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Tea pruning litter is frequently added to soil to improve soil fertility and the C pool in tea plantations. However,
the effects of different methods of incorporating tea pruning litter, such as direct return to the field, processing to
organic fertilizer, and biochar, on soil organic carbon mineralization and its underlying mechanisms, especially
microbial mechanisms, are still poorly understood. Therefore, we conducted an incubation experiment to explore
the efficacy of tea pruning litter and its derivatives, biochar, and organic fertilizer, on the mineralization and
chemical composition of soil organic C (SOC), labile organic C, functional gene abundance, microbial community
composition, and activities of enzymes associated with C cycling in tea plantation soil. The results indicated that
cumulative soil CO, emissions were ranked as pruned litter > organic fertilizer > biochar > control soil. The
cumulative soil CO5 emissions was decreased significantly by decreasing of the content of O-alkyl C and mi-
crobial biomass carbon, p-glucosidase/cellobiohydrolase activities, and the abundance of GH48 and cbhl
(P < 0.05). This indicates that lower CO2 emissions following organic fertilizer and biochar addition (cf. pruned
litter) were associated with a decrease in O-alkyl C content, $-glucosidase and cellobiohydrolase activities, as
well as the abundance of GH48 and cbhl. More interestingly, changes in the microbial community structure,
especially in some key species, such as Acidobacteria, Actinobacteria, Sordariomycetes, and Mortierellomycetes, can
significantly affect the rate of SOC mineralization. Our study demonstrates that applying organic fertilizer and
biochar derived from pruned litter significantly mitigated SOC mineralization compared to pruned litter appli-
cation alone, and both have great potential for maintaining soil C stock in tea plantation soil.

input of soil organic matter (Li et al., 2018; Berhane et al., 2020; Zhou
et al., 2020). Agricultural and forestry ecosystems frequently increase

1. Introduction

The soil C pool, as a major component of terrestrial ecosystem C
cycling, maintaining the global C balance and mitigating C emissions are
crucial functions of it (Rocci et al., 2021; Wei et al., 2021). However,
unsustainable land-use practices, such as excessive fertilization,
improper cultivation methods, and frequent soil tillage, can significantly
increase the loss of soil C pools, thereby reducing the capacity of soils to
sequester C (Cates et al., 2016; Denvir et al., 2024). Research has shown
that the main measures for increasing soil organic carbon (SOC) storage
include reducing the disintegration of native SOC and increasing the
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SOC storage through the input of organic material (Yu et al., 2020; Ni
et al., 2021), and this has been widely recommended to sustain and rise
soil fertility (Liu et al., 2019; Wu et al., 2019). However, the quality of
these organic inputs is one of the main factors determining the dynamic
transformation of SOC (Lu et al., 2014; Liang et al., 2021). Therefore,
selecting the appropriate exogenous organic matter to increase SOC
storage is important for enhancing the soil C sequestration capacity.
Owing to the higher content of easily decomposable C, such as cel-
lulose, in agricultural and forestry waste, returning this waste to fields
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can significantly increase short term SOC storage, however its rapid
decomposition will also lead to a significant increase in C emissions (Fan
et al., 2019; Hall et al., 2020; Miao et al., 2022). For example, Zhang
et al. (2021) found that the application of bamboo leaves to Moso
bamboo soil forests can significantly increase the water-soluble organic
carbon (WSOC), microbial biomass carbon (MBC), and total carbon
(TN), content in the soil, while also contributing to an increase in C
emissions. However, biochar produced from agricultural and forestry
waste under high-temperature and oxygen-limited conditions has been
found to effectively enhance SOC storage and relieve greenhouse gas
emissions from the soil (Zimmerman et al., 2011; Chen et al., 2021a;
Zhang et al., 2021). Besides, organic fertilizers prepared from agricul-
tural and forestry waste through fermentation and other methods can
significantly reduce the cellulose content, thereby slowing down C
emissions from the soil (Gao et al., 2019; Awasthi et al., 2020). There-
fore, studying the impact of different utilization methods of agricultural
and forestry waste on SOC dynamics is extremely important for pro-
moting the accumulation of soil SOC.

