tion were significantly decreased in the tea plantations (about 27.39%, 47.02% and 32.39%,
respectively) compared with the adjacent woodland (Figure S2a).

For fungi, all OTUs from 20 soil samples were identified as trophic modes with pathotrophs,
symbiotrophs and saprotrophs (Figure 6b). Regarding the functional groups, saprotrophs
were the most dominant trophic modes in the tea plantations and woodland, accounting for
approximately 50% of all functions. The proportion of pathotrophs in tea plantations (30.26%)
was obviously richer than in woodland (14.51%).
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4. Discussion
4.1. Long-Term Tea Plantation Increased Soil Bacterial Richness and Diversity but Decreased
Fungal Richness

The richness and diversity of soil microbial play an integral role in the maintenance
of sustainable agricultural development [28]. Our results demonstrated that deforestation
for tea plantations had a great impact on soil microbial diversity in southeastern China,
but the effects on fungi and bacteria were completely different. The bacterial richness
generally increased after long-term tea planting, but the fungal richness decreased. This
phenomenon may be due to the long-term application of nitrogen fertilizer, which is more
conducive to the multiplication of bacteria than fungi [29]. In addition, the strong positive
relationships among various soil nutrient content (including soil SOM, TN and TP) with
the ACE and Chao1 indices, further indicate that the increase in bacterial richness in tea
garden soil can be attributed to the improvement of soil fertility after planting. However,
no significant correlations were detected for the Chao1, Shannon and Simpson indices of
fungi, implying that soil bacterial richness and diversity responded more sensitively to
environmental changes than fungi. Additionally, numerous studies have proved that soil
pH is a prevailing determinant of soil bacterial diversity in many ecosystems [29,30]. In
the present study, there was a strong positive correlation between soil pH and bacterial
diversity index (Shannon and Simpson), but not with the fungal diversity, which further
showed that bacteria were more sensitive to soil environmental changes than fungi in
tea plantations.

4.2. Different Tea Planting Ages Shift the Soil Microbial Community Structure

Similar to a previous research study [31], the transition from forest ecosystems to
economic plantations significantly affected the construction of soil microbial communities.
Planting management measures (such as fertilization and irrigation) have an important
influence on soil environmental indices, which may directly or indirectly influence soil
microbial communities [32]. In this paper, the PCoA demonstrated that for both bacteria
and fungi, four soil samples with the same tea planting age were aggregated, whereas the
soil samples with different cultivation years were dispersed. It was confirmed that the
composition of the soil microbial community changed significantly with the extension of
tea planting. However, the fungal communities of Y0 and Y6 were closer than those of
bacteria, indicating more sensitive responses of soil bacteria to tea planting.

Long-term typical tea plantation management practices (including fertilization and
leaf and root litter) could change the soil nutritional status from oligotrophic to copi-
otrophic conditions, and then change the associated soil bacterial community structure.
Similar to the study reported by Nie et al. [33] that proposed that copiotrophic microor-
ganisms, including for example, Actinobacteria and Proteobacteria, generally increase under
nutrient-rich conditions, while oligotrophic taxa, like Acidobacteria, show the opposite trend.
Furthermore, RDA demonstrated that pH was the most important environmental variable
driving the temporal and spatial distribution of bacteria in this paper, which is in line
with previous studies [30,34]. However, we found a positive relationship between soil pH
and Acidobacteria in this study, which contradicts most previous results [35], which may
contribute to the inconsistent response of different Acidobacteria subgroups to changes in
soil pH [36]. In summary, due to significant changes in soil nutrients and pH values over
time, the bacterial community was strongly influenced by the age of the tea garden.

In terms of fungal community, Ascomycota and Basidiomycota were generally considered
to be the most dominant phyla in the tea plantations [16], which is consistent with the
present study. However, significantly different phyla were not found among different aged
tea plantations and woodlands. This may suggest that, compared with the soil bacterial
community, the soil fungal community is more resistant to tea planting. The RDA analysis
indicated that pH, SOM, TN and AK were the dominant environmental variables affecting
the fungal communities, which confirmed the results of Ji et al. [37] and Nie et al. [33], who
found that the soil fungal community was mainly affected by nutrient availability. Similar
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to the results presented by Yang et al. [16] and Bai et al. [38], the relative abundance of
Rozellomycota was increased with the improvement of soil nutrients (SOM, TN, TP, AP and
AK) in this study. It has been reported that most taxa belonging to Rozellomycota prefer to
consume organic fragments [39], so these taxa increased in the tea plantations, especially
after 23 years.

