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Abstract: Fertilization is an essential aspect of tea plantation management that supports a sustain-
able tea production and drastically influences soil microbial communities. However, few research
studies have focused on the differences of microbial communities and the variation in tea quality
in response to different fertilization treatments. In this work, the soil fertility, tea quality, and soil
microbial communities were investigated in two domestic tea plantations following the application of
chemical and organic fertilizers. We determined the content of mineral elements in the soil, including
nitrogen, phosphorus, and potassium, and found that the supplementation of chemical fertilizer
directly increased the content of mineral elements. However, the application of organic fertilizer
significantly improved the accumulation of tea polyphenols and reduced the content of caffeine.
Furthermore, amplicon sequencing results showed that the different ways of applying fertilizer have
limited effect on the alpha diversity of the microbial community in the soil while the beta diversity
was remarkably influenced. This work also suggests that the bacterial community structure and
abundance were also relatively constant while the fungal community structure and abundance were
dramatically influenced; for example, Chaetomiaceae at the family level, Hypocreaceae at the order
level, Trichoderma at the genus level, and Fusarium oxysporum at the species level were predomi-
nantly enriched in the tea plantation applying organic fertilizer. Moreover, the bacterial and fungal
biomarkers were also analyzed and it was found that Proteobacteria and Gammaproteobacteria
(bacteria) and Tremellomycetes (fungi) were potentially characterized as biomarkers in the plantation
under organic fertilization. These results provide a valuable basis for the application of organic
fertilizer to improve the soil of tea plantations in the future.

Keywords: metagenomics; amplicon sequencing; soil microbe; organic fertilizer; soil properties

1. Introduction

Soil provides an ecosystem platform for nutrient cycling, water regulation, and carbon
sequestration [1]. Microorganisms serve as one of the important members of soil function
to mediate many ecological responses, such as soil aggregation, soil organic carbon (SOC)
decomposition, and nutrient transformation [2,3]. Soil microorganisms provide not only
organic compounds and soil stability, but also a promising environment as an excellent
indicator of soil health [4]. The negative effect of chemical fertilizer application on microbial
community variations has been widely reported and investigated [5–7]. For example, the
application of chemical fertilizers resulted in changes in biomass and the diversity of the
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bacterial community in rice fields [8]. And the combined utilization of inorganic fertilizer
and organic amendments was proved to be an essential practice of soil management during
crop production [9].

Organic farming is gradually expanding all over the world. One of its key points is
that crops grow in an organic system which largely depends on the activities of soil mi-
croorganisms, particularly in terms of mineral nutrition supply [10–12]. A classic example
is companion planting, which is a cultivation technique in which different species of plants
are planted simultaneously on the same field [13]. It has been suggested that the improve-
ment of yields can be effectively enhanced by means of companion planting using White
clover (Trifolium repens L.) and Orchard grass (Dactylis glomerata L.), owing to the change in
nitrogen fixation efficiency caused by the remodeling of nearby microorganisms [14,15].
Another strategy is the application of organic fertilizer. Organic fertilizers are defined as
naturally transformed fertilizers and generally include all animal manure such as meat
processing waste, slurry, manure, and guano and even plant-derived fertilizers such as
compost and biosolids [16]. Previous findings indicated that the application of organic
fertilizers causes short- and long-term influences on the soil microbial community structure.
For example, the supplementation of organic fertilizers had an influence on the microbial
growth and diversity of soil microbial community relative to inorganic fertilization, such as
increasing the amounts of Gram-negative bacteria [17]. During rice practice, biogas slurry
coupled with chemical fertilizer (BCF) improved the rhizosphere microbial diversity and
abundance compared with the application of solely chemical fertilizer [18]. Another work
suggested that the application of biogas slurry not only improved the contents of available
nutrients but also regulated the microbial community structures [19]. Through 16S rDNA
amplicon analysis, it was found that the abundance of microbial functional groups related
to the metabolism and circulation of carbon (C), nitrogen (N), and phosphorus (P) and an-
tibiotic biosynthesis significantly increased under long-term organic fertilizer treatment [20].
Another finding showed that microbial biomass and oxidoreductase enzyme activities are
tightly correlated with the supplementation of organic municipal solid waste [21]. It has
been proved that organic fertilizer can improve the physical and chemical properties of
the soil, with higher SOC and available N and P contents than chemical fertilizer, and pro-
mote microbial growth and enzyme activity [19,22,23]. Furthermore, the bacterial richness
and diversity of microorganisms potentially contributed to the production of high-quality
crops [24].

Tea is a popular, healthy, caffeine-containing beverage. According to statistics, 3 billion
people consume tea daily around the world [25]. Amino acids, polyphenols, and caffeine
are the main metabolites that determine the taste and quality of tea. China is the largest
producer of tea, planting more than 3.4 × 106 ha and harvesting 14.5 million tons of tea,
based on the record of FAO in 2022 (https://www.fao.org/faostat/en/#home, accessed on
26 April 2024). Organic tea plant cultivation provides an alternative method, which reduces
the eutrophication risk, and has been widely practiced to improve production quality
and soil fertility [26–28]. Furthermore, the long-term application of organic fertilizers
significantly decreased heavy metals accumulation in rhizosphere soil and tea leaves [29].
Although the use of organic fertilizers could improve the yield of tea leaves and soil
properties, there is little information concerning the biomass and diversity changes of
microbial community in tea plantations using chemical fertilizers and organic fertilizers.
Herein, we first compared the soil nutrients and quality indicators of tea during the
long-term use of organic and chemical fertilizers in two tea gardens, and the amplicon
sequencing technology was further used to determine the effects of organic and chemical
fertilizers on soil microorganisms. The specific aim of this work was to determine how the
supplementation of organic fertilizers and chemical fertilizers influenced the soil microbial
community structure in two tea orchards.

https://www.fao.org/faostat/en/#home
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2. Materials and Methods
2.1. Study Area

All experiments were performed at the Hexizhen (HXZ) tea plantation and the Qin-
gancun (QGC) tea plantation in Jishou City, Hunan Province, China (28.18◦ N, 109.43◦ E).
Both tea plantations are located in an area with a subtropical monsoon humid climate, an
annual temperature of 17.3 ◦C, and an annual mean precipitation of 1358.6–1552.5 mm.
Both HXZ and QGC are seven-year-old tea plantations, and similar agronomic manage-
ment practices were performed. Two different fertilization methods were carried out in
the HXZ and QGC plantations. In HXZ (organic treatment), a fermentation product (or-
ganic fertilizer) of soybean meal, furfural residue, and straw (0.3 kg/m2) was applied by
ditching in October. Meanwhile, green manure was interplanted every year. In QGC (inor-
ganic treatment), a potassium sulfate compound fertilizer with fertilizer efficiency > 54%
(N:P2O5:K2O:MgO = 18:8:12:2; 0.07 kg/m2) was applied by ditching in October every year.

2.2. Tea Sampling and Analysis

The material used in this work was ‘Baojing Huangjincha 1’ cultivar (Camellia sinensis
L.). Young leaves from the HYZ and QGC stations were sampled to determine quality.
All leaves were frozen in liquid nitrogen and stored at −80 ◦C until metabolite analyses.
The water extract was determined through boiling water reflux [30]. The contents of tea
polyphenols, amino acids, and theanine were measured using the HPLC system based on
published descriptions [31]. The content of caffeine was also determined by means of the
HPLC method according to the caffeine determination method published in a previous
study [32].