As a key process influencing the transformation of SOC, SOC
mineralization can significantly affect SOC storage depending on the
rate and direction of the mineralization (Lal et al., 2018; Olayemi et al.,
2022). Research has shown that the application of different types of
extrinsic C can significantly influence the rate of SOC mineralization,
which is attributed to differences in the labile C content and the avail-
ability of nutrients (Mitchell et al., 2015; Wang et al., 2015; Li et al.,
2018). For example, the addition of fresh agricultural and forestry waste
can significantly increase the amount of particulate organic carbon
(POC), WSOC, and MBC in the soil, thereby promoting the SOC miner-
alization (Wang et al., 2018; Hao et al., 2022), while the application of
biochar demonstrably reduces the rate of SOC mineralization by
diminishing the content of labile SOC within the soil matrix (Li et al.,
2018; Dai et al., 2021). In addition, the rate of SOC mineralization is
significantly affected by changes in the chemical composition of SOC,
particularly in the ratio of O-alkyl C to aromatic C (Ling et al., 2021;
Zhang et al., 2021). Previous research has indicated that elevated levels
of O-alkyl C can accelerate the rate of SOC mineralization, whereas the
mineralization of SOC tends to decrease as the content of aromatic C
rises (Sjoberg et al., 2004; Chen et al., 2019). Furthermore, microor-
ganisms are the primary drivers of C cycling in soil ecosystems (Lin et al.,
2019; Sokol et al., 2019; Soong et al., 2020). Different types of exoge-
nous organic matter, when added to soil, can significantly influence
nutrient availability and utilizable carbon content, leading to alterations
in microbial community composition and structure (Lin et al., 2019;
Bello et al., 2020). Shifts in the makeup and organization of soil
microbiota, especially some key species relative abundance and func-
tional genes abundance (e.g., GH48 and cbhl), can significantly affect the
enzyme activities related to SOC decomposition (e.g., p-glucosidase,
dehydrogenase, and invertase), this leads to changes in SOC decompo-
sition, consequently impacting the rate at which SOC mineralizes
(Zhang et al., 2017; Duan et al., 2021a). For example, tea pruning litter
contains high C and N, which can provide sufficient C and N sources for
microorganisms after being added to the soil, thereby affecting the
community composition and structure of microorganisms, especially the
abundance of functional microbial flora related to C decomposition,
resulting in changes in the enzyme activities related to C decomposition
in the soil, and then affecting the mineralization rate of SOC (Wang
et al., 2015; Wu et al., 2019; Yang et al., 2022; Zhang et al., 2023).
Nevertheless, there is insufficient research exploring the impact of
different types of exogenous C application on SOC mineralization
through a comprehensive analysis of changes in SOC composition, mi-
crobial communities, carbon cycling functional gene abundance, and
enzyme activities.

As an integral component of terrestrial ecosystems, tea plantations
play a crucial role in mitigating greenhouse gas emissions and main-
taining the global C balance (Fan et al., 2020; Du et al., 2023). Statistical
data indicate that China has the longest history of tea cultivation and the
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largest tea production worldwide (Yan et al., 2020; Xie et al., 2021). By
2022, the area of tea plantations had reached 3.3303 million hectares
(Annual Bulletin of Statistics, ITC, 2023). Previous studies have found
that although the area of tea plantation is smaller than that of forests and
grasslands, the average SOC density in Chinese tea plantation is
approximately 59.17 Mg ha!, and the SOC storage reaches 207.13 Tg
(Wang et al., 2023). Therefore, tea plantations have a significant pro-
spective for C sequestration and emission reduction, conducive to
regulating the C balance in terrestrial ecosystems (Li et al., 2011; Zhang
et al., 2017). Tea tree pruning is an important measure in tea plantation
management to ensure a high yield and quality of tea (Yang et al., 2022;
Zhang et al., 2023). Tea pruning litter is one of the main sources of SOC
in tea plantation soils (Li et al., 2011; Yang et al., 2022). Research in-
dicates that directly returning tea pruning litter to the soil can signifi-
cantly increase SOC content in the short term (Yang et al.,, 2022).
However, as tea pruning litter decomposes, it releases nutrients that can
modify the microbial community structure and composition in the soil of
tea plantations, affecting greenhouse gas emission rates and thereby
altering the C balance in the tea plantation (Pramanik et al., 2020; Luo
et al., 2023). Therefore, adopting a scientific approach to return tea
pruning litter to fields is crucial for enhancing soil fertility and the C
sequestration function of tea plantation ecosystems.

The aim of this incubation experiment was to: (1) examine the
impact of pruned litter, pruned litter-derived organic fertilizer, and
pruned litter-derived biochar on soil organic carbon mineralization in
tea plantation ecosystems; and (2) explore how tea-pruned litter, its
biochar derivative, and organic fertilizer amendments influence the bi-
otic and abiotic mechanisms of SOC mineralization. Specifically, we
hypothesized the following:

(1) Pruned litter and its derivatives promote the rate of SOC miner-
alization, whereas pruned litter biochar and organic fertilizers
significantly mitigate the rate of SOC mineralization.

(2) Pruned litter biochar and organic fertilizers mitigate the rate of
SOC mineralization compared to pruned litter because of alter-
ations in the microbial community structure and key microbial
taxa, especially reduced functional gene abundance and enzyme
activity associated with C decomposition.

2. Materials and methodologies
2.1. Soil, pruned litter, biochar, and organic fertilizer characterization

From a tea plantation in Xihu District, soil samples were extracted
from the uppermost 20 cm layer, Hangzhou City, China. The area ex-
periences a subtropical monsoon climate, where temperatures average
17.0 °C annually and precipitation reaches 1533 mm per year. The soil is
categorized as Ultisol (US Taxonomy) and originated from anshan
porphyritic bedrock lacking quartz. The basic properties of the soil were:
pH 3.95; SOC 3.69 %; TN 0.38 %,; available P (AP) 0.0192; available K
(AK) 0.0082 %.

Soil pH, SOC, and TN levels were measured using a pH meter and an
elemental analyzer, respectively. The Bray technique, utilizing a com-
bination of NH4F and HCI as the extractant, was employed to quantify
the AP content (Bray and Kurtz, 1945). Flame photometry was employed
to assess the AK content following extraction with an NH4OAc solution
(Zhang et al., 2021).

Pruned litter was collected from the tea plantations. The total C and
N concentrations in the tea pruned litter were 45.8 % and 3.39 %,
respectively. To form the biochar, tea pruned litter (< 2 mm) underwent
slow pyrolysis for 2 h at 500 °C in an oxygen-restricted environment,
and the C and N concentrations were 62.0 % and 3.38 %, respectively.
Organic fertilizers were prepared from tea pruned litter through natural
fermentation, and the C and N concentrations were 29.7 % and 1.49 %,
respectively. The C and N levels of the three materials were determined
utilizing an elemental analyzer.
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2.2. The experimental incubation encompassed four distinct protocols

No pruned litter added (control), pruned litter application, biochar
application, and organic fertilizer application. Three replications were
performed for each treatment. Pruned litter, biochar, and organic fer-
tilizer were added as equivalent C bases, that is, 7 g C kg~! soil.

