agronomy

Article

Evaluation of Soil Total Nitrogen as an Indicator of Soil Bacterial
Community Response to Biochar and Plant Growth-Promoting
Rhizobacteria Applications

Chenke Ding !, Chengqun Lv 2, Hualin Chen !, Jiangmin Zhou ! and Han Ren 1*

check for
updates

Citation: Ding, C.; Lv, C; Chen, H,;
Zhou, J.; Ren, H. Evaluation of Soil
Total Nitrogen as an Indicator of Soil
Bacterial Community Response to
Biochar and Plant Growth-Promoting
Rhizobacteria Applications. Agronomy
2024, 14, 428. https://doi.org/
10.3390/agronomy14030428

Academic Editor: José David

Flores-Félix

Received: 6 February 2024
Revised: 19 February 2024
Accepted: 19 February 2024
Published: 22 February 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Life and Environmental Sciences, Wenzhou University, Wenzhou 325035, China;
22461337025@stu.wzu.edu.cn (C.D.); 00121039@wzu.edu.cn (H.C.); rosechl@wzu.edu.cn (J.Z.)
Forestry College, Guangxi University, Daxue E Rd., Xixiangtang District, Nanning 530004, China;
Ivchengqun8@163.com

*  Correspondence: renhan@wzu.edu.cn

Abstract: Biochar and plant growth-promoting rhizobacteria (PGPR) are widely used as an amend-
ment for soil physicochemical properties and soil bacterial community diversity. In Guangxi, China,
we carried out a study to determine how PGPR and biochar influence the soil’s environmental stabil-
ity in an Eucalypt plantation. We applied biochar and PGPR in a contrasting application manner to
an acidic red loam soil. Thus, three treatments were set up as 5 x 1019 CFU-mL~! PGPR-only (MBO),
20 t-hm—2 biochar-only (B20), and co-application of 20 t-hm~2 biochar and 5 x 101° CFU-mL~! PGPR
(MB20), as well as no biochar and no PGPR (M0BO0). Our results indicated that MB20 significantly
decreased the soil total nitrogen (TN) and increased the soil total phosphorus (Soil TP), soil ammo-
nium nitrogen (NH4 "), and soil water content (SWC) when compared with the control. The MB20
also significantly increased the Simpson, ACE, and Chao indices of the soil bacterial community’s
diversity relative to the control. We also observed a significant effect of the Soil TN on both the
bacterial community and the functional diversity in soil. These findings may indicate that assessing
the soil N status is expected to be an essential indicator of the soil microenvironment’s response to
biochar and PGPR applications.

Keywords: PGPR; eucalypt plantation; carbon use; microbial diversity; Bacillus megaterium

1. Introduction

Plant growth-promoting rhizobacteria (PGPR) are a diverse group of beneficial bacte-
ria that inhabit either plant root systems or rhizosphere soil [1]. PGPR could improve plant
growth by either directly supplying the necessary nutrients via phosphorus (P) solubiliza-
tion, potassium (K) dissolution, and nitrogen (N) fixation in soils, or indirectly accelerating
the secretion of phytohormones (e.g., growth hormones, cytokinins, and erythromycin) in
plants [2—4]. In addition, PGPR has the potential to change soil bacterial compositions and
further influence the soil nutrient status as a result of extrinsic microbe inputs. For example,
the application of PGPR in soils changed the soil-dominant bacterial genera in a eucalyptus
plantation and further influenced the uptake of soil inorganic N by plants [5]. However,
the mechanism for how biochar and PGPR influence the soil nutrient status mediated by
soil microbial diversity remains less studied.

Biochar has been identified as a high-temperature pyrolysis material with a high
carbon content in oxygen-free or oxygen-limited conditions [6]. Biochar has been widely
used as a soil amendment to achieve beneficial impacts on soils, including the improvement
of soil physicochemical properties and microbial carbon utilization, and the diversity of
soil microbial communities [7,8]. Recent studies have indicated that the application of
biochar could directly increase soil carbon (C) sequestration, soil water content (SWC),
and soil nutrient retention [9,10]. Understanding the responses of soil nutrients to biochar
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treatments remains crucial because of the significant role nutrients play in the soil microen-
vironment [11]. In addition, biochar provides a novel niche for soil microbes with increased
soil aeration due to the large porosity and nutrient-rich surfaces [12,13]. Therefore, the ap-
plication of biochar may improve microbial activity and further increase microbial diversity
in soils [14,15].