2.3. Soil Sampling and Analysis

All samples were collected randomly at 5 different points. About 400 g of soil sample
was collected longitudinally at 0–20 cm and 20–40 cm in depth at the HYZ and QGC
stations, respectively. The samples were air-dried naturally and then ground through
a 60-mesh sieve after the removal of impurities. For each sample, three replicates were
conducted. All samples were stored at −80 ◦C until use. The pH value was determined
using Orion Lab Star PH111 pH Bench Meters (Thermo Scientific, Waltham, MA, USA).
The soil organic matter content was measured according to the description published in
a previous study [33]. The soil total nitrogen content was determined using the Kjeldahl
method [34]. Hydrolysable nitrogen content was determined using the alkali-hydrolyzed
diffusion method [35]. The content of available potassium and phosphorus in soil was
determined according the methods described by Silva et al. [36].

2.4. DNA Extraction and Library Construction

The soil genome DNA was extracted using a DNA Extraction Kit according to the
manufacturer’s descriptions. And the purity and integrality were monitored by means of
agarose gel electrophoresis and spectrophotometry using a NanoDrop spectrophotome-
ter (Eppendorf, Hamburg, Germany). According to the concentration, DNA was further
diluted to 1 ng·µL−1 and instantly stored at −20 ◦C until further use. For amplicon
generation, the hypervariable regions 3 to 4 (V3–V4) of 16S rRNA gene were amplified
using the specific primer pairs of 338F/806R (338F: 5′-ACTCCTACGGGAGGCAGCA-
3′; 806R: 5′-GGACTACHVGGGTWTCTA AT-3′) [37]. For the identification of fungi, in-
ternal transcribe spacers (ITSs) were amplified used specific primer pairs of ITS3 (5′-
GCATCGATGAAGAACGCAGC-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) [38].
All PCR reactions were carried out with 25 µL of Phanta SE Super-Fidelity DNA Poly-
merase (Vazyme, Nanjing, China); 0.2 µM of forward and reverse primers; and about 50 ng
template DNA. The PCR reaction program consisted of pre-denaturation at 98 ◦C for 3 min,
followed by 30 cycles of denaturation at 98 ◦C for 10 s, annealing at 50 ◦C for 30 s, and elon-
gation at 72 ◦C for 30 s. Finally, an elongation at 72 ◦C for 5 min was followed by storage at
4 ◦C. Amplicon quality was estimated by means of gel electrophoresis and purified using a
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SanPrep Spin Column & Collection Kit (Sangon, Shanghai, China). Then, another round
of PCR was performed. For library construction and sequencing, amplicon libraries were
constructed using TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, San Diego,
CA, USA) following the manufacturer’s descriptions, and index codes were simultaneously
added. The library quality was evaluated based on the Qubit@ 2.0 Fluorometer (Thermo
Scientific, Waltham, MA, USA) and Agilent Bioanalyzer 2100 system (Agilent, Santa Clara,
CA, USA). Finally, the library was sequenced on an Illumina NovaSeq platform, and 250 bp
paired-end reads were generated.

2.5. Quality Control of Raw Sequencing Data

The raw data were converted into the original rRNA sequence in FASTQ file format [39].
The raw tags were conducted under specific filtering conditions to obtain high-quality clean
data for further analyses according to the Trimmomatic software (version 0.39) [40]. The
tags were mapped to the reference database (Silva database, https://www.arb-silva.de/,
accessed on 5 September 2023) using the UCHIME algorithm to filter and remove chimera
sequences [41]. Nearly all the reads with a reasonably high quality were eligible for
further analysis.

2.6. Operational Taxonomic Units (OTUs) Cluster and Species Annotation

Uparse software (https://drive5.com/uparse/, accessed on 5 October 2023) was
used to sort the high-quality sequence of the valid tags, and the sequences with ≥97%
similarity were assigned to the same OTUs. The representative sequence of each OUT was
filtered for further annotation. The Silva Database (http://www.arb-silva.de/, accessed
on 5 September 2023) was used based on the Mothur algorithm to annotate taxonomic
information based on each representative sequence [42]. The OTU abundance information
was normalized using a sequence number standard corresponding to the samples with
the fewest sequences. Subsequent analyses of alpha diversity and beta diversity were all
performed basing on these output-normalized data.

2.7. Alpha Diversity Analysis

Alpha diversity refers to the mean diversity in species in different sites or habitats
within a local scale [43]. In this work, the differences in the estimated abundance of
microhabitats were tested using the Kruskal–Wallis significance test [44] for all pairwise
combinations. We calculated 2 induces, including Chao1 and Shannon, to present the
species diversity in each sample, and displayed them using R software (Version 4.2.0).

2.8. Beta Diversity Analysis

Beta diversity is used to perform a comparative analysis about the microbial com-
munity diversity of different samples. Firstly, according to the species annotation results
and the OTU abundance information of all samples, the OTU information of the same
classification is associated and processed to obtain the species abundance information.
At the same time, the systemically occurring relation between OTUs is used to further
calculate the Unweighted Unifrac distance [45,46]. In this study, principal coordinate analy-
sis (PCoA) was used based on Unweighted Unifrac to uncover the beta diversity among
different groups.

3. Results
3.1. Chemical Characteristics of Soil and Tea Quality

To effectively evaluate the influences of organic and chemical fertilizers on chemical
characteristics in both tea orchards, the soil chemical properties derived from different
depth (0–20 cm and 0–40 cm) were determined. Significant differences were observed in
the tea orchards treated with either organic (HYZ) or chemical fertilizers (QGC). The results
showed that the mineral elements of the soil are mainly enriched in the surface of the
soil (0–20 cm) (Figure 1). In general, the contents of total nitrogen, total phosphorus, total

https://www.arb-silva.de/
https://drive5.com/uparse/
http://www.arb-silva.de/
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potassium, hydrolysable nitrogen, available phosphorus, and available potassium were
significantly higher in the chemical fertilizer treatment at a depth of 0–20 cm compared
to the organic fertilizer treatment group (Figure 1A–C,E–G). However, the soil pH level
was similar between the two tea orchards (p > 0.05), both in the surface and deeper in
the soil (Figure 1D). As expected, an abundant accumulation of the organic matter was
found in the organic treatment group (Figure 1H). However, the contents of total nitrogen
and hydrolysable nitrogen were similar between the two treatment groups at a depth of
0–40 cm (p > 0.05) (Figure 1A,E).

We also analyzed the chemical characteristics and found that the usage of organic
fertilizer significantly increased the content of tea polyphenols and reduced the content
of caffeine (Figure 1J,M). However, there is no statistical significance (p > 0.05) in the
contents of water extract, amino acids, and theanine between the two treated orchards
(Figure 1I,K,M).
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Figure 1. The soil and tea chemical characteristics under organic and chemical fertilizer treatments.
(A,E) The contents of total nitrogen and hydrolysable nitrogen; (B,F) the contents of total phosphorus
and available phosphorus; (C,G) the contents of total potassium and available potassium; (D) the
pH value; (H) the content of organic matter; and (I–M) the content of water extract, tea polyphenols,
amino acid, caffeine, and theanine of tea. “*”, p < 0.05; “**”, p < 0.01; “***”, p < 0.001.

3.2. Sequence Evaluation and Species Annotation

Based on the analyses of soil chemical characteristics, we discovered that the differ-
ences of mineral elements in the soil were mainly distributed at the surface soil (0–20 cm)
and the subsurface soil (20–40 cm). Therefore, in the present study, we focused on bacterial
and fungal sequences in 0–20 cm and 20–40 cm layers between the HXZ and QGC orchards.
We defined the samples derived from the HXZ orchard as HA and HB at 0–20 cm and
20–40 cm, and the samples derived from the QGC orchard as QA and QB at 20 cm and
40 cm, respectively. According to the results, a total of 4,160,469 high-quality raw tags
were generated, of which 2,148,614 were from full-length 16S rRNA and 2,011,855 were
from ITS fragments in both orchards (Tables S1 and S2). After filtering and assembling, on
average, 65,212 effective tags from 16S rRNA were obtained and the average length was
254 nt (Table S1). For ITS rRNA sequences, on average, 63,990 effective tags were obtained
and the average length was 235 nt (Table S2). The average values of Q20 and Q30 were
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more than 99% and 97%, respectively (Tables S1 and S2). The effective tags of all samples
were arranged from 60.4 to 93.24% in 16S rRNA and ITS sequencing (Tables S1 and S2).
Those results showed that the data of this work have good stability and reproducibility.