For the incubation experiment, the following materials were pul-
verized to a particle size smaller than 2 mm: pruned litter, pruned litter
biochar, pruned litter fertilizer, and unmodified soil. The pruned litter,
pruned litter biochar, and pruned litter fertilizer were homogeneously
blended with a newly collected soil specimen (equating to 400 g oven-
dried mass) in a pair of glass containers, the soil’s water content was
adjusted to 60 % of its field capacity (Throughout the study duration)
and a bulk density of 1.32 g em ™3 (500 mL). A dark environment at 25 °C
was maintained for the soil mixtures, which were enclosed in airtight
glass containers. Each treatment’s duplicates comprised two soil quan-
tities: one portion (200 g) was utilized to assess CO5 release, while
remaining 200 g portion was utilized to evaluate soil physicochemical
attributes, SOC chemical structure, enzymatic activities, C-degrading
functional gene abundance, and microbial community makeup after the
experimentation concluded.

2.3. Quantification of soil CO2 emission

Soil-emitted CO2 was quantified utilizing an alkali-trapping tech-
nique. In brief, A small glass container with 10 mL of 0.4 mol L™} NaOH
solution was placed in each glass container to trap CO; released during
SOC mineralization. The exchange of NaOH traps followed a specific
schedule, occurring on days 2, 4, 6, 8, 10, 15, 20, 25, 30, 35, 40, and 45
of the incubation process. Three supplementary glass containers (sans
soil) were employed to compute the CO5 absorption of the NaOH solu-
tion from the surrounding atmosphere. A titration technique employing
HCI solution was used to measure the amount of CO, absorbed by the
NaOH solution.

2.4. Determination of soil physicochemical properties, enzyme activities,
and chemical composition of SOC

For soil pH identification, the study employed a 1:2.5 (w/v) soil-
water ratio. AP was determined by HCI-NH4F extraction. Soil WSOC
and MBC were analyzed following the methods of Song et al. (2019).
POC and mineral-associated organic carbon (MAOC) were analyzed
following the method described by Cambaradella and Elliott. The mo-
lecular structure of the SOC was quantified utilizing a 13¢ NMR spec-
trometer (Zhang et al., 2021). The spectral ranges of alkyl C are
0-46 ppm, O-alkyl C is 46-114 ppm, aromatic C is 114-164 ppm, and
carbonyl C is 164-220 ppm, respectively.

The methods for measuring f-glucosidase and cellobiohydrolase ac-
tivities in soil were adopted from Alef and Nannipieri (1995) and Zhang
et al. (2017), respectively. See supplementary information for further
details.

2.5. Determination of the soil microbial community characteristics

A Fast DNA SPIN kit (MP Biomedicals, USA) was employed to isolate
DNA (n = 3) from 0.2 g fresh soil, and the further details on microbial
determination and analysis, etc., can be found in the supplemental in-
formation. All unprocessed sequences were submitted to the NCBI
Sequence Read Archive (ID SRP507209 and SRP507218). Details of the
determination of GH48 and cbhl gene copy numbers are provided in the
supplemental information.

2.6. Statistical analysis

To determine whether experimental treatments differed signifi-
cantly, the study utilized a single-factor ANOVA in conjunction with the
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least significant difference test. Before performing ANOVA, data
normality and variance homogeneity were assessed, and logarithmic
transformation was applied to mitigate variance heterogeneity. Spear-
man’s correlation analysis was utilized to determine the correlation
coefficients among cumulative CO, emissions, keystone microbial taxa,
and soil properties. SPSS version 20.0 was the statistical software
employed for data analysis. To analyze the effects of pruned litter,
organic fertilizer, and biochar applications on bacterial and fungal
community composition, the study employed non-metric multidimen-
sional scaling (NMDS) (Zhang et al., 2023).

R software (Team, 2013) was utilized to perform a structural equa-
tion model (SEM) analysis, aiming to explore the influence of soil
modifications from pruned litter, biochar, and organic fertilizer appli-
cation on the aggregate SOC mineralization process. Initially, we iden-
tified two enzymes in the soil (B-glucosidase and cellobiohydrolase) as
crucial elements governing SOC mineralization, given that the total SOC
mineralization exhibited significant correlations (P < 0.01) with the
functionality of these enzymes. Second, we chose five crucial soil
characteristics (O-alkyl C content, GH48, cbhl abundance, fungal Chaol,
and Shannon indices) based on the ANOVA results. Finally, structural
equation models were established using the soil properties selected
through the preceding steps.

3. Results
3.1. FTIR analysis

The functional groups of pruned litter (PL), biochar (B), and organic
fertilizer (OF) are shown in Table S1. The functional groups in the PL
treatment were -OH, -CH3, C=C/C=0, C-0, C-0O-C, aromatic C-H, and
C=—C. The functional groups in treatment B included -OH, -CHgz, C=0, C-
H deformation, C-O-C, aromatic C-H, and C—=C groups. The functional
groups in the OF treatment included -OH, -CH3, C=0, C-H deformation,
and C-O-C groups (Fig. 1).

