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Abstract

Biochar, a highly effective amendment, is widely used for soil improvement and envi-
ronmental remediation. However, research on its application in litchi (Litchi chinensis)
cultivation is relatively scarce, particularly regarding its potential to enhance the rhizo-
spheric soil ecological environment. In this study, a pot experiment was conducted to
investigate the effects of biochar derived from maize (Zea mays) and rice (Oryza sativa),
applied at different rates (3%, 6%, 10%), on the physical and chemical properties, enzyme
activities, and microbial community structure and diversity in the rhizospheric soil of litchi
seedlings. The results showed that biochar application significantly (p < 0.05) improved soil
nutrient conditions, including total nitrogen (TN), total phosphorus (TP), available phos-
phorus (AP), available potassium (AK), pH, and soil sucrase (SC) enzyme activity. Notably,
treatment with 10% maize biochar exhibited the most pronounced improvement across
all parameters, barring AP. Furthermore, biochar application stimulated the proliferation
of specific bacterial taxa (Acidobacteriota, Bacteroidota, and Chloroflexota) and fungal
phyla (Ascomycota and Mortierellomycota), increasing bacterial diversity while decreasing
fungal diversity and richness. Correlation analysis further revealed the close relationships
between soil microbial communities and fertility factors. This study provides substantial
evidence regarding the efficacy and feasibility of biochar in improving the rhizospheric
soil ecological environment of litchi. It offers a theoretical foundation for the scientific
application of biochar in orchard soil management.
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1. Introduction
Biochar, an emerging soil amendment, has garnered significant attention amid grow-

ing global concerns on soil health and environmental sustainability [1]. This carbonaceous,
porous solid is produced through the pyrolysis of biomass under oxygen-limited or anaero-
bic conditions [2–4]. Owing to its distinctive physicochemical characteristics, biochar shows
immense potential for soil enhancement and environmental restoration [5,6]. It improves
soil structure, aeration, water infiltration, and nutrient retention [5,7]. Functioning as a
‘sponge,’ biochar effectively adsorbs heavy metals and organic pollutants in soil, playing
a pivotal role in combating soil contamination and augmenting soil fertility [8]. Its high
chemical stability ensures long-term efficacy in the soil, offering a stable foundation for the
progressive restoration of soil ecosystems [9,10]. These attributes make biochar a valuable
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tool for promoting sustainable agricultural development and safeguarding the ecological
environment.

The mechanisms by which biochar improves soil physicochemical properties, boosts
enzyme activity, and regulates microbial communities are central to its soil-enhancing ef-
fects [11,12]. Specifically, regarding soil physicochemical properties, the porous structure of
biochar effectively increases the specific surface area of the soil [13]. This, in turn, promotes
soil particle aggregation and significantly improves aeration and water retention [14,15].
Moreover, pot experiments have shown that biochar lowers soil pH and electrical conduc-
tivity while increasing organic matter and available nutrient content, thereby improving soil
quality [16]. These improvements confirm its crucial role in regulating soil acidity, increas-
ing cation exchange capacity, and enhancing nutrient adsorption and retention [17–19]. In
terms of enzyme activity, biochar application creates a favorable microenvironment for soil
enzymes, thereby activating key enzymes, such as sucrase (SC), urease (UE), phosphatase,
and peroxidase [20,21]. These enzymes are essential for decomposing soil organic matter
(SOM) and driving nutrient cycling [22]. Enhanced enzyme activity promotes material
circulation and energy flow in soil ecosystems [23,24]. More critically, the unique porous
structure of biochar provides an ideal site for enzymatic reactions, allowing enzymatic
substrates to adhere to its surface [25]. This accelerates reaction rates and enhances the
overall biochemical activity of the soil ecosystem [26]. Regarding microbial communi-
ties, the porous structure of biochar offers abundant habitats for microbes [27]. These
pores serve as refuges that protect microbes against environmental stress and support their
growth, reproduction, and metabolic activities [28]. Additionally, various functional groups
on biochar surfaces, such as phenolic and carboxyl groups, can interact with microbial
cell surfaces [29]. This significantly enhances microbial adhesion and provides a more
stable living environment [12]. Following biochar application, the community structures
of bacteria and fungi in the soil undergo significant changes, with a notable increase in
microbial diversity [30]. Ahmad et al. [14] reported a significant increase in fungal diversity
and abundance in pot experiments involving biochar. This not only optimized the soil
structure but also enhanced fertility. Other studies have similarly reported that biochar
restructures microbial communities primarily by elevating soil comprehensive fertility
and organic carbon content [31,32]. Thus, microbial diversity strengthens the stability and
functionality of soil ecosystems and improves nutrient cycling efficiency and plant nutrient
uptake, thereby promoting plant growth and development [10]. Other studies have found
that biochar enhances soil microbial metabolic activity, supports the decomposition of
organic matter, and improves nutrient transformation efficiency [11]. It also provides addi-
tional carbon sources for soil microbes, further promoting their growth and reproduction.
In summary, by improving the living and functional environment for microbes, biochar
positively impacts soil microbial communities and plays an important role in enhancing
soil fertility while maintaining the health and stability of soil ecosystems [33].