4.3. Potential Microbial Functional Variations Influenced by Tea Planting

Woodland conversion to tea plantations not only influenced the soil microbial com-
munity structure but also formed a distinct functional group. Changes in the microbial
community structure can reflect shifts in the community function. FAPROTAX and FUN-
Guild did give some useful information that could be used to explore the impacts of the
application of inorganic fertilizer on microbial community functions. Due to the application
of urea and organic fertilizer in the process of tea plantation management, the functional
groups involved in aerobic chemoheterotrophy, chemoheterotrophy and ureolysis in the
tea plantation were significantly increased compared with adjacent woodland. which
is consistent with prior research on Eucalyptus plantations [14]. These functions were
beneficial for the transformation of SOM in tea garden soil. The decomposition and trans-
formation of SOM can increase nutrient supply and improve soil physical, chemical, and
biochemical characteristics, thereby providing nutrients for crops and creating a favorable
soil environment [40]. In addition, it is generally considered that transformation from
natural forests to tillable fields would significantly stimulate autotrophic nitrification due
to the application of chemical nitrogen fertilizers [5]. However, in this study, the bacteria
nitrification function group (involving nitrification, aerobic_ammonia_oxidation and aer-
obic_nitrite_oxidation) decreased significantly in the young tea plantations (Y6 and Y12)
but increased significantly in the middle-aged tea plantations (Y23 and Y35), showing the
order of Y35 > Y23 > Y0 > Y12 > Y6. This may be because ammonia-oxidizing bacteria are
inhibited under strong acidic conditions [41]. After 23 years, with the increase in the soil
pH, the bacterial community involved in nitrification increased significantly.

Another interesting change in the fungal function groups was the significant increase
in the pathogenic fungi in the tea plantations, which confirmed the previous study that
showed that tea planting decreased the relative abundance of saprotrophs, whereas it
increased the relative abundance of pathogenic and pathotrophic–saprotrophic fungi [42].
Generally, the potential fungal pathogens are thought to cause disease or have a negative
effect on plant growth by attacking host cells for nutrients [43]. The results above indicated
that under the existing tea plantation management mode, cleaning the tea garden and
long-term applying chemical fertilizers only, may cause the overgrowth of pathogenic
fungi, which is in line with a previous study that found that long-term crop monoculture
may lead to borne diseases [1]. Furthermore, the richness of soil fungi (ACE index) signifi-
cantly decreased after forest land reclamation into tea gardens, indicating that continuous
monoculture may have a far-reaching negative impact on the fungal community structure
and further affect the ecosystem of a tea plantation.

5. Conclusions

In conclusion, this study indicated that the conversion of natural woodlands to tea
plantations had a significant effect on soil microbial diversity, community structure and
their potential functions. Specifically, the tea plantations significantly increased the richness
of bacteria and the diversity show a trend of initially decreasing and then increasing the
richness of fungi decreased after tea planting; however, this had no effect on fungal diversity.
Tea planting markedly improved the nutrient status of the soil, and with the increase in soil
nutrient content, the abundance of Proteobacteria and Actinobacteria increased significantly,
but that of Acidobacteria decreased. However, significantly different fungal phyla were not
found among different aged tea plantations and the woodland. Thus, soil bacteria were
more sensitive to tea planting than fungi. The functional predictions based on FAPROTAX
and FUNGuild revealed that the relative abundances of the aerobic_chemoheterotrophy,
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chemoheterotrophy, ureolysis and pathogenic fungi were significantly richer in the tea
plantations compared with woodland. The present study provides useful insights into
the composition and potential functions of microbial communities after the conversion of
woodlands to tea plantations.

Supplementary Materials: The following supporting information can be downloaded at: https:
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abundance of the most abundant fungal phyla (>1%) present in the different planting ages tea
plantations; Table S3: Bacterial function group (Top10) present in the different planting ages tea
plantations; Table S4: Fungal function group present in the different planting ages tea plantations;
Figure S1: Analysis of variance analyses (ANOVA) showing the differential distribution of soil
bacterial (a) and fungal (b) community between tea plantations and wood land; Figure S2: Statistically
significant differences in the bacterial(a) and fungal(b) function group between tea plantations and
wood land.
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