Eucalyptus belongs to the family Myrtaceae and is one of the fastest-growing and
most productive afforestation species in the world. However, the increased application
of chemical fertilizer on eucalyptus plantations not only increases the sylvicultural cost
but also leads to negative impacts on the soil’s microenvironmental stability [16-18]. A
potential solution to this problem is the use of biofertilizers consisting of biochar and PGPR
to maintain ecologically sound forestry.

The microbial community and functional diversities reflect the changes in the soil
nutrient status after amendment, which are an important indicator of soil microenviron-
mental stability and play an indicative role in soil ecosystems. Soil microbes have also been
reported to prefer the specific carbon source, and this pattern may reflect the soil functional
diversity of soil microbes [19]. While we acknowledge that using biochar or PGPR alone
has the potential to improve soil fertility and microbial diversity [20,21], studies on the
effects of the co-application of biochar and PGPR on soils’ microenvironmental stability
remain relatively limited. In this study, we sought to determine the microbial diversity and
physicochemical property responses to PGPR and biochar applications. Specifically, we
investigated the (1) soil physicochemical properties; (2) soil bacterial community diversity
and microbial functional diversity; and (3) the relationship between the soil N and soil
microenvironment. We hypothesized that evaluating the soil N dynamics would as serve
as an important indicator of soil microenvironmental stability.

2. Materials and Methods
2.1. Research Site

We conducted our study at the Gaofeng Forest Center, Changke Branch, Guangxi,
China (108°21" E, 22°58’ N). The annual temperature of the research site was 21.6 °C, with
an average annual precipitation of 800-1600 mm, and air humidity of 70-80%. The soil
type was classified as acidic red loam and metabolic red loam. The basic physicochemical
properties of the soil were a pH 4.5-5.5, soil organic matter content of 2-3%, and soil col-
loidal fraction silica-alumina rate between 1.5-1.8. The soil’s nutrient contents (especially
for N, P, and K) were classified as extremely lacking based on the Chinese Grade of Soil
Nutrient Content. The herbaceous layer was dominated by native Chinese herbs, includ-
ing Solanum nigrum L. (black nightshade), and Stellaria media (L.) Vill. (chickweed) and
Bidens pilosa L. (beggarticks).

2.2. PGPR and Biochar Characterizations

The biochar in the experiment was made from wheat straw, which was produced via
pyrolysis at 550-600 °C with a continuous carbonization time of 3 h. The basic properties
of the biochar used in our study indicated that the biochar was N-free (Table S1).

The PGPR (Strain DUQ7) used in our experiment was isolated from the eucalyptus
rhizosphere soil by Dr. Baoling Huang in the laboratory of environmental microbiology,
Forestry College, Guangxi University in 2011, and identified as Bacillus megaterium [5].

2.3. Experimental Design

The topsoil of our research site was plowed on 13 January 2019, and then divided
into two 11 m x 10 m experimental units, with a 2 m buffer strip between each unit.
Each experimental unit was further divided into 5 columns. Each column was divided
into 2 m X 2 m plots with 1 m buffer strips between plots (Figure S1). Three plots were
randomly selected within each column, for n = 3 replicates per treatment and the control.
The Eucalyptus urophylla x E. grandis (clone DH32—29) were generously provided by the
Dongmen Forestry Center, Guangxi, China, and planted in our treated plots with a planting
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space of 2m x 2 m on 14 January 2019. We followed standard eucalypt planting practices
which included measuring the height (25.21 & 4.12 cm) and basal diameter (3.77 £ 0.83 mm)
of the seedlings before planting.

The experimental and control groups were set up as follows: no biochar and no PGPR
(MOBQO, referred to as the control), PGPR-only (5 x 1010 cfu-mL~1, MBO0), biochar-only
(20 t-hm~2, B20), and the co-application of 20 t-hm~2 biochar and 5 x 10!° CFU-mL™!
PGPR (MB20).

The biochar was applied by firstly digging 40 pits of 30 cm x 30 cm x 30 cm for
the control and treatments before planting the eucalyptus seedlings, and then mixing the
corresponding concentration of biochar with the excavated soil and backfilling the pits.

The PGPR was applied into the soil by inoculating strain DU07 into a liquid Luria-
Bertani (LB) medium at 28 °C for 3 d at 180 r-min~! and was diluted to 5 x 10'° cfu-mL~!
with sterile water before application [5]. The inoculation process was carried out on a clean
bench under strict sterile conditions. At the same time as the eucalyptus seedlings were
planted into the soil, 2 mL of PGPR at the logarithmic phase of growth was applied to each
seedling in the MBO and MB20. Our experiment was started on 14 January 2019, with a
nine-month experimental period.