Litchi (Litchi chinensis), an evergreen tree of the Sapindaceae family, is a globally
important economic fruit crop valued for its distinctive flavor and rich nutritional con-
tent [34,35]. However, prolonged orchard management and cultivation practices have led
to critical issues, such as reduced soil fertility, imbalanced soil microbial communities,
and decreased soil enzyme activity [36]. These factors severely restrict litchi yield and
quality [37]. Moreover, soils in litchi-cultivation areas may be enriched with heavy metals
and organic pollutants that can be assimilated by root systems through active or passive
uptake pathways [38], posing potential risks to the safe production of litchi [39]. Although
research on biochar application in litchi-cultivation is limited, studies have highlighted
its potential role in improving soil quality and fertility. This offers new pathways for
sustainable development in the litchi industry [10,40,41]. In this study, a pot experiment
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was conducted using maize and rice biochars (derived from abundant and cost-effective
feedstocks [42,43] at varying application rates to comprehensively investigate their effects
on the physicochemical properties, enzyme activity, and microbial community structure
and diversity in the rhizosphere soil of litchi seedlings. The study aims to clarify the
mechanisms of biochar in improving the rhizosphere soil environment and to reveal the
intrinsic relationships between soil fertility factors and microbial communities. Addition-
ally, it seeks to provide theoretical and technical guidance for the scientific application of
biochar in orchard soil management, promoting the green and efficient development of the
litchi industry.

2. Materials and Methods
2.1. Soil and Biochar Description

The experimental soil (red soil, pH 6.8, SOM 75.5 g kg−1, total nitrogen (TN)
3.51 g kg−1, total phosphorus (TP) 0.95 g kg−1, and total potassium (TK) 11.5 g kg−1)
was collected from the Institute of Fruit Tree Research, Guangdong Academy of Agri-
cultural Sciences, Guangzhou, China (113.22◦ E, 23.9◦ N). The region has a subtropical
monsoon marine climate (mean annual temperature 21.6 ◦C, precipitation 1782.9 mm).
Biochar (pyrolyzed from maize and rice straw at 500 ◦C) was supplied by Henan Lizhe
Environmental Protection Technology Co., Ltd. (Zhengzhou, China). Soil and biochar
properties are detailed in Table 1.

Table 1. Basic properties of soil and biochar in the field before experiment.

Properties Units Soil Biochar (Maize) Biochar (Rice)

SOM g kg−1 75.5 ± 1.52 300.0 ± 5.5 293.3 ± 4.3
TN g kg−1 3.51 ± 0.24 4.19 ± 0.15 4.26 ± 0.21
TP g kg−1 0.95 ± 0.02 1.73 ± 0.01 1.70 ± 0.01
TK g kg−1 11.5 ± 0.92 14.1 ± 0.02 14.6 ± 0.01
pH - 6.8 ± 0.22 9.6 ± 0.20 9.7 ± 0.18
Bulk density g cm−3 1.11 ± 0.02 0.18 ± 0.00 0.20 ± 0.00
Sand % 41.4 ± 2.39 - -
Silt % 28.3 ± 1.65 - -
Clay % 30.3 ± 0.88 - -

Values are means ± standard deviations (n = 3). SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus;
and TK, total potassium.

2.2. Experimental Design

The experimental material used was two-year-old seedlings of the late-maturing
litchi variety ‘Guiwei,’ selected for its wide cultivation in China, high yield, and excellent
storage and transport durability [44]. Seedlings were obtained from the Institute of Fruit
Tree Research, Guangdong Academy of Agricultural Sciences. The pot experiment was
conducted in a greenhouse (night temperature 22 ◦C, day temperature 26 ◦C, and relative
humidity 60–80%) from June to December 2024, following a design adapted from the
methods of Ahmad et al. [14] and He et al. [41]. Flower pots with a top diameter of
30.8 cm, base diameter of 20 cm, and height of 23.5 cm were used. Before planting, 5 kg of
soil was added to each pot. To explore the effects of biochar at lower concentrations for
feasible and economical agricultural application, biochar was mixed thoroughly with the
soil at six different application rates, resulting in seven treatment groups: CK (control, no
biochar), T1 (3% maize biochar), T2 (6% maize biochar), T3 (10% maize biochar), T4 (3%
rice biochar), T5 (6% rice biochar), and T6 (10% rice biochar). Each treatment was arranged
in three blocks, with six replicates per block, totaling 18 replicates per treatment. Seedlings
(50 leaves per plant) were planted into the pots and watered every 2–3 days to maintain
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soil moisture, ensuring uniform management across all treatments throughout the 6-month
growth period.

2.3. Soil Sampling and Physicochemical Analysis

In January 2025, soil samples were collected from the rhizosphere of the potted plants
that had undergone treatment. For each treatment, five plants were randomly selected from
the three blocks. The above-ground parts were removed, and the seedlings were extracted
destructively. Large soil clumps surrounding the roots were carefully removed, and the
soil adhering to the root surfaces was gently shaken off. The collected soil samples were
mixed thoroughly and passed through a 2 mm sieve. The samples were then divided into
two portions. One portion was air-dried for the determination of pH, SOM, TN, TP, TK,
available phosphorus (AP), available potassium (AK), and enzyme activities—specifically
UE, SC, catalase (CAT), and neutral phosphatase (NPH). The other portion was stored in
sterile test tubes at −80 ◦C for microbial analysis. This entire sampling procedure was
performed in triplicate (three biological replicates per treatment).

2.4. Determination of Soil Chemical Properties and Enzyme Activities

Soil nutrient analysis was conducted following the method proposed by Wang
et al. [45]. Specifically, soil pH was measured using a soil-to-water ratio of 1:5. The
SOM content was determined using the potassium dichromate heating method [46]. TN
was measured using the Kjeldahl method, TP using the NaOH liquefaction/molybdenum-
antimony colorimetric method, TK using the sodium hydroxide fusion/flame photometric
method [47]. AP was determined using the NaHCO3 extraction—molybdenum-antimony
colorimetric, and AK using NH4OAc extraction-flame photometry. Soil enzyme activi-
ties (UE, SC, CAT, and NPH) were analyzed using commercial kits (Beijing Boxbio Sci-
ence & Technology Co., Ltd., Beijing, China), with results expressed as mg d−1 g−1.
Concretely, UE was measured by phenol-sodium hypochlorite colorimetry, SC by 3,5-
dinitrosalicylic acid colorimetry, CAT by the UV absorbance method, and NPH by sodium
phenylphosphate colorimetry.