In order to investigate the soil microorganisms of each sample, effective tags were
used to conduct operational taxonomic unit (OTU) clustering based on 97% consistency and
species annotation. According to the clustering analyses, there were a total of 8451 bacterial
OTUs from full-length 16S rRNA and 3027 fungal OTUs from ITS. Overall, 3494 bacterial
OTUs (41.3%) were shared in all samples (Figure 1A) and 429 (5.1%), 321 (3.8%), 599 (7.1%),
and 561 (6.6%) bacterial OTUs were detected in HA, QA, QB, and HB samples, respectively
(Figure 2A). For fungal taxa, 330 (9.4%), 236 (6.8%), 388 (11.1%), and 219 (6.3%) OTUs were
independently detected in HA, QA, QB, and HB samples, of which 489 OTUs (14.0%) were
found in all samples (Figure 2B).
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Figure 2. Venn diagram summarizing the unique and overlapping OTUs. (A) The total number of
OTUs of bacteria was counted and compared among different soil samples. (B) The total number of
OTUs of fungi was counted and compared among different soil samples.

3.3. Alpha Diversity of the Soil Microbial Community

To determine the complexity of species diversity within the soil samples, the alpha
diversity analysis indices of different samples under the consistency threshold of 97%,
including chao1, Shannon, Simpson, and abundance-based coverage estimator (ACE), were
calculated. No difference in bacterial composition was observed between samples from
the two treatment groups (p > 0.05) (Figure 3A–D). Those results implied that the organic
fertilizer treatment (HA and HB) had no impact on the diversity of soil bacteria. The alpha
diversity of fungal composition was analyzed and significantly higher Chao1 and ACE
values were only found in the chemical fertilizer treatment group at 0–40 cm (QB and HB,
p < 0.05) (Figure 3E–H). Overall, the results showed that different ways of applying fertilizer
have a limited effect on the alpha diversity of the microbial community in the soil.

3.4. Beta Diversity of Microbial Composition

Based on the ANOSIM analysis, the inter-group differences were found to be higher
than the intra-group ones (R-value > 0) between 16S rRNA and ITS rRNA, and the statistical
analysis was significant (p-value < 0.05) except for QB-HB in the bacterial group and QB-QA
in the fungal group (Table S3). To investigate the microbial community composition of
different samples, principal coordinate analysis (PCoA) was employed to characterize
differences in microbial composition between the treatment groups. The results showed
that the PC1 and PC2 components of PCoA accounted for 27.45% and 18.36% of the total
bacterial and fungal composition variations, respectively. The results showed that the
microbial composition of different samples from the same treatment (HA and HB, QA
and QB) revealed a slight difference among samples (Figure 4A,B,E,F), while the microbial
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composition of different samples from the different treatment (HA and QA, HB and QB)
was significantly clustered into two separate groups (Figure 4C,D,G,H).
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Figure 3. Alpha diversity of microbiomes in organic (HA and HB) and chemical fertilizer (QA1 and
QB1) treatment soil. (A–D) The alpha diversity analysis indices of bacterial species; (E–H) the alpha
diversity analysis indices of fungi species. The alpha diversity indices used in this study were chao1,
Shannon, Simpson, and ACE. The datasets from six independent replicates for each sample were
pooled. “*” shows statistically significant difference based on a t-test (p < 0.05); “NS.” means no
statistical difference based on a t-test (p ≥ 0.05).
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3.5. Bacterial Community Structure and Abundance

To understand the bacterial community structure and abundance, the bacterial com-
munity composition at different taxonomic levels was summarized according to the top
10 microorganisms in abundance (Figure 5). The results showed that specific phyla, such as
Proteobacteria, Acidobacteria, and Actinobacteria, and specific classes, such as Gammapro-
teobacteria, Acidobacteriia, and Alphaproteobacteria, had top abundances in all samples
and reflected the background bacterial distribution pattern (Figure 5A,B and Table S4). In
the HA sample, we found that a unique bacterial distribution at the order, family, genus,
and species level, such as Xanthomonadales at the order level, Rhodanobacteraceae at the
family level, Rhodanobacter at the genus level, and Ileibacterium valens at the species level
(Figure 5C–F). Compared with the HA sample, the bacterial abundance was different at the
class, order, and genus level (Figure 5B,C,E). Similar bacterial structure and abundance are
observed between the HB and QB samples (Figure 5).
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3.6. Fungal Community Structure and Abundance

To further explore the fungal distribution pattern and abundance, the composition
of the fungal community at different taxonomic levels according to the microorganisms
with the top 10 abundances were summarized (Figure 6). The results indicated that
Ascomycota and Basidiomycota served as the basic composition pattern at the phylum
level (Figure 6A and Table S5). Compared to the QA and QB samples, a unique class, such
as Tremellomycetes, had relatively higher abundance in the HA and HB samples (Figure 6B
and Table S5). At the order level, Tremellales was also the dominant taxon in the HA and
HB samples. On the contrary, specific orders, such as Microascales and Auriculariales, had
significantly higher abundance in the QA and QB samples (Figure 6C and Table S5). We
also found the predominant distribution in the HA and HB samples, such as Chaetomiaceae
at the family level, Trichoderma at the genus level, and Fusarium oxysporum at the species
level (Figure 5C–F and Table S5).
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3.7. Effect of Soil Properties on Microbial Communities

To investigate the biomarkers and different levels of taxa change among different soil
sample, we performed linear discriminant analysis effect size (LEfSe), which is usually
used to uncover high-dimensional biomarkers. According to the results, four bacterial
taxa in the HA group with LDA scores greater than 4, namely, Gammaproteobacteria,
Proteobacteria, Xanthomonadales, and Rhodanobacter. In the QA group, the orders with
LDA scores greater than 4 were Rhizobiales and Burkholderiaceae. The phylum with an
LDA score greater than 4 in HB was Chloroflexi. In the QB group, only Ktedonobacteraceae
was characterized as the biomarker with an LDA score greater than 4 (Figure 7A,B). A
MetaStat analysis was performed to further investigate the bacterial community changes
with treatments of organic fertilizer and chemical fertilizer. The results suggested that the
abundance of some bacterial taxa at different levels was significantly verified in the soil with
different treatment and soil depth. For example, at the phylum level, the Bacteroidetes and
Firmicutes in the HA group were significantly up-accumulated compared to other groups
(Figure S1). Notably, at the genus level, the change pattern of the bacterial community was
significantly verified between HA and QA (Figure S1).