2.4. Field Sampling and Lab Measurements

Nine months after the planting of the eucalyptus seedlings, three soil samples
(n = 3) were collected from the 0-20 cm top layer. Part of the soil samples were then
stored at 4 °C for soil microbial abundance and the utilization of microbial carbon sources
analysis. The other portion of the soil was air-dried and sieved through a 100-mesh after
grinding to determine the soil nutrients.

The nutrient content of the soil samples included the soil nitrate N (NO3 ™), soil
ammonium N (NHj*), soil total N (Soil TN), soil total phosphorus (Soil TP), and total
potassium (Soil TK). The NO3;~ and NH4* were determined using 0.01 mol-L~1 of CaCl,
extracted on a fully automated flow analyzer (AA3, SEAL, Hamburg, Germanly) [22].
The Soil TN was determined using H,SO4 and accelerators (CuSOy and tin powder) for
decoction, followed by machine determination on a flow analyzer (AA3, SEAL, Hamburg,
Germanly). The Soil TP was colorimetrically measured at 700 nm on a Biotek Synergy H1
microplate reader (Winooski, VT, USA). The Soil TK was measured on the flame photometer
(Shuangxu, FP6430, Shanghai, China) following digestion with H,SO4 and HNOj [5]. The
Soil pH and electronic conductivity (EC) were determined by a conductivity meter (HI 8733,
HANNA Instruments, Kehl am Rhein, Germany) and pH meter (PB-10, Sapeen, Shanghai,
China), respectively.

The carbon-usage capacity and functional diversity indices of the soil microbes were
measured with the Biolog EcoPlate method, which was carried out based on the meth-
ods described in our previous study [23]. The average well color development (AWCD,
Formula (S1)), Simpson index of soil microbial functional diversity (Simpsonyp, Formula
(52)), Shannon index of soil microbial functional diversity (Shannony, Formula (S3)), and
McIntosh (Formula (54)) characterized the functional diversity of soil microorganisms and
were used to assess the dominance, diversity, and evenness of species, respectively.

2.5. llumina High-Throughput Sequencing

We extracted genomic DNA from each soil sample using the E.Z.N.A. Soil DNA
kit (Omega Bio-Tek, Norcross, GA, USA). The DNA concentration was determined us-
ing the NanoDrop2000 micro spectrometer (Thermo Scientific, Wilmington, DE, USA).
DNA integrity was assessed by electrophoresis with a 1% agarose gel. Primers were used
to amplify the V3-V4 hypervariable regions of the bacterial 165 rRNA (Table S2). PCR
amplification was conducted using a PCR instrument (GeneAmp 9700, Applied Biosystems,
Foster City, CA, USA). Samples from each of the four treatment groups were amplified
three times in duplicate, and the products from multiple amplifications were mixed well to
eliminate bias from a single amplification. The PCR products were then recovered from
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Nutrient concentration (mg-g")

100

0.1

0.01

0.001

the agarose gels (2%). DNA was further purified using the AxyPrep DNA Gel Extraction
Kit (AxyPrep Biosciences, Union City, CA, USA) and quantified using QuantiFluorTM-ST
(Promega Madison, WI, USA). The sequencing of the purified amplicon was referred to Ren
et al. [5]. The Shannon index of soil bacterial community diversity (Shannongc, Formula
(S5)), Simpson index of soil bacterial community diversity (Simpsongc, Formula (56)), ACE
(Formulas (57)-(511)), and Chao (Formula (S12)) of samples were assayed to reveal the
community structure.

2.6. Statistical Analysis of Data

The effects of the biochar and PGPR on the soil physicochemical properties, microbial
diversity index, carbon source utilization, and abundance of dominant bacterial populations
were evaluated using a one-way analysis of variance (ANOVA) by SPSS 26.0. ORIGIN 2022
was used for the principal component analysis (PCA) including the soil microbial carbon
source utilization, and CANOCO 5.0 to investigate the role of the soil-microbial correlation
between the soil’s physical and chemical properties, microbial carbon use, and microbial
diversity index. The Mantel test was performed using the mantel function in R 4.3.1 to
assess the correlation between the bacterial community and the environmental dissimilarity
matrices. It is important to note that we determined 0.05 < p < 0.1 as marginal significance.