2.5. DNA Extraction and Polymerase Chain Reaction (PCR) Amplification

Soil microbial DNA was extracted using the HiPure Soil DNA Kit (D3142, Magen,
Guangdong, China). DNA yield and concentration were measured using a NanoDrop
micro-spectrophotometer (NanoDrop 2000, ThermoFischer Scientific, Waltham, MA, USA)
and verified by agarose gel electrophoresis (DYY-6C, Beijing Liuyi Biotechnology Co.,
Ltd., Beijing, China). The V3–V4 hypervariable region of the bacterial 16S rRNA gene
was amplified using the primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-
GGACTACNNGGGTATCTAAT-3′) [48]. The ITS1 region of the fungal ITS gene was
amplified using the primers ITS3_KYO2F (5′-GATGAAGAACGYAGYRAA-3′) and ITS4R
(5′-TCCTCCGCTTATTGATATGC-3′) [49]. The PCR amplification system used is listed in
Supplementary Table S1. The thermal cycling protocol was as follows: initial denaturation
at 95 ◦C for 5 min, followed by 30 cycles of denaturation at 95 ◦C for 1 min, annealing
at 60 ◦C for 1 min, and extension at 72 ◦C for 1 min, with a final extension at 72 ◦C for
7 min. After evaluation, purification, and quantification, the amplicons were sequenced
using the Illumina NovaSeq 6000 PE250 platform (Genedenovo Biotechnology Co., Ltd.,
Guangzhou, China).

2.6. Statistical and Bioinformatics Analysis

Raw 16S rRNA and ITS sequence data were filtered using FASTP (v0.18.0) [50] to
remove reads with ≥50% of bases having a Phred quality score ≤20. Sequences were
then merged using FLASH (v1.2.11) [51] at a similarity threshold of 98%. High-quality
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tags were clustered into operational taxonomic units (OTUs) at 97% sequence similarity
using USEARCH (v9.2.6), following the approach of Bokulich et al. [52]. After chimera
removal, OTU abundance statistics and other subsequent analyses were conducted. Simp-
son, Chao1, and Shannon were calculated using QIIME (v1.9.1) [53]. Rarefaction and rank
abundance curves were plotted in R, based on observed species richness. Differences in
Simpson, Chao1, and Shannon among multiple groups were compared using Tukey’s
Honestly Significant Difference test and Kruskal–Wallis H test. Venn diagrams intuitively
displayed unique and shared OTUs among the different treatments. Principal coordinate
analysis (PCoA) and weighted UniFrac hierarchical clustering were performed to assess
differences in the fungal community structure. Redundancy analysis (RDA) was employed
to investigate the linear relationships between fungal community composition and soil
environmental factors under biochar treatment. Permutation tests (n = 999) supported
constrained correspondence analysis. NMDS and UPGMA cluster analyses were conducted
based on the unweighted UniFrac distance matrix. Heatmap correlation analysis linked
soil chemical parameters, enzyme activities, and fungal abundance at the phylum level.
Data were analyzed in Excel 2007, with variance analysis in SPSS 19.0. Significance was
determined using Duncan’s multiple range test at α = 0.05, and p-values were corrected
with the FDR method. Results are expressed as mean ± SEM.

3. Results
3.1. Biochar Impact on Soil Properties and Enzyme Activities in the Rhizosphere of Litchi Seedlings
3.1.1. Effects of Biochar on Soil Characteristics

The applications of maize and rice biochar at varying rates significantly enhanced
the soil physicochemical properties (Table 2). Compared to the CK, biochar treatments
led to a significant increase in soil TN, TP, AP, AK, and pH (p < 0.05). For the maize
biochar treatments (T1–T3), soil TN, TP, and pH increased with increasing application
rates. Specifically, the TN levels of T2 and T3 were 42.86% and 120.69% higher than
that of CK, TP levels were 113.79% and 120.69% higher, and pH was 17.54% and 21.93%
higher, respectively. All differences were statistically significant (p < 0.05). T1 also showed
significantly higher TN, TP, and pH than CK, by 3.64%, 34.48%, and 5.26%, respectively,
with significant differences between T1 and T3 for these parameters (p < 0.05). Additionally,
maize biochar significantly (p < 0.05) increased soil AP and AK. Compared with CK, AP
levels in T1–T3 increased by 182.19%, 241.99%, and 205.01%, while AK levels increased by
49.32%, 117.81%, and 112.33%, respectively. For the rice biochar treatments (T4–T6), the
soil TP, AP, AK, and pH also increased with higher application rates. In T4 and T5, AP
levels increased by 50.32% and 140.84%, AK levels by 54.79% and 200.00%, and pH values
by 9.52% and 17.54%, respectively, all of which were significantly (p < 0.05) different from
the corresponding values in CK. Notably, rice biochar increased soil AK more effectively
than maize biochar. Except for T6, which saw a 21.90% increase in SOM compared to CK
(p < 0.05), the other treatments showed no significant changes in SOM (p < 0.05). Notably,
there was no obvious uniform correlation among these physicochemical properties across
different treatments (Supplementary Figure S1).

Table 2. Effect of different biochar dosages on soil nutrients.