LEfSe analysis was also used to cover different levels of taxa change of fungi among
different soil samples and find the biomarkers. The results showed that, in the HA group,
Pisolithaceae, Tremellomycetes, Tremellales, Saitozyma, and Trimorphomycetaceae had a
higher abundance with LDA scores over 4. In addition, more taxa had LDA scores above 4.
In the HB and QB groups, three and eight biomarkers had LDA scores above 4, respectively
(Figure 7C,D). At the phylum level, according to the MetaStat analysis, the results indicated
that the abundance of Mucoromycota and Ascomycota was increased. Moreover, many
fungi with higher relative abundance at the genus level were characterized in the HA group,
such as Cephalotrichum, Trichocladium, and Pseudogymnoascus. On the contrary, these
specific taxa, which were up-accumulated in the HA group, were significant decreased in
the QA and HB groups (Figure S2).
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scores of characteristic fungi taxa (LDA score > 4). (D) The phylogenetic diagram of characteristic
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3.8. Network Analysis of Microbial Communities

Based on calculation of the Spearman correlation coefficient, the microbial networks
in four groups from HA, HB, QA, and QB were generated. The results showed that
the core phyla of bacteria and fungi were Proteobacteria and Ascomycota, respectively
(Figures 8 and 9). In addition, we summarized the topological properties of the bacterial
networks and found that the topological characteristics, including modularity (MD), net-
work diameter (ND), clustering coefficient (CC), graph density (GD), average degree (AD),
and average path length (APL), in the four groups did not significantly change, except for
the fact that AD in HA is higher than that of other groups (Table S6). For fungi, CC, GD,
and AD in the HA group had much higher values than those of other groups (Table S6).
The results indicated that the network relationship of the fungal communities was probably
influenced by the application of the organic fertilizer.
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4. Discussion

Long-term practice has proved that the utilization of organic fertilizer is an effective
way to improve and sustain soil fertility and crop yield [47,48]. Tea is one of the most
fashionable nonalcoholic beverages, obtained from the tender leaves of the tea plants
(Camellia sinensis L.) after processing. Previous findings suggested that the soil fertility
of tea orchards and tea quality, including the accumulation of amino acids and phenolic
compounds, decreased annually with increasing years of monoculture and the utilization of
chemical fertilizers [49]. Our results showed that the contents of nitrogen (N), phosphorus
(P), and potassium (K) were significantly higher in the chemical fertilizer treatment (QGC)
than in the organic fertilizer treatment (HXZ) (Figure 1). These results indicated that
chemical fertilizer directly provides nutrient elements in tea orchards. It was putatively
argued that organic fertilizer needs more time to degrade while chemical fertilizer quickly
dissolves into the soil [50]. However, another investigation suggested that the long-term
supplementation of organic fertilizer effectively provides the N, P, and K contents, much
as using chemical fertilizer [29]. This difference may be due to the inconsistent duration
of organic fertilizer application. In addition, soil acidification, which is usually caused by
the excessive use of nitrogen fertilizers, has become another problem for agriculture [51].
However, our data showed that organic fertilizer application barely improved soil pH
(Figure 1D). In fact, the soil pH variation is not aways consistent after the application of
organic fertilizer. For example, sewage sludge was used as fertilizer in agriculture and
caused the soil pH to decrease [52]. Another two-year field experiment proved that the
application of organic fertilizer increased the soil pH value [53]. Therefore, the type of
organic fertilizer and the fertilization cycle may be the cause of the pH change. We further
evaluated tea quality by determining the characterized compounds and found that the
organic fertilizer treatment (HXZ) significantly increased the content of tea polyphenols,
while it decreased the content of caffeine, which may interfere with sleep (Figure 1J,L) [54].
Many studies revealed that the long-term application of organic fertilizer significantly
improved the growth and quality of tea [55,56]. Our results were consistent with previous
findings that the organic fertilizer treatment increased the contents of tea polyphenols
and other beneficial metabolites, which was potentially caused by the accumulation of
micronutrients [29]. In previous findings, the content of micronutrients was positively
correlated with catechin contents [57].

The loss of microbial diversity and balance potentially leads to significantly harmful
consequences for ecosystem processes [58]. According to the statistics of the alpha index
of each sample, only the Chao 1 and ACE indices of fungal diversity of QB were higher
than those of HB (Figure 3). Those results suggested that the application of the organic
fertilizer did not change the bacterial diversity in terms of species richness, potentially due
to the short application cycle of the organic fertilizer in this study [59]. The PCoA analyses
suggested that the application of the organic fertilizer strongly influenced variation in
bacterial and fungal community structure. In particular, the HA and HB groups differed
from the QA and QB groupd (Figure 4), which may be because the surface of the soil is more
susceptible to fertilization. It was suggested that the soil chemical properties potentially
contributed to the significant variations in microbial structure among all groups [60].

The samples from different groups have different microbial composition. In terms of
bacterial community structure, our results showed that Proteobacteria, such as Gammapro-
teobacteria and Alphaproteobacteria, Acidobacteria, and Actinobacteria were the most
abundant phyla in all samples (Figure 5A,B), which was consistent with previous findings
that Proteobacteria and Acidobacteria were predominant bacterial taxa in tea orchard soil
systems [61]. Proteobacteria exist widely in soil; for example, 10–30% of soil bacteria belong
to Proteobacteria in different producing ecoregions [62]. However, significant differences
in soil bacterial structure were scarcely observed at the phylum and class levels among
different samples (Figure 5A). In addition, the high abundance of Xanthomonadales at
the order level and Rhodanobacter (belonging to Rhodanobacteraceae) at the genus level
were observed in the HA soil group (Figure 5C–E). However, other studies also found
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that Xanthomonadales and Rhodanobacter significantly decreased in 10-year and 20-year
tea orchards or suppressive soil [61,63]. This work further found that fungal diversity
was significantly different between organic and chemical fertilizer treatments. The most
abundantly identified fungal phyla were Ascomycota and Basidiomycota (Figure 6A). At
the class level, Tremellomycetes and Archaeorhizomycetes were typically characterized in
the HA and HB groups, respectively. Moreover, Tremellales, Nectriaceae, and Saitozyma
increased in abundance in the tea orchard with organic fertilizer application. We also iden-
tified the fungi order (Hypocreaceae) whose abundance increases with organic fertilizer
application (Figure 6C,D). These results suggested that the application of organic fertilizer
in tea orchards has a positive role in the improvement of microorganism abundance [64].

Furthermore, we obtained characterized bacterial and fungal biomarkers for each
group through LEfSe analysis (Figure 7). In terms of bacterial biomarkers, only two
biomarkers (Rhizobiales and Burkholderiaceae) and one biomarker (Ktedonobacteraceae)
were identified in the QA and QB groups, respectively. Previous studies suggested that
Rhizobiales belong to the α-proteobacteria and contain many taxa that form symbiotic
relations in plants; they typically serve as a source to perform N2-fixation [65]. It was
speculated that the abundance of Rhizobiales might be partially contributed to the higher
N accumulation in the QGC tea orchard (Figure 1A). In the HA and HB groups, Pro-
teobacteria were obtained as specific biomarkers, which in consistent with the idea that
Proteobacteria belong to oligotrophic organisms which usually live in nutrient-poor en-
vironments such as deep oceanic sediments, glacial ice, and deep undersurface soil [66].
Moreover, Gammaproteobacteria were also characterized as biomarkers in the HA group,
consistently with previous findings that Gammaproteobacteria can utilize a wide array of
organic compounds, produce diverse secondary metabolites and antibiotics, and inhibit
plant and animal pathogens; it was speculated that the application of organic fertilizer
facilitates the occurrence of beneficial taxa. Thanks to the noteworthy differences in fungal
community structure, fungal biomarkers were also found among all groups. Consistently
with the above results, Tremellomycetes (Tremellales) showed significant enrichment in
the HA group. According to previous findings, some species of Tremellomycetes have
extreme environmental tolerance and antimicrobial effects, and usually serve as oppor-
tunistic pathogens [67]. In the QA group, 16 biomarkers had LDA scores above 4, such as
Agaricomycetes, Sordariales, and Auriculariales. Those results suggested that the composi-
tion of soil microbial communities has been obviously varied. Although variations in the
abundance of these biomarkers were identified in the soil of tea orchards, their ecological
function is still elusive.