3.2. The rate of SOC mineralization

After the 60-day incubation study, the aggregate CO, released from
SOC mineralization varied between 416 and 2158 mg CO, kg™ soil
(Fig. 2a). Relative to the control, the aggregate CO5 emissions were
enhanced under the PL, OF, and B treatments by the rates of 419 %,
162 %, and 62 %, respectively (Fig. 2b). Additionally, the aggregate CO5
emissions was reduced following the addition of OF and B than in PL and
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Fig. 1. FTIR spectra of pruned litter, organic fertilizer, and pruned
litter biochar.



S. Zhang et al.

2500

—e— Control (a)
—o— Pruned litter
—e—OF

2000 4 —e— Biochar

1500 o

1000 o

500

Cumulative CO, emission (mg kg™ soil)

Incubation time (day)

Industrial Crops & Products 225 (2025) 120518

2500

3 a (b

xcn 2000 -

o

13

c

o 1500 = b

3 3

£

ﬂfv 1000

38 4

2 50+ d

kS

=}

1S

8 0 T T T T
Control Pruned litter OF Biochar

Treatments

Fig. 2. Dynamics of aggregate CO, release from tea plantation soil with, and without, the addition of modifiers (pruned litter, organic fertilizer and pruned litter
biochar) during the 60 days incubation period. (a) Dynamics of aggregate CO, release and (b) aggregate CO, release after 60 days of incubation. Standard deviations
are represented by error bars, while lowercase letters signify significant differences between treatments (P < 0.05) (The same applies hereinafter).

was ranked PL > OF > B > Control (Fig. 2b).

3.3. SOC pool

In comparison with control, POC content decreased (P < 0.05) after
B supplementation on day 15 and elevated (P < 0.05) following the PL
and OF treatments (OF > PL) on day 60. The MAOC content elevated
(P < 0.05) subsequent to B addition on day 15 and day 60 (Table 1).

In addition, relative to the control, the WSOC content decreased
under the PL, OF, and B treatments and ranked Control > PL > OF > B
on day 15, and decreased following the addition of OF, but increased by
B addition on day 60. In contrast, relative to the control, MBC levels rose
after PL and B application but decreased with the addition of organic
fertilizer on day 15, and that was increased under the PL, OF, and B
treatments, while PL was higher than OF and B treatments on day 60
(Table 1).

Compared to control, OF treatment resulted in a 25 % reduction in
soil alkyl carbon content, as observed on day 60 of the experiment
(Fig. 3b). O-alkyl C content was increased with the addition of PL (9.3 %
on day 15 and 9.8 % on day 60) and OF (8.7 % on day 15 and 10.5 % on
day 60) (Fig. 3c, d) and was decreased with B on day 15 (Fig. 3c). In
addition, B notably enhanced aromatic C content by 23.3 % and 31.9 %
on day 15 and day 60, respectively (Fig. 3e, f), whereas OF addition
enhanced aromatic C by 16.4 % on day 60 (Fig. 3f). Furthermore, the
Carbonyl C content decreased under the PL and OF treatments,
increased under the B treatment on day 15, and decreased under the PL
and B treatments on day 60 (Fig. 3g, h).

3.4. Soil enzyme activity

Compared to the control soil, p-glucosidase activity was elevated
(P < 0.05) after PL application, rising by 208 % and 107 % at day 15 and
day 60, respectively, and was increased (P < 0.05) following the OF
addition by 21 % on day 60 (Fig. 4a, b).

Table 1

In addition, as compared to the control soil, cellobiohydrolase ac-
tivity was increased (P < 0.05) following the PL addition by 205 % and
145 % on day 15 and day 60, respectively, and was increased (P < 0.05)
following OF incorporation, showing a 21 % enhancement at day 60
(Fig. 4a, b).

3.5. Microbial C-cycling genes

In contrast to the control soil, PL markedly elevated the abundance of
cbhl by 1065 % and 170 % on day 15 and day 60, respectively (Fig. 4e,
f), and the cbhl abundance was increased by the OF addition on day 60
and was lower in the OF treatment compared to the PL treatment
(Fig. 4f). In addition, GH48 abundance was increased by the PL and OF
additions by 211 % and 144 % on day 15, respectively (PL > OF)
(Fig. 4g), and was increased by PL addition on day 60 (Fig. 4h).

3.6. Soil microbial community characteristics

Non-metric multidimensional scaling (NMDS) showed that bacterial
(R = 0.4054, P < 0.01, stress = 0.095) and fungal (R = 0.5103,
P < 0.01, stress = 0.072) communities were significantly altered by the
addition of pruned tea litter and its derivatives (Fig. 5a, b). Specifically,
the bacterial community changed significantly (P < 0.05) after the three
exogenous C additions on day 15 and day 60, and the treatments with PL
and OF did not change significantly on day 60 (Fig. 5a). In addition, the
fungal community changed remarkably (P < 0.05) after the addition of
PL and OF, but no significant change was observed after the addition of B
on day 15 and day 60 (Fig. 5b).

The Shannon index of the bacteria was not affected by the three
exogenous C additions on day 15 and day 60; however, the OF treatment
yielded higher results compared to the PL treatment. The Chaol index of
the bacteria exhibited the same trend on day 15. In addition, the
Shannon index of the fungi was significantly decreased by the addition
of PL on day 60 (Table 2).