Treatment SOM (%) TN (g·kg−1) TP (g·kg−1) TK (g·kg−1) AP (mg·kg−1) AK (g·kg−1) pH

CK 22.97 ± 0.40 bc 3.85 ± 0.22 d 0.58 ± 0.02 e 13.33 ± 0.31 b 23.53 ± 2.51 f 0.73 ± 0.02 e 5.70 ± 0.01 f
T1 19.50 ± 0.82 d 3.99 ± 0.08 d 0.78 ± 0.03 c 12.93 ± 0.12 bc 66.40 ± 5.21 bc 1.09 ± 0.07 d 6.00 ± 0.00 d
T2 24.30 ± 1.08 b 4.80 ± 0.08 b 1.24 ± 0.02 a 12.10 ± 0.40 cd 80.47 ± 0.91 a 1.59 ± 0.06 c 6.70 ± 0.03 b
T3 23.10 ± 0.66 bc 5.50 ± 0.11 a 1.28 ± 0.01 a 11.37 ± 0.06 d 71.77 ± 2.81 ab 1.55 ± 0.06 c 6.95 ± 0.04 a
T4 21.87 ± 0.32 c 4.09 ± 0.13 d 0.66 ± 0.01 d 12.07 ± 0.21 cd 35.37 ± 0.47 e 1.13 ± 0.01 d 6.30 ± 0.02 c
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Table 2. Cont.

Treatment SOM (%) TN (g·kg−1) TP (g·kg−1) TK (g·kg−1) AP (mg·kg−1) AK (g·kg−1) pH

T5 23.33 ± 0.59 bc 4.42 ± 0.05 c 0.82 ± 0.02 c 13.97 ± 0.15 ab 56.67 ± 2.89 d 2.19 ± 0.03 b 6.70 ± 0.00 b
T6 28.00 ± 0.10 a 5.01 ± 0.03 b 1.08 ± 0.02 b 14.57 ± 0.90 ab 58.97 ± 5.30 cd 2.73 ± 0.06 a 5.85 ± 0.08 e

Values are means ± standard deviations (n = 3). Different lowercase letters indicate significant differences among
treatments at p < 0.05 according to the Duncan test. CK, untreated control; T1, 3% maize biochar; T2, 6% maize
biochar; T3, 10% maize biochar; T4, 3% rice biochar; T5, 6% rice biochar; T6, 10% rice biochar; TN, total nitrogen;
TP, total phosphorus; TK, total potassium; AP, available phosphorus; and AK, available potassium.

3.1.2. Effects of Biochar on Soil Enzyme Activities

As shown in Figure 1, soil enzyme responses varied with different biochar types and
applications. For the same biochar type, increasing the application rate boosted soil SC
activity but lowered NPH activity. At the same application rate, rice biochar treatments
(T4–T6) had higher SC activity than maize biochar treatments (T1–T3). SC activity in T2–T6
was significantly (p < 0.05) higher than that in CK, with increases of 173.33%, 216.34%,
18.89%, 246.41%, and 264.65%, respectively. Conversely, soil NPH activity showed the
opposite trend. At equal application rates, T1 and T2 (maize biochar) had higher NPH
activity than T4 and T5 (rice biochar), while T3 and T6 showed no clear advantage. However,
all treatments showed significantly (p < 0.05) lower NPH activity than CK, decreasing by
4.68%, 25.34%, 54.47%, 20.12%, 29.90%, and 36.67%, respectively. Soil UE activity initially
increased and then declined with biochar application, but remained higher in all treatments
compared to that in CK. Notably, UE activity peaked in T2 (p < 0.05). Although biochar had
a relatively minor impact on soil CAT activity, a measurable influence was still detected.

 
Figure 1. Alterations in soil enzyme activities ((A), UE, urease; (B), SC, sucrase; (C), CAT, catalase;
(D), NPH, neutral phosphatase) following biochar application. CK, untreated control; T1, 3% maize
biochar; T2, 6% maize biochar; T3, 10% maize biochar; T4, 3% rice biochar; T5, 6% rice biochar; and
T6, 10% rice biochar (the same below). Different letters represent significant differences across the
treatments (p < 0.05) according to the Duncan test. The vertical bars indicate standard errors (n = 3).
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3.2. Effects of Biochar on Soil Microbial Abundance and Diversity
3.2.1. Bacterial Abundance and Diversity

Rarefaction and rank abundance curves were used to evaluate the richness of microbial
communities across different treatment combinations. From Supplementary Figure S2A, it
is evident that the rarefaction curves of the bacterial OTUs gradually flattened with increas-
ing sequencing depth. Although the curves did not fully plateau, the sequencing effort
adequately reflected most of the species present. A small proportion of the low-abundance
taxa remained undetectable. In replicate analyses of different samples, rarefaction curves
demonstrated greater sequencing depth and diversity. For the rank abundance curves
(Supplementary Figure S2B), a broader span along the x-axis indicated higher species
richness within the community, whereas a more gradual decline suggested a more even
distribution of species. Notably, the curve for T4 was the broadest and smoothest.

Additionally, microbial diversity was assessed using Simpson and Shannon indices,
which reflect species distribution and diversity, whereas the Chao1 index was used to deter-
mine species richness. Coverage index measured the proportion of detected species relative
to the actual species in the community, assessing sample representativeness. As shown in
Figure 2 and Supplementary Table S2A, both Simpson and Shannon indices were higher
for biochar treatments compared to those for CK, peaking for T2. The Chao1 index also
showed significant differences between the biochar treatment groups and CK, with the most
pronounced increase in T4 (10.67%). All samples achieved a sequencing coverage of >97%,
ensuring sufficient sequencing depth for subsequent analyses. PCoA results (Figure 3A)
revealed that biochar significantly altered the structure of the soil bacterial community. CK,
T5, and T6 formed distinct clusters from other treatments. The first and second axes of the
PCoA explained 55.19% and 22.02% of the variation, respectively. These results were further
validated by Analysis of Similarities (ANOSIM) (Supplementary Table S3).