The stability of microbial communities is commonly affected by changes in the envi-
ronment. Co-occurrence networks served as a useful method to uncover the interaction and
co-existence modes among the myriad microbes, which helps to understand the changes in
microbial structure in the soil [68]. Our results showed that the key phylum of bacteria did
not change in the two tea orchards with the application of organic or chemical fertilizer.
And Proteobacteria account for a larger proportion in all groups (Figure 8). Previous
research proved that Proteobacteria can use unstable carbon sources to produce exopolysac-
charides to bind sand grains [69]. We also found links, and the average degree was not
fluctuating among all groups (Table S6). Therefore, with the application of organic fertilizer,
the stability and complexity of bacterial community were not significantly affected. In
terms of fungal stability, our results showed that the key phylum of tea orchards was
Ascomycota (Figure 9). Based on the results of topologic parameters, the average degree
(AD), clustering coefficient (CC), and graph density (GD) were much higher in the HA
group than in the other groups (Table S6). Thus, in the soil of the HA group, a more complex
fungal community was potentially constructed again during the application of organic
fertilizer. It is reported that the application of chemical fertilizer and organic fertilizer
had different effects on rhizosphere fungi species. For example, the organic fertilizer was
beneficial for the growth of Ascomycota and Olpidiomycota, but the chemical fertilizer
significantly increased the abundance of Alternaria and Fusarium, which served as fungal
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phytopathogens [70]. Therefore, both the diversity and abundance of fungi were affected
by fertilization.

5. Conclusions

In this study, the chemical characteristics of tea plantation soil to which chemical fertil-
izer and organic fertilizer were applied were examined. Our results proved that although
the contents of N, P, and K were directly increased by the application of chemical fertilizer,
the quality of tea was improved by the application of organic fertilizer. Furthermore, our
results also showed that that different ways of applying fertilizer have limited effects on
microbial diversity in terms of species richness in soil, while the soil fungal structure pattern
was significantly influenced. And some beneficial fungi, such as Tremellales, Nectriaceae,
and Saitozyma, were predominantly enriched in the tea plantation with organic fertilizer
application. This study has reference significance for guiding the soil improvement of
degraded tea gardens and further improving the growth and quality of tea.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/genes15050610/s1, Figure S1: MetaStat analysis of bacterial abundance
from phylum level to species level in organic (HA and HB) and chemical fertilizer (QA and QB)
treatment soil; Figure S2: MetaStat analysis of fungi abundance from phylum level to species level
in organic (HA and HB) and chemical fertilizer (QA and QB) treatment soil; Table S1: The quality
control of 16S sequencing; Table S2: The quality control of ITS sequencing; Table S3: The ANOSIM
analyses of sample groups; Table S4: Bacterial community structure and abundance in soil sample;
Table S5: Fungal community structure and abundance in soil sample; Table S6: The key characteristics
of network analyses in microbial communities.

Author Contributions: Y.L. (Yu Lei) and S.L. designed and conducted the study. Y.L. (Yi Luo), F.H.,
D.D. and J.D. collected samples and conducted laboratory analysis. Y.K., Y.L. (Yu Lei) and Y.C.
arranged field experiments. F.H. arranged partial data analysis. Y.L. (Yu Lei) wrote the manuscript,
and all other authors provided editorial advice and approved the submitted version. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key R&D Program of China (2022YFD1600801).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets analyzed during the current study are available in the NCBI,
and the accession number is PRJNA948706 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA948706,
accessed on 9 April 2024) and PRJNA948709 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA948
709, accessed on 9 April 2024).

Conflicts of Interest: The authors declare that no conflicts of interest.

References
1. Kumar, U.; Shahid, M.; Tripathi, R.; Mohanty, S.; Kumar, A.; Bhattacharyya, P.; Lal, B.; Gautam, P.; Raja, R.; Panda, B.B.; et al.

Variation of functional diversity of soil microbial community in sub-humid tropical rice-rice cropping system under long-term
organic and inorganic fertilization. Ecol. Indic. 2017, 73, 536–543. [CrossRef]

2. Leifheit, E.F.; Veresoglou, S.D.; Lehmann, A.; Morris, E.K.; Rillig, M.C. Multiple factors influence the role of arbuscular mycorrhizal
fungi in soil aggregation—A meta-analysis. Plant Soil 2013, 374, 523–537. [CrossRef]

3. Yang, Y.; Liu, H.; Dai, Y.; Tian, H.; Zhou, W.; Lv, J. Soil organic carbon transformation and dynamics of microorganisms under
different organic amendments. Sci. Total Environ. 2021, 750, 141719. [CrossRef] [PubMed]

4. Bergelson, J.; Mittelstrass, J.; Horton, M.W. Characterizing both bacteria and fungi improves understanding of the Arabidopsis
root microbiome. Sci. Rep. 2019, 9, 24. [CrossRef] [PubMed]

5. Wang, Z.; Geng, Y.; Liang, T. Optimization of reduced chemical fertilizer use in tea gardens based on the assessment of related
environmental and economic benefits. Sci. Total Environ. 2020, 713, 136439. [CrossRef]

6. Guo, Y.; Wang, J. Spatiotemporal Changes of Chemical Fertilizer Application and Its Environmental Risks in China from 2000 to
2019. Int. J. Environ. Res. Public Health 2021, 18, 11911. [CrossRef] [PubMed]

7. Li, Z.-R.; Luo, S.-Q.; Peng, Y.-J.; Jin, C.-Z.; Liu, D.-C. Effect of long-term application of bioorganic fertilizer on the soil property
and bacteria in rice paddy. AMB Express 2023, 13, 60. [CrossRef]

https://www.mdpi.com/article/10.3390/genes15050610/s1
https://www.mdpi.com/article/10.3390/genes15050610/s1
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA948706
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA948709
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA948709
https://doi.org/10.1016/j.ecolind.2016.10.014
https://doi.org/10.1007/s11104-013-1899-2
https://doi.org/10.1016/j.scitotenv.2020.141719
https://www.ncbi.nlm.nih.gov/pubmed/32858285
https://doi.org/10.1038/s41598-018-37208-z
https://www.ncbi.nlm.nih.gov/pubmed/30631088
https://doi.org/10.1016/j.scitotenv.2019.136439
https://doi.org/10.3390/ijerph182211911
https://www.ncbi.nlm.nih.gov/pubmed/34831667
https://doi.org/10.1186/s13568-023-01559-2


Genes 2024, 15, 610 15 of 17

8. Wu, M.; Qin, H.; Chen, Z.; Wu, J.; Wei, W. Effect of long-term fertilization on bacterial composition in rice paddy soil. Biol. Fertil.
Soils 2011, 47, 397–405. [CrossRef]

9. Khan, K.S.; Ali, M.M.; Naveed, M.; Rehmani, M.I.A.; Shafique, M.W.; Ali, H.M.; Abdelsalam, N.R.; Ghareeb, R.Y.; Feng, G.
Co-application of organic amendments and inorganic P increase maize growth and soil carbon, phosphorus availability in
calcareous soil. Front. Environ. Sci. 2022, 10, 949371. [CrossRef]

10. Tu, C.; Ristaino, J.B.; Hu, S. Soil microbial biomass and activity in organic tomato farming systems: Effects of organic inputs and
straw mulching. Soil Biol. Biochem. 2006, 38, 247–255. [CrossRef]

11. Hartmann, M.; Six, J. Soil structure and microbiome functions in agroecosystems. Nat. Rev. Earth Environ. 2022, 4, 4–18. [CrossRef]
12. Zhu, L.; Yan, H.; Zhou, G.-S.; Jiang, C.-H.; Liu, P.; Yu, G.; Guo, S.; Wu, Q.-N.; Duan, J.-A. Insights into the mechanism of the effects

of rhizosphere microorganisms on the quality of authentic Angelica sinensis under different soil microenvironments. BMC Plant
Biol. 2021, 21, 285. [CrossRef] [PubMed]