Pruned litter, pruned litter biochar, and organic fertilizer effects on soil particulate organic carbon (POC), mineral-associated organic carbon (MAOC), water-soluble
organic C (WSOC), and microbial biomass C (MBC) in tea plantation soil. The mean values after “+ ” are the standard deviation.

Day 15 Day 60

POC MAOC WSOC MBC POC MAOC WSOC MBC

(gkg™ (gkg™ (mg kg™ (mg kg™ (gkg™ (gkg™ (mgkg ™) (mg kg™
Control® 13.0 + 0.6a’ 13.4 £ 0.5b 288 + 8a 639 + 40b 12.4 +0.7¢c 13.6 + 1.1bc 129 + 12b 470 + 22¢
PL 13.6 + 0.8a 14.2 4+ 0.9b 218 £ 7b 755 + 41a 15.1 £ 0.7b 12.1 + 0.4c¢ 127 + 6b 760 + 70a
OF 13.8 + 0.6a 14.7 £ 1.3b 188 +12¢ 450 + 26¢ 19.1 +1.4a 15.4 +1.5b 75 + 3¢ 650 + 30b
B 11.0 + 0.5b 17.8 + 1.1a 210 +12d 813 +43a 11.7 +1.0c 18.0 = 0.7a 176 + 16a 604 + 52b

fControl, PL, OF, and B represent the treatments of no additions, pruned litter, organic fertilizer, and pruned litter biochar additions, respectively.
i Significant variances between treatments are indicated by lowercase letters (P < 0.05) (The same applies hereinafter).
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Fig. 3. Chemical composition of organic C in tea plantation soil amended with pruned litter, pruned litter biochar, and organic fertilizer.

For bacterial community (class level), as compared to the control, B
addition decreased the relative abundance of Acidobacteria on day 15
and day 60, and that was increased by the PL and OF addition on day 60;
PL and OF addition decreased the relative abundance of Alphaproteo-
bacteria, Thermoleophilia, and Bacilli on day 15 and day 60; PL addition
increased the relative abundance of Actinobacteria on day 15 and day 60,
and decreased the relative abundance of Acidimicrobiia on day 15; PL
and OF amendment increased the Verrucomicrobiae relative abundance
on day 15 and day 60 (Fig. 6a).

For fungi (class level), when contrasted with the control, the relative
abundance of Sordariomycetes was increased by PL and OF addition, and
it was decreased by B addition on day 15 and day 60; the relative

abundance of Leotiomycetes and Dothideomycetes decreased under all
three treatments on day 15 and day 60; the relative abundance of
Mortierellomycetes and Rozellomycotina_cls_Incertae_sedis decreased with
the addition of PL and OF, regardless of incubation time; PL increased
the relative abundance of Umbelopsidomycetes (Fig. 6b).

3.7. Relationships between soil factors and soil COy emissions

On day 15 and day 60, the aggregate soil CO, release increased
significantly (P < 0.05) with an increase in the O-alkyl C content,
B-glucosidase and cellobiohydrolase activities, and the abundance of
GHA48 and cbhl. In addition, on day 60, a marked elevate in aggregate
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Fig. 5. Non-metric multidimensional scaling ordination based on the Bray-Curtis distance representing illustrating differences (a) bacterial, and (b) fungal com-
munity structures in tea plantation soil amended with pruned litter, pruned litter biochar, and organic fertilizer.

Table 2

Pruned litter, organic fertilizer and pruned litter biochar, effects on the micro-
bial diversity after 15 and 60 days of incubation in the tea plantation soil
microbiome. The mean values after “+ ” are the standard deviation.

correlations with the proportional representation of Alphaproteobacteria,
Thermoleophilia, Bacilli, and Acidimicrobiia (P < 0.01) (Table 3). For
fungi, the total CO5 released exhibited a positive association with Sor-
dariomycetes and Umbelopsidomycetes. Conversely, it showed an inverse

Bacterial Shannon index

Bacterial Chaol index

relationship with the Chaol and Shannon indices and the relative
abundance of Leotiomycetes, Dothideomycetes, Mortierellomycetes, and
Rozellomycotina_cls_Incertae_sedis (P < 0.01) (Table 3).

Day 15 Day 60 Day 15 Day 60
Control’  2.65 + 0.04ab’  2.58 + 0.04ab 71.8+1.1ab  68.1 £0.9a
PL 2.43 £ 0.06b 2.54 + 0.04b 67.2 + 3.9b 68.2 + 0.3a
OF 2.68 + 0.02a 2.69 £ 0.06a 75.9 £0.7a 73.5+0.9a
B 2.56 + 0.17ab 2.63 + 0.07ab 71.0 £+ 1.0ab 67.5 £5.3a

Fungal Shannon index Fungal Chaol index

Day 15 Day 60 Day 15 Day 60
Control’ 2.02 £+ 0.26a 1.96 + 0.22a 33.7 £ 4.2a 31.8 + 3.8a
PL 1.58 + 0.20a 1.44 £0.21b 28.3 +£3.1a 27.1 £0.9a
OF 1.70 £ 0.13a 1.71 £ 0.17ab 32.0 £ 3.0a 28.7 £ 0.6a
B 1.96 + 0.21a 2.03 £0.11a 32.0 £5.2a 31.3 £ 1.5a

Furthermore, the SEM results showed that the aggregate soil CO,
release following PL application was driven by the activities of
B-glucosidase/cellobiohydrolase (P < 0.01). In addition, GH48 and cbhl
gene abundance was indirectly increased by the total soil CO; release,
which was a result of modified p-glucosidase/cellobiohydrolase activ-
ities (Fig. 8a). For the OF amendment, aggregate soil CO, release was
influenced by cellobiohydrolase activity (P < 0.01). Through modifying
cellobiohydrolase function, aggregate soil CO; release indirectly

fControl, PL, OF, and B represent the treatments of no additions, pruned litter,
organic fertilizer, and pruned litter biochar additions, respectively.

soil CO, emissions was observed as MBC levels rose (P < 0.05) (Fig. 7).