 

Figure 2. Bacterial Alpha Diversity Analysis: (A) Chao1 Index for Richness and (B) Shannon index for
diversity across treatments, calculated using the α-rarefaction command in QIIME software. Different
letters represent significant differences across the treatments (p < 0.05) according to the Duncan test.
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Figure 3. Principal coordinates analysis (PCoA) of bacterial (A) and Fungal (B) communities based
on Bray–Curtis similarity and weighted UniFrac distance. Ellipses indicate 95% confidence regions.

3.2.2. Fungal Abundance and Diversity

Unlike the bacterial results, fungal rarefaction curves (Supplementary Figure S3A)
exhibited the highest richness in CK and the lowest in T5. Rank abundance curves (Sup-
plementary Figure S3B) further illustrated this trend, with CK showing the widest and
smoothest curve.

PCoA (Figure 3B) revealed that T5 and T6 significantly (p < 0.05) altered the fungal
community structure. In the biochar-treated groups, the first and second axes of the PCoA
explained approximately 22.0–55.2% and 13.4–52.0% of the total variation, respectively.
These results were also validated by ANOSIM (Supplementary Table S3). The fungal diver-
sity indices differed significantly from the bacterial indices (Figure 4 and Supplementary
Table S2B). Fungal Shannon and Chao1 indices were lower in biochar-treated samples,
reaching their minimum values in T5, with reductions of 29.38% and 29.43%, respectively,
compared to the CK indices. At the same application rate, T1–T3 showed higher Simpson
and Shannon indices than T4–T6. The Simpson index also reached its minimum in T5,
which was 9.72% lower than that of CK (p < 0.05). All test samples achieved a sequencing
coverage of >99%, ensuring an adequate sequencing depth and reliable assessment.

3.3. Effects of Biochar on Soil Microbial Community Composition and Functional Characteristics
3.3.1. Bacterial Community Composition

After quality control and chimera removal, 2,106,640 high-quality bacterial 16S rRNA
gene reads were obtained. Each sample averaged 100, 316 valid reads, ranging from 84,976
(T1) to 110,089 (T5) (Supplementary Figure S4A). Based on 88% sequence similarity, these
reads were clustered into 27,137 bacterial OTUs (Figure 5A). Among these, 1735 core OTUs
were shared across all treatments, with biochar treatments resulting in fewer OTUs than
CK, ranging from 1813 (T1) to 2432 (T5).

The dominant bacterial phyla were Pseudomonadota (24.2–33.5%), Bacillota (8.5–27.0%),
Planctomycetota (8.3–12.3%), Patescibacteria (9.1–11.8%), Acidobacteriota (7.1–10.4%), Bac-
teroidota (4.2–12.8%), and Chloroflexota (3.5–5.8%), accounting for 82.7–85.2% of sequences
(Figure 5B). At the phylum level, compared to CK, biochar treatments increased the rel-
ative abundance of Pseudomonadota, Planctomycetota, Acidobacteriota, Bacteroidota,
Chloroflexota, Verrucomicrobiota, and Chlamydiota, while decreasing that of Bacillota
and Actinomycetota. T3 showed the highest Bacteroidota abundance. At the genus level,
biochar treatments enhanced the relative abundance of Pseudolabrys, Pir4_lineage, and Terri-
monas, and decreased Neobacillus, Gottfriedia, Paenibacillus, and Sphingomonas (Figure 5C).
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Notably, Pseudolabrys and Pir4_lineage belong to the phylum Pseudomonadota, whereas
Neobacillus, Gottfriedia, and Paenibacillus belong to Bacillota.

Figure 4. Fungal alpha diversity analysis: (A) Chao1 Index for Richness and (B) Shannon index for
diversity across treatments, calculated using the α-rarefaction command in QIIME software. Different
letters represent significant differences across the treatments (p < 0.05) according to the Duncan test.

 
Figure 5. Venn diagrams of bacterial OTUs (A), relative abundance of Top 10 bacterial phyla (B), and
genera (C) under six treatments. Ellipses Indicate 95% Confidence Intervals.

3.3.2. Fungal Community Composition

ITS1 region sequencing generated 1,840,090 high-quality fungal reads, averaging
87,623 valid reads per sample, with a range of 76,129 (CK) to 95,622 (T1) (Supplemen-
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tary Figure S4B). Based on 90% sequence similarity, 2453 fungal OTUs were identified
(Figure 6A). Among these, 183 were core OTUs shared across all treatments. Similar to the
bacteria, the biochar treatments generally showed fewer OTUs than CK, ranging from 108
(T5) to 236 (T4). The dominant fungal phyla were Ascomycota (30.1–65.8%), Basidiomy-
cota (5.6–36.2%), Mortierellomycota (2.2–22.0%), Chytridiomycota (4.7–13.5%), Ciliophora
(5.5–13.2%), and Chlorophyta (2.3–13.3%), accounting for over 88.7% of the fungal reads
(Figure 6B). Ascomycota was the most dominant phylum in T2–T5, especially T5 (65.80%),
whereas Basidiomycota was dominant in CK and T1 (25.24% and 36.19%, respectively).

 
Figure 6. Venn diagrams of fungal OTUs (A), relative abundance of top 10 fungal phyla (B), and
genera (C) under six treatments. Ellipses indicate 95% confidence intervals.

Biochar treatment increased the relative abundances of Ascomycota, Mortierellomy-
cota, Ciliophora, Glomeromycota, and Mucoromycota. In T1–T3, the relative abundance
of Ciliophora, Glomeromycota, and Anthophyta increased with increasing biochar appli-
cation rates. In contrast, Mortierellomycota and Rozellomycota decreased with higher
biochar levels in T4–T6. Compared with other treatments, chlorophyta showed a sig-
nificantly high abundance only in T2 (13.28%) (Figure 6B). At the genus level, biochar
treatments increased Scedosporium and Halteria abundance, while decreasing Penicillium
abundance, compared to CK (Figure 6C). T5 exhibited the highest overall dominance of
major genera (60.2%), with Scedosporium peaking in T6. Other dominant genera in T6
were Spizellomyces (6.26%), Halteria (6.33%), Coniochaeta (4.92%), and Chloridium (1.79%).
Additionally, Madurella (6.26%), Eremochloris (4.88%), and Conocybe (4.79%) were more
abundant in T5, T2, and T1, respectively (Figure 6C).