13. Finch, S.; Billiald, H.; Collier, R.H. Companion planting—Do aromatic plants disrupt host-plant finding by the cabbage root fly
and the onion fly more effectively than non-aromatic plants? Entomol. Exp. Et. Appl. 2003, 109, 183–195. [CrossRef]

14. Moore, K.J.; Anex, R.P.; Elobeid, A.E.; Fei, S.; Flora, C.B.; Goggi, A.S.; Jacobs, K.L.; Jha, P.; Kaleita, A.L.; Karlen, D.L.; et al.
Regenerating Agricultural Landscapes with Perennial Groundcover for Intensive Crop Production. Agronomy 2019, 9, 458.
[CrossRef]

15. Chen, L.; Li, D.; Shao, Y.; Adni, J.; Wang, H.; Liu, Y.; Zhang, Y. Comparative Analysis of Soil Microbiome Profiles in the Companion
Planting of White Clover and Orchard Grass Using 16S rRNA Gene Sequencing Data. Front. Plant Sci. 2020, 11, 538311. [CrossRef]
[PubMed]

16. Guertal, E.A.; Green, B.D. Evaluation of organic fertilizer sources for south-eastern (USA) turfgrass maintenance. Acta Agric.
Scand. Sect. B—Soil. Plant Sci. 2012, 62 (Suppl. S1), 130–138. [CrossRef]

17. Lazcano, C.; Gómez-Brandón, M.; Revilla, P.; Domínguez, J. Short-term effects of organic and inorganic fertilizers on soil microbial
community structure and function. Biol. Fertil. Soils 2012, 49, 723–733. [CrossRef]

18. Shi, Z.; Yang, Y.; Fan, Y.; He, Y.; Li, T. Dynamic Responses of Rhizosphere Microorganisms to Biogas Slurry Combined with
Chemical Fertilizer Application during the Whole Life Cycle of Rice Growth. Microorganisms 2023, 11, 1755. [CrossRef] [PubMed]

19. Feng, G.; Hao, F.; He, W.; Ran, Q.; Nie, G.; Huang, L.; Wang, X.; Yuan, S.; Xu, W.; Zhang, X. Effect of Biogas Slurry on the
Soil Properties and Microbial Composition in an Annual Ryegrass-Silage Maize Rotation System over a Five-Year Period.
Microorganisms 2024, 12, 716. [CrossRef] [PubMed]

20. Ling, N.; Zhu, C.; Xue, C.; Chen, H.; Duan, Y.; Peng, C.; Guo, S.; Shen, Q. Insight into how organic amendments can shape the soil
microbiome in long-term field experiments as revealed by network analysis. Soil Biol. Biochem. 2016, 99, 137–149. [CrossRef]

21. García-Gil, J.C.; Plaza, C.; Soler-Rovira, P.; Polo, A. Long-term effects of municipal solid waste compost application on soil enzyme
activities and microbial biomass. Soil Biol. Biochem. 2000, 32, 1907–1913. [CrossRef]

22. Luan, H.; Gao, W.; Huang, S.; Tang, J.; Li, M.; Zhang, H.; Chen, X.; Masiliunas, D. Substitution of manure for chemical fertilizer
affects soil microbial community diversity, structure and function in greenhouse vegetable production systems. PLoS ONE 2020,
15, e0214041. [CrossRef] [PubMed]

23. Yuan, Y.; Li, J.; Yao, L. Soil microbial community and physicochemical properties together drive soil organic carbon inCunning-
hamia lanceolataplantations of different stand ages. PeerJ 2022, 10, e13873. [CrossRef]

24. Zahid, M.S.; Hussain, M.; Song, Y.; Li, J.; Guo, D.; Li, X.; Song, S.; Wang, L.; Xu, W.; Wang, S. Root-Zone Restriction Regulates Soil
Factors and Bacterial Community Assembly of Grapevine. Int. J. Mol. Sci. 2022, 23, 15628. [CrossRef]

25. Zhao, T.; Li, C.; Wang, S.; Song, X. Green Tea (Camellia sinensis): A Review of Its Phytochemistry, Pharmacology, and Toxicology.
Molecules 2022, 27, 3909. [CrossRef]

26. Wang, W.; Min, Q.; Sardans, J.; Wang, C.; Asensio, D.; Bartrons, M.; Peñuelas, J. Organic Cultivation of Jasmine and Tea Increases
Carbon Sequestration by Changing Plant and Soil Stoichiometry. Agron. J. 2016, 108, 1636–1648. [CrossRef]

27. Supriyadi, S.; Vera, I.L.P.; Purwanto, P. Soil Quality at Rice Fields with Organic, Semi-organic and Inorganic Management in
Wonogiri Regency, Indonesia. Caraka Tani J. Sustain. Agric. 2021, 36, 259–269. [CrossRef]

28. Deka, N.; Goswami, K. Organic cultivation and sustainable value chain development for tea smallholders: Findings from Assam,
India. Sustain. Prod. Consum. 2022, 32, 562–579. [CrossRef]

29. Lin, W.; Lin, M.; Zhou, H.; Wu, H.; Li, Z.; Lin, W. The effects of chemical and organic fertilizer usage on rhizosphere soil in tea
orchards. PLoS ONE 2019, 14, e0217018. [CrossRef]

30. Fei, T.; Fei, J.; Huang, F.; Xie, T.; Xu, J.; Zhou, Y.; Yang, P. The anti-aging and anti-oxidation effects of tea water extract in
Caenorhabditis elegans. Exp. Gerontol. 2017, 97, 89–96. [CrossRef]

31. Zhu, B.; Chen, L.B.; Lu, M.; Zhang, J.; Han, J.; Deng, W.W.; Zhang, Z.Z. Caffeine Content and Related Gene Expression: Novel
Insight into Caffeine Metabolism in Camellia Plants Containing Low, Normal, and High Caffeine Concentrations. J. Agric. Food
Chem. 2019, 67, 3400–3411. [CrossRef]

32. Rai, K.P.; Rijal, S.K.; Shrestha, S.; Pokhrel, P. A simple HPLC Method for the Determination of Caffeine Content in Tea and Coffee.
J. Food Sci. Technol. Nepal. 2016, 9, 74–78. [CrossRef]

33. Gallardo, J.F.; Saavedra, J.; Martin-Patino, T.; Millan, A. Soil organic matter determination. Commun. Soil Sci. Plant Anal. 2008, 18,
699–707. [CrossRef]

34. Bremner, J.M. Determination of nitrogen in soil by the Kjeldahl method. J. Agric. Sci. 2009, 55, 11–33. [CrossRef]

https://doi.org/10.1007/s00374-010-0535-z
https://doi.org/10.3389/fenvs.2022.949371
https://doi.org/10.1016/j.soilbio.2005.05.002
https://doi.org/10.1038/s43017-022-00366-w
https://doi.org/10.1186/s12870-021-03047-w
https://www.ncbi.nlm.nih.gov/pubmed/34157988
https://doi.org/10.1046/j.0013-8703.2003.00102.x
https://doi.org/10.3390/agronomy9080458
https://doi.org/10.3389/fpls.2020.538311
https://www.ncbi.nlm.nih.gov/pubmed/33042174
https://doi.org/10.1080/09064710.2012.683201
https://doi.org/10.1007/s00374-012-0761-7
https://doi.org/10.3390/microorganisms11071755
https://www.ncbi.nlm.nih.gov/pubmed/37512927
https://doi.org/10.3390/microorganisms12040716
https://www.ncbi.nlm.nih.gov/pubmed/38674660
https://doi.org/10.1016/j.soilbio.2016.05.005
https://doi.org/10.1016/S0038-0717(00)00165-6
https://doi.org/10.1371/journal.pone.0214041
https://www.ncbi.nlm.nih.gov/pubmed/32084129
https://doi.org/10.7717/peerj.13873
https://doi.org/10.3390/ijms232415628
https://doi.org/10.3390/molecules27123909
https://doi.org/10.2134/agronj2015.0559
https://doi.org/10.20961/carakatani.v36i2.42556
https://doi.org/10.1016/j.spc.2022.05.004
https://doi.org/10.1371/journal.pone.0217018
https://doi.org/10.1016/j.exger.2017.07.015
https://doi.org/10.1021/acs.jafc.9b00240
https://doi.org/10.3126/jfstn.v9i0.16200
https://doi.org/10.1080/00103628709367852
https://doi.org/10.1017/s0021859600021572