In addition, irrespective of the incubation time, at the class level for
bacteria, the cumulative CO, emissions showed positive associations
with the proportional presence of Acidobacteria, Actinobacteria, and
Verrucomicrobiae, but demonstrated while displaying negative

increased O-alkyl C content (Fig. 8b). Interestingly, the results of SEM
showed that the aggregate soil CO5 release following the B application
was not influenced by p-glucosidase and cellobiohydrolase activities
(Fig. 8c).
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Fig. 6. Bacterial (a, b) and fungal (c, d) community compositions in tea plantation soil amended with pruned litter, organic fertilizer, and pruned litter biochar The
names of the classes are shown.
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Fig. 7. Correlation coefficients betweenchemical properties, enzyme activities, functional gene abundance of soil and aggregate CO, release in tea plantation soil
amended with pruned litter, pruned litter biochar, and organic fertilizer.
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Table 3
Correlation coefficients between the relative abundance of soil bacterial and fungal classes and cumulative CO, emissions in tea plantation soil amended with pruned
litter.
Bacterial Cumulative CO, emission Fungal Cumulative CO, emission
Chaol index 0.263 Chaol index
Shannon index 0.101 Shannon index
Acidobacteria 0.485 * Sordariomycetes 0.705%*
Alphaproteobacteria —0.584 * * Tremellomycetes —0.235
Gammaproteobacteria 0.325 Eurotiomycetes 0.156
Actinobacteria 0.799 * * Leotiomycetes —0.799**
Ktedonobacteria —0.342 Dothideomycetes —0.712%*
Thermoleophilia —0.576 * * Mortierellomycetes —0.786*
Bacilli —0.616 * * Rozellomycotina_cls_Incertae_sedis —0.897**
Acidimicrobiia —0.504 * Umbelopsidomycetes 0.640**
Planctomycetes —0.307 Agaricomycetes 0.345
Nitrososphaeria —0.345 Pezizomycotina_cls_Incertae_sedis —0.037
Verrucomicrobiae 0.823 * ** Mucoromycetes 0.069

4. Discussion

4.1. Changes in soil organic carbon mineralization rate from
incorporation of pruned litter and its derivatives

In this study, we found that the cumulative SOC mineralization was
increased relative to the control following the addition of pruned litter,
organic fertilizer, and biochar, while it was lower in the organic fertilizer
and biochar treatments than in the pruned litter treatment. This result
aligns with both our initial hypothesis and the discoveries of Zhang et al.
(2021), who reported that the rate of mineralization was significantly
enhanced by 122 % and 30.1 % following the bamboo leaves and their
biochar amendment in bamboo forest soil, and the mineralization lower
after biochar amendment than it was after amendment with bamboo
leaves. Similarly, Whitman et al. (2016) reported the application of
pyrogenic organic matter may result in less SOC loss than the application
of an equivalent amount of fresh stover to Mardin soil. Interestingly, we
found that the amendment of organic fertilizer mitigated the rate of SOC
mineralization, although it was still higher than in the case of biochar
addition.

The possible mechanisms by which biochar and organic fertilizer
additions reduce the rate of SOC mineralization include: 1) Compared to
pruned litter, biochar and organic fertilizers have a low content of easily
decomposable C (cellulose, etc.), which abates microbial growth and
activities, thereby decreasing the mineralization rate of SOC (Fan et al.,
2019; Ma et al., 2020). This mechanism is evidenced by the lower
concentrations of WSOC and O-alkyl C following organic fertilizer and
biochar additions; 2) Due to the high content of easily decomposable C
in pruned tea litter, addition thereof significantly increases the enzyme
activity related to C decomposition in the soil, such as p-glucosidase and
cellobiohydrolase, thereby promoting the decomposition of SOC
(Nottingham et al., 2012; Lin et al., 2018). On the contrary, addition of
organic fertilizer and biochar significantly reduced the activities of these
two enzymes, thereby slowing down the decomposition rate of SOC
(Debosz et al., 1999; Zhou et al., 2024); 3) Addition of pruned litter can
significantly increase the abundance of functional genes related to C
decomposition, since the pruned litter provides abundant available nu-
trients and energy sources for microorganisms (Kelly et al., 2021; Tang
et al., 2021). Conversely, biochar and organic fertilizer have lower
available nutrient and C content, reducing the number of functional
genes related to C decomposition (Li et al., 2024; Zhou et al., 2024).