3.3.3. Functional Characteristics of Bacterial and Fungal Communities

Biochar treatments increased the functional abundance of bacterial categories related to
amino acids, cofactors and vitamins, terpenoids and polyketides, lipids, glycan biosynthesis
and metabolism, and biosynthesis of other secondary metabolites, with the exception of
amino acids in T4 and translation in T1. Conversely, functions related to carbohydrate
metabolism, other amino acids, energy metabolism, replication and repair, folding, sorting
and degradation, cell motility, and membrane transport were reduced. T5 had the highest
values for amino acid metabolism, cofactors and vitamins, terpenoids and polyketides,
glycan biosynthesis and metabolism, and translation. T3 had the highest values for lipid
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and xenobiotic biodegradation and metabolism, while T2 peaked for the biosynthesis
of other secondary metabolites (Figure 7A). With the exception of plant pathogens and
undefined saprotrophs in T1, biochar treatments increased the relative abundance of
major fungal functional categories, including animal pathogen-endophyte, endophyte,
plant pathogen, undefined saprotroph, and arbuscular mycorrhizal, while decreasing the
abundance of bryophyte parasites. Notably, T2 showed a significantly higher enrichment
of plant pathogens, animal pathogen-dung saprotrophs, undefined saprotrophs, and plant
saprotroph functions than the other treatments (p < 0.05). The relative abundance of animal
pathogen-endophytes increased with increasing biochar application rates (Figure 7B).

 

Figure 7. Relative abundance of top 15 bacterial functional categories (A) and top 10 fungal functional
groups (B) under six Treatments. Different letters indicate significant differences (p < 0.05) according
to the Duncan test.

3.4. Relationships Between Soil Environmental Factors and Microbial Phyla
3.4.1. Bacterial Communities

Pearson correlation coefficient heatmaps were used to analyze the relationships be-
tween microbial diversity and soil properties (Figures 8 and 9). Bacteroidota showed
significant positive correlations with TN, TP, AP, AK, and pH, whereas Bacillota showed
significant negative correlations. Chloroflexota was significantly positively correlated
with TN, TP, and AP, whereas Actinomycetota showed a significantly negative correlation
with TN, AK, and pH. Acidobacteriota was significantly positively correlated with AP
and AK, while SOM showed a significantly negative correlation with Verrucomicrobiota.
Furthermore, AP and AK were significantly positively correlated with Pseudomonadota
and Chlamydiota. Other bacterial phyla exhibited weak or insignificant correlations with
environmental factors (Figure 8A). RDA revealed that the first two axes explained 79.47%
(RDA1) and 13.15% (RDA2) of the total variation in the dataset (Figure 8B). Soil AK, pH,
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TN, TP, and AP had correlations with T3 and were located in the positive quadrants of the
RDA axes, whereas TK showed no clear correlation with any treatment.

Figure 8. Spearman’s heatmap correlation analysis of major bacterial (A) phyla with environmental
factors. Red/blue Marks Indicate Positive/Negative Correlations, and Stars denote significance
levels. Redundancy analysis (RDA) of soil fertility properties and dominant bacterial (B) genera.
* (p < 0.05), ** (p < 0.01), and *** (p < 0.001).

 
Figure 9. Spearman’s heatmap correlation analysis of major fungal (A) phyla with environmental
factors. Redundancy analysis (RDA) of soil fertility properties and dominant fungal genera (B).
* (p < 0.05), ** (p < 0.01), and *** (p < 0.001).

3.4.2. Fungal Communities

For fungal communities, the heatmap displayed the key relationships between domi-
nant fungal phyla and soil fertility (Figure 9A). Basidiomycota showed extremely significant
negative correlations with SOM, TN, and AK, and significant negative correlations with
TP and pH. Glomeromycota had significant positive correlations with TN, TP, AP, and pH,
and a significant negative correlation with TK. Ascomycota exhibited significant positive
correlations with SOM, TK, and AK, whereas Rozellomycota showed significant negative
correlations. Mortierellomycota was negatively correlated with TK, whereas Ciliophora and
Chlorophyta showed positive and negative correlations with AK, respectively. Anthophyta
was positively correlated with pH. Other fungal phyla did not show significant correlations
with environmental factors. RDA explained 74.11% (RDA1) and 15.27% (RDA2) of the total
variation in the dominant fungal phyla (Figure 9B). SOM, AK, and TK were located in the
positive quadrants and were strongly correlated with T5 and T6, but not with CK, T1, or T3.
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4. Discussion
4.1. Integrated Effects of Biochar on Soil Fertility and Enzyme Activity

Biochar application can significantly improve soil quality and fertility, thereby influenc-
ing the structure and function of soil microbial communities. While previous studies have
mainly focused on single biochar types [54,55], this study demonstrated that both maize
and rice biochar significantly (p < 0.05) increased soil pH. This is attributed to the presence
of organic anions, such as -COO− and -O−, in biochar [56,57]. Biochar also enhanced soil
phosphorus availability by reducing exchangeable acidity and promoting phosphorus re-
lease from Fe/Al (hydr) oxides [58], thereby increasing total and AP. Additionally, biochar
serves as a reservoir that can store and release nutrients such as P and K [59,60].