Genes 2024, 15, 610 16 of 17

35. Chen, B.; Yang, H.; Song, W.; Liu, C.; Xu, J.; Zhao, W.; Zhou, Z. Effect of N fertilization rate on soil alkali-hydrolyzable N,
subtending leaf N concentration, fiber yield, and quality of cotton. Crop. J. 2016, 4, 323–330. [CrossRef]

36. De Silva, C.S.; Koralage, I.S.A.; Weerasinghe, P.; Silva, N.R.N. The Determination of Available Phosphorus in Soil: A Quick and
Simple Method. OUSL J. 2015, 8, 1–17. [CrossRef]

37. Beng, K.C.; Corlett, R.T. Amplicon sequencing dataset of soil fungi and associated environmental variables collected in karst and
non-karst sites across Yunnan province, southwest China. Data Brief. 2019, 27, 104575. [CrossRef] [PubMed]

38. Pecundo, M.H.; Chang, A.C.G.; Chen, T.; Dela Cruz, T.E.E.; Ren, H.; Li, N. Full-Length 16S rRNA and ITS Gene Sequencing
Revealed Rich Microbial Flora in Roots of Cycas spp. in China. Evol. Bioinform. Online 2021, 17, 1176934321989713. [CrossRef]
[PubMed]

39. Kao, W.C.; Stevens, K.; Song, Y.S. BayesCall: A model-based base-calling algorithm for high-throughput short-read sequencing.
Genome Res. 2009, 19, 1884–1895. [CrossRef]

40. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef]

41. Rognes, T.; Flouri, T.; Nichols, B.; Quince, C.; Mahe, F. VSEARCH: A versatile open source tool for metagenomics. PeerJ 2016, 4,
e2584. [CrossRef] [PubMed]

42. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glockner, F.O. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590–D596. [CrossRef] [PubMed]

43. Willis, A.D. Rarefaction, Alpha Diversity, and Statistics. Front. Microbiol. 2019, 10, 2407. [CrossRef] [PubMed]
44. Ceccarani, C.; Foschi, C.; Parolin, C.; D’Antuono, A.; Gaspari, V.; Consolandi, C.; Laghi, L.; Camboni, T.; Vitali, B.; Severgnini, M.;

et al. Diversity of vaginal microbiome and metabolome during genital infections. Sci. Rep. 2019, 9, 14095. [CrossRef] [PubMed]
45. Lozupone, C.; Knight, R. UniFrac: A new phylogenetic method for comparing microbial communities. Appl. Environ. Microbiol.

2005, 71, 8228–8235. [CrossRef] [PubMed]
46. Lozupone, C.; Lladser, M.E.; Knights, D.; Stombaugh, J.; Knight, R. UniFrac: An effective distance metric for microbial community

comparison. ISME J. 2011, 5, 169–172. [CrossRef] [PubMed]
47. Yan, X.; Gong, W. The role of chemical and organic fertilizers on yield, yield variability and carbon sequestration—Results of a

19-year experiment. Plant Soil 2010, 331, 471–480. [CrossRef]
48. Cheng, H.; Zhang, D.; Huang, B.; Song, Z.; Ren, L.; Hao, B.; Liu, J.; Zhu, J.; Fang, W.; Yan, D.; et al. Organic fertilizer improves

soil fertility and restores the bacterial community after 1,3-dichloropropene fumigation. Sci. Total Environ. 2020, 738, 140345.
[CrossRef]

49. Li, Y.; Li, Z.; Arafat, Y.; Lin, W.; Jiang, Y.; Weng, B.; Lin, W. Characterizing rhizosphere microbial communities in long-term
monoculture tea orchards by fatty acid profiles and substrate utilization. Eur. J. Soil Biol. 2017, 81, 48–54. [CrossRef]

50. He, H.; Peng, M.; Hou, Z.; Li, J. Unlike chemical fertilizer reduction, organic fertilizer substitution increases soil organic carbon
stock and soil fertility in wheat fields. J. Sci. Food Agric. 2023, 104, 2798–2808. [CrossRef]

51. Zama, N.; Kirkman, K.; Mkhize, N.; Tedder, M.; Magadlela, A. Soil Acidification in Nutrient-Enriched Soils Reduces the Growth,
Nutrient Concentrations, and Nitrogen-Use Efficiencies of Vachellia sieberiana (DC.) Kyal. & Boatwr Saplings. Plants 2022, 11,
3564. [CrossRef]

52. Nakamaru, Y.M.; Matsuda, R.; Sonoda, T. Environmental risks of organic fertilizer with increased heavy metals (Cu and Zn) to
aquatic ecosystems adjacent to farmland in the northern biosphere of Japan. Sci. Total Environ. 2023, 884, 163861. [CrossRef]

53. Chen, L.; Li, X.; Peng, Y.; Xiang, P.; Zhou, Y.; Yao, B.; Zhou, Y.; Sun, C. Co-application of biochar and organic fertilizer promotes
the yield and quality of red pitaya (Hylocereus polyrhizus) by improving soil properties. Chemosphere 2022, 294, 133619. [CrossRef]

54. Jee, H.J.; Lee, S.G.; Bormate, K.J.; Jung, Y.S. Effect of Caffeine Consumption on the Risk for Neurological and Psychiatric Disorders:
Sex Differences in Human. Nutrients 2020, 12, 3080. [CrossRef] [PubMed]

55. Liu, W.; Cui, S.; Ma, J.; Wu, D.; Ye, Z.; Liu, D. Effects of Shellfish and Organic Fertilizer Amendments on Soil Nutrients and Tea
Yield and Quality. Toxics 2023, 11, 262. [CrossRef]

56. Ye, J.; Wang, Y.; Kang, J.; Chen, Y.; Hong, L.; Li, M.; Jia, Y.; Wang, Y.; Jia, X.; Wu, Z.; et al. Effects of Long-Term Use of
Organic Fertilizer with Different Dosages on Soil Improvement, Nitrogen Transformation, Tea Yield and Quality in Acidified Tea
Plantations. Plants 2022, 12, 122. [CrossRef] [PubMed]

57. Manzoor; Ma, L.; Ni, K.; Ruan, J. Influence of Organic and Inorganic Fertilizers on Tea Growth and Quality and Soil Properties of
Tea Orchards’ Top Rhizosphere Soil. Plants 2024, 13, 207. [CrossRef]

58. Yan, Y.; Kuramae, E.E.; de Hollander, M.; Klinkhamer, P.G.; van Veen, J.A. Functional traits dominate the diversity-related
selection of bacterial communities in the rhizosphere. ISME J. 2017, 11, 56–66. [CrossRef] [PubMed]