4.2. Relationship between soil C pool and SOC mineralization

Changes in the decomposable C content of the soil can significantly
affect the rate of SOC mineralization (Wang et al., 2016; Wei et al.,
2019). We have discovered that pruned litter and organic fertilizer
addition (cf. control) increased the POC content, while biochar addition
decreased the POC and MAOC content. Nevertheless, a notable

association between the SOC mineralization rate and the POC/MAOC
levels was not observed. These results indicate that POC/MAOC was not
a key factor influencing SOC mineralization in this research. In addition,
we found that the addition of pruned litter and its derivatives increased
the MBC content, pruned litter increased the MBC content more than
organic fertilizer or biochar, and a positive association among the SOC
mineralization rate and MBC concentrations was evident on day 60.
Microbial biomass carbon is labile organic carbon stored within micro-
organisms themselves, and studies have shown a positive correlation
between MBC and SOC mineralization rate (Zhang et al., 2021). These
findings may be explained by the abundant available nutrient and C
sources for microorganisms and altered soil microbial community
structure provided by pruned litter as compared to the organic fertilizer
and biochar (Ridgeway et al., 2022; Du et al., 2024). Thus, we can
conclude that the organic fertilizer and biochar mitigated the pace of
SOC mineralization due to the reduction in MBC content.

In addition, alterations in the SOC’s chemical makeup can signifi-
cantly affect the rate of SOC mineralization (de la Rosa et al., 2018; Chen
et al., 2019). Zhang et al. (2021) found that O-alkyl C, which are easily
decomposed by enzymes and microbial respiration, lead to an increased
rate of soil carbon mineralization, in contrast, aromatic carbons, being
more difficult to decompose, are beneficial for the stabilization of soil
carbon. The findings of our study indicate that pruned litter and organic
fertilizer application markedly elevated the content of O-alkyl C on day
15 and day 60, and there was an increase in the aromatic C content due
to the application of organic fertilizer, which aligns with prior research
outcomes (Li et al., 2017; Sarker et al., 2018). In addition, our investi-
gation found that biochar application decreased the content of O-alkyl C
on day 15 and increased the content of aromatic C on day 15 and day 60,
which was primarily due to the higher content of recalcitrant C in the
biochar (Chen et al., 2019; Chen et al., 2021b). Furthermore, our out-
comes demonstrate that the cumulative CO5 emissions elevated mark-
edly with an increase in O-alkyl C content, but this was not related to
changes in aromatic C content. These observations imply that the
enhancement of the SOC mineralization rate by pruned litter and
organic fertilizer application (cf. control) could be linked to an elevate in
O-alkyl C content, and the decrease in SOC mineralization by biochar
(cf. pruned litter and organic fertilizer) is attributed to the decrease in
O-alkyl C. The findings from SEM analysis also suggested that the
application of organic fertilizer led to an increase in soil O-alkyl C
content, which indirectly resulted in higher CO, emissions compared to
the control treatment. Importantly, the effect of both of these additions
on SOC mineralization was not associated with altered aromatic C
content.

4.3. Relationship between soil microbial community and SOC
mineralization

The current research showed that bacterial and fungal communities
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were markedly altered by the application of tea-pruned litter and its
derivatives. Our study revealed that pruned litter addition decreased the
Shannon index of fungi and there was a negative relationship among the
SOC mineralization rate and the fungi Shannon index. These outcomes
indicate that the elevated SOC mineralization rate by pruned litter
application (cf. control) was likely attributable to the reduction in the
Shannon index of fungi.

In addition, the incorporation of organic substances and their de-
rivatives significantly affects SOC mineralization by altering the abun-
dance of some key microbial species in the soil, especially those
associated with the conversion of SOC (Zhou et al., 2016; Duan et al.,
2019; Wang et al., 2019). Our investigation revealed that tea pruning
litter and organic fertilizer application increased the proportional
presence of Acidobacteria, Actinobacteria, and Verrucomicrobiae, while
both decreased Alphaproteobacteria, Thermoleophilia, and Bacilli. The
incorporation of biochar diminished the relative prevalence of Acid-
obacteria and Bacilli. The SOC mineralization rate positively correlated
with the proportional presence of Acidobacteria, Actinobacteria, and
Verrucomicrobiae, and negatively correlated with the proportional
presence of Alphaproteobacteria, Thermoleophilia, Bacilli, and Acid-
imicrobiia. These findings align with those of Wang et al. (2024), who
showed that Acidobacterium is mainly involved in the decomposition of
easily decomposed C. With a decrease in soil pH, it also decomposes
some recalcitrant C, and an increase in its abundance promotes the
decomposition of SOC. Previous studies have also shown that Verruco-
microbiae, Alphaproteobacteria, and Thermoleophilia play important roles
in C cycling and that all of them mainly degrade recalcitrant C compo-
nents in soils (Fierer et al., 2013; Ling et al., 2022; Liu et al., 2023).
Furthermore, Ling et al. (2022) discovered that Bacilli typically utilize
labile carbon from the soil, and the abundance of Bacilli is greater when
the soil is amended with organic matter that has a higher content of
easily decomposable carbon. In this study, changes in the abundance of
Bacilli have been shown to be significantly correlated with cellulase
activity, which affects the decomposition of C in the soil. These findings
indicate that Acidobacteria, Actinobacteria, Verrucomicrobiae, Alphapro-
teobacteria, Thermoleophilia, Bacilli, and Acidimicrobiia represent pivotal
bacterial groups influencing the SOC mineralization rate at the class
level, and changes in the proportional presence of these bacteria can
significantly affect the decomposition and conservation of C in tea
plantation soil.