Soil enzyme activity, a crucial indicator of ecosystem functionality, plays a vital role in
the myriad biochemical processes essential for maintaining soil health [61]. Biochar can
adsorb root substrates to enhance activity or adsorb enzyme molecules to protect binding
sites, thereby inhibiting activity. The variation in enzyme responses to biochar are likely
because of differences in biochar adsorption and structure [62]. This study confirmed
that biochar boosts soil UE activity, increasing available nitrogen by promoting nitrogen-
containing organic compound hydrolysis [59]. Similarly, cellulase activity increased post-
biochar application, probably owing to the additional organic carbon provided by biochar,
which aids organic carbon decomposition [63]. In contrast, CAT activity remained largely
unchanged between the biochar and CK treatment groups, consistent with the findings of
Lyu et al. [64]. NPH activity, however, showed a dose-dependent response—low biochar
doses had no significant effect, whereas high doses inhibited activity [55], with maize
biochar showing stronger inhibition than rice biochar. This inhibition likely stemmed from
strong substrate adsorption by biochar, which reduced fungal diversity, weakened the
soil capacity to decompose complex organic compounds, and lowered the secretion of
hydrolytic enzymes such as NPH [65,66]. Overall, these findings indicate that changes
in soil enzymes following biochar application are directly or indirectly related to the soil
environment [14]. Enhanced enzyme activities are likely facilitated by microbial community
structure remodeling and optimized biogeochemical cycles [64].

4.2. Regulatory Effects of Biochar on Soil Bacterial Community Structure and Function

Biochar addition altered soil microbial abundance and community composition, influ-
encing nutrient cycling and organic matter decomposition [67]. At the bacterial phylum
level, Pseudomonadota became the most abundant following biochar application. This shift
is linked to its role in lignocellulose degradation, nitrogen cycling, and decomposition of
large organic molecules [68]. Biochar also significantly (p < 0.05) increased the relative abun-
dance of Acidobacteriota, Bacteroidota, and Chloroflexota compared to the CK. Similarly,
Wang et al. [16] demonstrated that biochar addition significantly promoted the growth and
metabolism of key microbial phyla, including Proteobacteria, Bacteroidota, Acidobacteriota,
and Actinomycetota during cotton cultivation in saline-alkali soil repair. This highlights
the universal regulatory effect of biochar on microbial communities, creating favorable con-
ditions for bacterial composition. Additional studies by Hou [69], Sui [70] and Wang [71]
further showed that biochar treatment enhances soil nitrogen cycling by promoting the
dominance of acidophilic bacteria and fostering nutrient-rich microbial colonization. The
observed increase in Bacteroidota and Chloroflexota may aid TN and AP accumulation.
Soil pH is a key factor controlling microbial communities [72]. Our findings further sup-
ported this view, showing that the relative abundances of Bacteroidota and Actinomycetota
were primarily affected by pH. Bacillota and Actinomycetota, both Gram-positive bacteria,
decreased in abundance. This decline reflected dual mechanisms. Initially, these Gram-
positive bacteria proliferated by utilizing biochar-derived low-molecular-weight dissolved
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organic carbon (LMW DOC), which was progressively depleted through microbial mineral-
ization. As these substrates diminished, Gram-negative bacteria and fungi outcompeted
them due to superior substrate versatility [73]. Concurrently, the biochar-induced pH
increase suppressed these predominantly acid-tolerant phyla while enhancing nutrient
availability (AK, TN), thereby favoring fast-growing, alkali-tolerant phyla taxa [74,75].

Based on 16S rRNA gene sequencing, biochar significantly (p < 0.05) increased the
relative abundance of Pseudolabrys compared to the CK. This genus may be involved
in denitrification and organic pollutant degradation [76,77]. Other dominant bacterial
genera after biochar application included Massilia, Neobacillus, Gottfriedia, Paenibacillus, and
Sphingomonas. Among these, Paenibacillus is known for its role in nitrate reduction and
denitrification [78], whereas Sphingomonas promotes plant growth, enhances salt tolerance,
and participates in soil nutrient and nitrogen cycling [79,80]. However, biochar reduced
the relative abundance of these genera, possibly because the depletion of biochar-derived
LMW DOC and easily degradable carbon fractions eroded the competitive advantage of
Paenibacillus, which dominantly fixes labile carbon and nitrogen [81,82], and suppressed
carbon-degrading Sphingomonas as biochar-induced decreases in TN inhibited carbon-
mineralizing functions while enhancing ammonia assimilation through DOC dynamics [83].

PICRUSt2 analysis revealed that biochar increased the relative abundance of genes
related to amino acids, cofactors and vitamins, terpenoids and polyketides, glycan biosyn-
thesis and metabolism, translation, lipids, and other secondary metabolites. This was con-
sistent with the increased TN, TP, and bacterial/fungal abundance observed post-biochar
application. These results indicate that biochar enhances microbial activity and promotes
plant residue decomposition [72,84]. Root exudates play a key role in soil metabolism [85],
particularly amino acid metabolism, which generates vital secondary metabolites for plant
growth and stress resistance. Biochar treatment has been shown to regulate the biosyn-
thesis of key plant signaling metabolites, such as terpenoids and polyketides, which are
crucial for disease resistance [86]. Terpenoids represent the largest class of specialized
plant metabolites, while polyketides enhance rhizosphere microbial diversity [87]. Biochar
also modulates the biosynthesis of coenzymes and vitamins, which mediate plant interac-
tions with beneficial rhizobacteria [88]. Plants are known to shape rhizosphere microbial
communities via vitamin secretion, thereby boosting disease resistance [88]. Additionally,
biochar increased Acidobacteriota abundance but reduced Bacillota and Actinomycetota
abundance compared to the CK. This aligned with the PICRUSt2-predicted decline in
xenobiotic degradation and metabolism, as well as membrane transport-related genes. This
pattern may be related to the initial bacterial degradation of biochar and subsequent fungal
degradation [10]. Furthermore, higher Simpson, Shannon, and Chao1 indices, commonly
used to assess microbial community richness and diversity [68], indicate a richer nutritional
environment for microbial growth. Luan et al. [89] demonstrated that biochar application
enhances these indices by activating soil bacteria and promoting their growth. The porous
structure of biochar offers an ideal habitat for bacteria, and its addition further enhanced
bacterial species richness and diversity.