59. Wei, W.; Guan, D.; Ma, M.; Jiang, X.; Fan, F.; Meng, F.; Li, L.; Zhao, B.; Zhao, Y.; Cao, F.; et al. Long-term fertilization coupled
with rhizobium inoculation promotes soybean yield and alters soil bacterial community composition. Front. Microbiol. 2023, 14,
1161983. [CrossRef]

60. Lauber, C.L.; Strickland, M.S.; Bradford, M.A.; Fierer, N. The influence of soil properties on the structure of bacterial and fungal
communities across land-use types. Soil Biol. Biochem. 2008, 40, 2407–2415. [CrossRef]

61. Li, Y.C.; Li, Z.; Li, Z.W.; Jiang, Y.H.; Weng, B.Q.; Lin, W.X. Variations of rhizosphere bacterial communities in tea (Camellia sinensis
L.) continuous cropping soil by high-throughput pyrosequencing approach. J. Appl. Microbiol. 2016, 121, 787–799. [CrossRef]
[PubMed]

https://doi.org/10.1016/j.cj.2016.03.006
https://doi.org/10.4038/ouslj.v8i0.7315
https://doi.org/10.1016/j.dib.2019.104575
https://www.ncbi.nlm.nih.gov/pubmed/31673581
https://doi.org/10.1177/1176934321989713
https://www.ncbi.nlm.nih.gov/pubmed/33613025
https://doi.org/10.1101/gr.095299.109
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.7717/peerj.2584
https://www.ncbi.nlm.nih.gov/pubmed/27781170
https://doi.org/10.1093/nar/gks1219
https://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.3389/fmicb.2019.02407
https://www.ncbi.nlm.nih.gov/pubmed/31708888
https://doi.org/10.1038/s41598-019-50410-x
https://www.ncbi.nlm.nih.gov/pubmed/31575935
https://doi.org/10.1128/AEM.71.12.8228-8235.2005
https://www.ncbi.nlm.nih.gov/pubmed/16332807
https://doi.org/10.1038/ismej.2010.133
https://www.ncbi.nlm.nih.gov/pubmed/20827291
https://doi.org/10.1007/s11104-009-0268-7
https://doi.org/10.1016/j.scitotenv.2020.140345
https://doi.org/10.1016/j.ejsobi.2017.06.008
https://doi.org/10.1002/jsfa.13167
https://doi.org/10.3390/plants11243564
https://doi.org/10.1016/j.scitotenv.2023.163861
https://doi.org/10.1016/j.chemosphere.2022.133619
https://doi.org/10.3390/nu12103080
https://www.ncbi.nlm.nih.gov/pubmed/33050315
https://doi.org/10.3390/toxics11030262
https://doi.org/10.3390/plants12010122
https://www.ncbi.nlm.nih.gov/pubmed/36616251
https://doi.org/10.3390/plants13020207
https://doi.org/10.1038/ismej.2016.108
https://www.ncbi.nlm.nih.gov/pubmed/27482928
https://doi.org/10.3389/fmicb.2023.1161983
https://doi.org/10.1016/j.soilbio.2008.05.021
https://doi.org/10.1111/jam.13225
https://www.ncbi.nlm.nih.gov/pubmed/27377624


Genes 2024, 15, 610 17 of 17

62. de Sousa Lopes, L.; Mendes, L.W.; Antunes, J.E.L.; de Souza Oliveira, L.M.; Melo, V.M.M.; de Araujo Pereira, A.P.; da Costa, A.F.;
de Paula Oliveira, J.; Martínez, C.R.; Figueiredo, M.d.V.B.; et al. Distinct bacterial community structure and composition along
different cowpea producing ecoregions in Northeastern Brazil. Sci. Rep. 2021, 11, 831. [CrossRef]

63. Mendes, R.; Kruijt, M.; de Bruijn, I.; Dekkers, E.; van der Voort, M.; Schneider, J.H.; Piceno, Y.M.; DeSantis, T.Z.; Andersen,
G.L.; Bakker, P.A.; et al. Deciphering the rhizosphere microbiome for disease-suppressive bacteria. Science 2011, 332, 1097–1100.
[CrossRef] [PubMed]

64. Ma, K.; Wang, Y.; Jin, X.; Zhao, Y.; Yan, H.; Zhang, H.; Zhou, X.; Lu, G.; Deng, Y. Application of Organic Fertilizer Changes the
Rhizosphere Microbial Communities of a Gramineous Grass on Qinghai–Tibet Plateau. Microorganisms 2022, 10, 1148. [CrossRef]
[PubMed]

65. Jankowiak, J.G.; Gobler, C.J. The Composition and Function of Microbiomes Within Microcystis Colonies Are Significantly
Different Than Native Bacterial Assemblages in Two North American Lakes. Front. Microbiol. 2020, 11, 1016. [CrossRef] [PubMed]

66. Spain, A.M.; Krumholz, L.R.; Elshahed, M.S. Abundance, composition, diversity and novelty of soil Proteobacteria. ISME J. 2009,
3, 992–1000. [CrossRef]

67. Li, Q.; Bao, Z.; Tang, K.; Feng, H.; Tu, W.; Li, L.; Han, Y.; Cao, M.; Zhao, C. First two mitochondrial genomes for the order
Filobasidiales reveal novel gene rearrangements and intron dynamics of Tremellomycetes. IMA Fungus 2022, 13, 7. [CrossRef]
[PubMed]

68. Zhou, H.; Gao, Y.; Jia, X.; Wang, M.; Ding, J.; Cheng, L.; Bao, F.; Wu, B. Network analysis reveals the strengthening of microbial
interaction in biological soil crust development in the Mu Us Sandy Land, northwestern China. Soil Biol. Biochem. 2020, 144,
107782. [CrossRef]

69. Gundlapally, S.R.; Garcia-Pichel, F. The community and phylogenetic diversity of biological soil crusts in the Colorado Plateau
studied by molecular fingerprinting and intensive cultivation. Microb. Ecol. 2006, 52, 345–357. [CrossRef]

70. Semenov, M.V.; Krasnov, G.S.; Semenov, V.M.; van Bruggen, A. Mineral and Organic Fertilizers Distinctly Affect Fungal
Communities in the Crop Rhizosphere. J. Fungi 2022, 8, 251. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41598-020-80840-x
https://doi.org/10.1126/science.1203980
https://www.ncbi.nlm.nih.gov/pubmed/21551032
https://doi.org/10.3390/microorganisms10061148
https://www.ncbi.nlm.nih.gov/pubmed/35744666
https://doi.org/10.3389/fmicb.2020.01016
https://www.ncbi.nlm.nih.gov/pubmed/32547511
https://doi.org/10.1038/ismej.2009.43
https://doi.org/10.1186/s43008-022-00094-2
https://www.ncbi.nlm.nih.gov/pubmed/35501936
https://doi.org/10.1016/j.soilbio.2020.107782
https://doi.org/10.1007/s00248-006-9011-6
https://doi.org/10.3390/jof8030251

	Introduction 
	Materials and Methods 
	Study Area 
	Tea Sampling and Analysis 
	Soil Sampling and Analysis 
	DNA Extraction and Library Construction 
	Quality Control of Raw Sequencing Data 
	Operational Taxonomic Units (OTUs) Cluster and Species Annotation 
	Alpha Diversity Analysis 
	Beta Diversity Analysis 

	Results 
	Chemical Characteristics of Soil and Tea Quality 
	Sequence Evaluation and Species Annotation 
	Alpha Diversity of the Soil Microbial Community 
	Beta Diversity of Microbial Composition 
	Bacterial Community Structure and Abundance 
	Fungal Community Structure and Abundance 
	Effect of Soil Properties on Microbial Communities 
	Network Analysis of Microbial Communities 

	Discussion 
	Conclusions 
	References