The addition of pruned litter and organic fertilizer enhanced the
proportional presence of Sordariomycetes, whereas both interventions
diminished the relative prevalence of Rozellomycotina cls_Incertae_sedis,
Leotiomycetes, Dothideomycetes, and Mortierellomycetes. Additionally,
biochar addition decreased the abundance of Sordariomycetes, Leotio-
mycetes, and Dothideomycetes. Our study showed that aggregate CO,
release was positively linked to Sordariomycetes and Umbelopsidomycetes
but negatively linked to the relative abundance of Leotiomycetes, Dothi-
deomycetes, Mortierellomycetes, and Rozellomycotina cls_Incertae sedis.
This aligns with prior studies indicating that Sordariomycetes and Mor-
tierellomycetes affect the decomposition of SOC by influencing the
enzyme activity associated with C decomposition (Chen et al., 2015; Liu
et al., 2021). Furthermore, Umbelopsidomycetes promote the decompo-
sition of C by converting stubborn organic matter into organic matter,
which is easily decomposed in the soil (Muszewska et al., 2021). All the
aforementioned results indicate that the elevated SOC mineralization
rate discovered in the pruned litter and organic fertilizer treatments was
attributed to an elevation in the proportional presence of Sordar-
iomycetes and Umbelopsidomycetes, and a reduction in the proportional
presence of Leotiomycetes, Dothideomycetes, Mortierellomycetes, and
Rozellomycotina_cls_Incertae _sedis. The lower SOC mineralization rate for
biochar addition was due to a decline in the proportional presence of
Leotiomycetes and Dothideomycetes.
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4.4. Contribution of soil microbial C-cycling genes and enzymes activities
to SOC mineralization

In this study, the addition of pruned litter elevated the activities of
B-glucosidase and cellobiohydrolase, while the addition of organic fer-
tilizer enhanced the activity of cellobiohydrolase. Furthermore, the
combined increase in activities of p-glucosidase and cellobiohydrolase
enzymes led to an escalation in aggregate soil CO; release. This aligns
with the observations of Luo et al. (2019) and Zhang et al. (2021), which
show that the soil p-glucosidase and cellobiohydrolase exhibited a
connection to SOC mineralization. These results suggest that the
increased rate of SOC mineralization after pruned litter application is
associated with higher activities of f-glucosidase and cellobiohydrolase,
while the decreased rate of SOC mineralization after the addition of
organic fertilizer and biochar is related to lower activities of -glucosi-
dase and cellobiohydrolase. The SEM outcomes also indicated that
pruned litter increased the rate of SOC mineralization by boosting the
activities of B-glucosidase and cellobiohydrolase, whereas organic fer-
tilizer solely increased the rate of SOC mineralization by enhancing the
activity of cellobiohydrolase.

Previous studies have found that GH48 and cbhl play crucial roles in
soil carbon decomposition (Grover et al., 2020; Duan et al., 2021b).
Alterations in the abundance of GH48 and cbhl genes had a significant
influence on the functions of p-glucosidase and cellobiohydrolase within
the soil (Li et al., 2024; Zhou et al., 2024), in line with our research
findings, the correlation remains intact, showing that the levels of GH48
and cbhl correspond positively with the enzymatic activities of
B-glucosidase and cellobiohydrolase. In this study, pruned litter addition
increased the abundance of GH48 and cbhl, whereas GH48 and cbhl gene
abundance was lower in the organic fertilizer and biochar treatments
than in the pruned litter treatment. Moreover, soil COy release was
higher following the addition of pruned litter than with organic fertilizer
and biochar addition, and there was a positive association between soil
CO,, release and GH48/cbhl gene abundance. These outcomes suggest
that the elevated SOC mineralization rate following the addition of
pruned litter was associated with an increase in the abundance of GH48
and cbhl under the pruned litter treatments, whereas the reduced SOC
mineralization rate following the application of organic fertilizer and
biochar was due to the lower GH48 and cbhl abundance under the two
treatments. Furthermore, our SEM analysis showed that pruned litter
promoted enzyme activity by increasing the abundance of GH48 and
cbhl, thereby increasing the rate of SOC mineralization.

5. Conclusions

Our study indicated that, compared to the control, the application of
pruned litter dramatically increased SOC mineralization, while the
pruned litter derivative organic fertilizer and biochar addition could
effectively mitigate the rate of SOC mineralization, and the mitigating
effect of biochar was more intense (cf. organic fertilizer). In addition,
pruned litter enhanced C emission primarily by increasing the O-alkyl C
content and f-glucosidase/ cellobiohydrolase activities, as well as
enhancing the abundance of GH48 and cbhl. In contrast, the pruned
litter derivative organic fertilizer and biochar mitigated the C emission
mainly by reducing the content of MBC and O-alkyl C, B-glucosidase/
cellobiohydrolase activities, as well as the abundance of GH48 and cbhl.
More interestingly, our study indicated that the mitigation of the SOC
mineralization rate by organic fertilizer and biochar addition was
associated with alterations in the makeup and arrangement of microbial
populations, especially the relative abundance of some key species, such
as bacterial taxa (Acidobacteria, Actinobacteria, and Verrucomicrobiae)
and fungal taxa (Sordariomycetes and Umbelopsidomycetes). These results
suggest that processing tea tree pruning litter into organic fertilizer and
biochar, especially biochar, can effectively mitigate the loss of C from
tea plantation soils by reducing the content of easily degradable C, the
abundance of functional genes and enzyme activities associated with C
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decomposition, and "altering the characters of soil microbial commu-
nities". This provides new ideas for optimizing the use of tea pruning
litter to improve SOC content. The outcomes of our research predomi-
nantly originated from the incubation trial, and should these findings be
confirmed through a field experiment, it will be beneficial for the con-
struction of ecologically low-C tea plantations.
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