4.3. Regulatory Mechanisms of Biochar on Soil Fungal Community Structure and Function

This study found that Ascomycota, Basidiomycota, Mortierellomycota, and Chytrid-
iomycota are the dominant fungal phyla in litchi soil, consistent with previous studies [90].
Compared to the CK, biochar significantly (p < 0.05) increased the relative abundances of
Ascomycota and Mortierellomycota, while decreasing that of Basidiomycota, indicating
that high-quality soil microflora is more sensitive to improved biochar application [91]. The
reduction in Basidiomycota may arise from ecological competition with Zygomycota [92].
Fungal community growth is pH-dependent [93], and our data further supported this by
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showing a correlation between Basidiomycota and pH. Ascomycota, a dominant fungal
degrader of organic substrates [94], showed a significant correlation with SOM in this study.
However, unlike bacteria, fungal diversity significantly decreased with increasing biochar
application. This can be explained by multiple factors: biochar may disrupt soil network
structures, intensifying bacterial-fungal antagonism [95], while altering soil carbon sources
reduces fungal assimilates [96]. Specifically, Basidiomycota and Glomeromycota were
highly sensitive to N and P availability and contribute significantly to soil N/P transforma-
tion [97,98]. Although arbuscular mycorrhizal fungi (AMF) within Glomeromycota could
form mutualistic associations with most fruit trees, extracting nutrients from biochar via
hyphal networks [99,100] and promoting rhizosphere remediation [71,101], their functional
capacity may not offset the overall loss of fungal diversity. Additionally, biochar raises soil
pH, which disproportionately affects fungal competitiveness compared to bacteria [95,102].
Despite reduced diversity, biochar promoted key fungal phyla such as Ascomycota and
Mortierellomycota, which inhibit pathogens, consistent with prior findings in tobacco [103].
While biochar exerts negative effects on fungal diversity, its enhancement of functionally
important fungal groups may benefit soil health and disease suppression. Overall, biochar
significantly impacts lychee soil fungal communities through chemical properties, pH
changes, and microbial interactions, necessitating a balanced consideration of its positive
and negative effects in practical applications.

At the genus level, the fungal community mainly comprised Scedosporium, Spizel-
lomyces, Coniochaeta, Halteria, Chloridium, Spizellomycetales_gen_Incertae_sedis, Madurella,
Penicillium, Eremochloris, and Conocybe. Biochar significantly (p < 0.05) increased the rel-
ative abundance of Scedosporium, the main predictor of NO3

−-N transformation when
maize straw biochar is used [104]. Conversely, biochar significantly (p < 0.05) reduced
the phytopathogenic mold Penicillium (Ascomycota). This is consistent with previous
studies reporting its capacity to degrade plant cell walls, trigger necrosis, and participate
in cellulase production and humification [10,105,106]. However, the precise mechanism
behind biochar-induced changes in the fungal community warrants further study.

Few studies have examined the impact of biochar addition on litchi soil fungal cate-
gories and functions. Functional predictions showed that biochar application significantly
increases the abundance of animal pathogen-endophyte, endophyte, and arbuscular myc-
orrhiza. Endophytes participate in osmotic regulation, enhance root antioxidant systems,
and promote nutrient absorption [107], which may explain their increased abundance.
However, the increase in animal pathogens contradicts the findings of Guo et al. [108],
possibly because of differences in experimental design and corrections leading to varying
fungal function demands. Notably, soil properties are significantly correlated with animal
pathogens [103], indicating that biochar-induced soil changes may drive pathogen adapta-
tion and evolution, thereby influencing ecosystems. This warrants further exploration in
future research. Biochar also reduced the relative abundance of plant pathogens, bryophyte
parasites, wood saprotrophs, and animal pathogen-dung saprotrophs, likely owing to soil
bacteria assisting plants in controlling pathogens, enhancing resistance, and competing
with saprotrophs [109,110]. Unlike bacteria, fungi showed a decline in community diversity
and richness following biochar application. This may be attributed to the easily mineralized
carbon components in biochar increasing the humic acid content, thereby reducing fungal
diversity and potentially inhibiting other fungal groups [109].

5. Conclusions
This study demonstrates that biochar exerts multifaceted effects on the rhizosphere

soil of litchi seedlings. It enhanced key soil physicochemical properties, including TN,
TP, AP, AK, and pH, and modulated soil enzyme activities, notably increasing SC activity
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and showing a dose-dependent influence on NPH activity. At the microbial level, biochar
promoted beneficial bacteria, such as Acidobacteriota, Bacteroidota, and Chloroflexota, but
reduced fungal diversity and richness, potentially affecting soil ecosystem stability. More-
over, TN, TP, AP, AK, and pH were extremely positively correlated with Bacteroidota and
extremely negatively correlated with Bacillota, underscoring the link between soil microbial
communities and fertility factors. These findings highlight the potential of biochar as a
soil amendment for enhancing the rhizosphere environment in litchi-cultivation. Under-
standing its effects on soil microbes boosts soil fertility and crop yield, aiding sustainable
agriculture. However, this study has limitations: pot trials cannot fully replicate field
conditions, biochar’s impact on fungal functions remains unclear, and long-term ecosys-
tem effects are undocumented. Future research should combine field experiments with
multi-omics analyses to address these gaps.
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