3. Results
3.1. Soil Physicochemical Properties

There were no observed significant differences between treatments in the NO3;~, Soil
TK, pH, and EC. The Soil TN significantly (p < 0.01) decreased by 29.35%, 42.27%, and
31.11%, for the MBO, B20, and MB20 compared to the control, respectively. The NH;* was
marginally significantly (p < 0.1) increased by 5.81%, 4.27%, and 7.96%, respectively, for
the MBO, B20, and MB20 compared to the control. A similar pattern occurred in the Soil
TP, with increases of 33.02%, 67.96%, and 128.9% in the MBO, B20, and MB20 compared to
the control. The MBO0, B20, and MB20 significantly (p < 0.05) increased the soil’'s SWC by
44.07%, 7.48%, and 38.88%, respectively, relative to the control (Figure 1a).
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Figure 1. Mean (+standard error) of soil nutrients and soil microbial carbon utilization capacity
measured in biochar and PGPR—treated soils (n = 3). *, **, *** indicate statistically significant
differences between treatments and the control at 0.1 < p < 0.05, 0.01 < p < 0.05, and 0.001 < p < 0.01,
and “ns” indicates “not significant”. Significant statistical differences between the treatments and the
control are indicated by lowercase letters at the « = 0.05.
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3.2. Soil Microbial Functional Diversity

The AWCD value of all treatments increased with the prolongation of the treatment
time and continuously during the incubation period from 24 to 96 h, the trend of increase
slowed down and stabilized at 96 h (Figure S2a). The MBO resulted in the highest AWCD
during the incubation process. In contrast, the AWCD of MB20 was the lowest of all the
treatments. The microbial metabolism of the incubation at 120 h was in a stable stage
according to the trend of carbon source utilization; therefore, the AWCD at 120 h was
analyzed for its soil microbial functional diversity. All treatments had no significant effects
on the Shannonyg, Simpsony, and McIntosh at 120 h (Table 54).

The utilization of two major carbon sources, carbohydrate and multipolymer, was
significantly impacted by the application of biochar, but not the amino acids, carboxylic
acids, phenolic acids, and amines (Figure 1b). For the ability of the soil microorganisms to
utilize carbohydrates, a significant (p < 0.05) increase was evident in the MBO (56.35%), B20
(51.54%) and MB20 (19.69%) compared to the control. The B20 significantly enhanced the
soil microbial utilization of multipolymers by 5.39% compared to the control.

The carbon utilization capability of the soils treated with PGPR and biochar was
analyzed using a principal component analysis (PCA). The results showed that the first
principal component (PC1) and the second principal component (PC2) contributed 25.0%
and 20.7% of the variance, respectively, with a cumulative variance contribution of 45.7%
(Figure S2b, Table S5). The PC1 separated the control and the treatments, the MBO and
MB20 clustered upward, and the B20 clustered downward. The biochar and PGPR gener-
ally shifted the treatments to the right, indicating that the carbohydrate and amino acid
carbon source utilization rates of the biochar and PGPR treatment were higher. A posi-
tive correlation was observed between the PC1 and the D-cellose, 3-menthyl D-glycoside,
glucose-1-phosphate, and D-galactose. The PC2 showed negative correlations with the
D-xylose, r-hydroxybutyric acid, a-ketobutyric acid, and phenylethylamine, and posi-
tive correlations with the L-phenylalanine. An apparent division was observed between
the biochar and PGPR-treated groups and the control, indicating that biochar and PGPR
treatments affect microbial functional diversity.

A canonical redundancy analysis (RDA) was used to analyze the relationship between
the selected soil’s physicochemical properties and soil microbial carbon utilization capacity
(Figure 2). Two ordination axes accounted for 61.49% of the variability. With 31.63% of the
variability being explained by the first ordination axis (RDA1), it had a primarily positive
correlation with the Soil TN. With 29.86% of the variability being explained by the second
ordination axis (RDAZ2), it was primarily positively correlated with theSWC. In general, the
results indicated that Soil TN (p = 0.068) may have a marginally significant impact on soil
microbial carbon use.

3.3. Soil Bacterial Community Diversity

There were no significant differences between all treatments on the Shannongc com-
pared to the control. The MBO0, B20, and MB20 significantly increased the Simpsongc by
18.16%, 27.21%, and 13.80%, the ACE by 7.36%, 13.78%, and 13.51%, and the Chao by 7.49%,
13.06%, and 12.44%, respectively, compared to the control (Table 1).

The results indicated that the top 12 dominant phyla in soil samples, among which
Proteobacteria performed the highest in all treatments, ranged from 27.34% to 39.15%. The
order of the other dominant bacterial phyla was Actinobacteria, Chloroflexi, Acidobac-
teria, Gemmatimonadetes, Bacteroidetes, Rokubacteria, Cyanobacteria, Planctomycetes,
Firmicutes, Patescibacteria, and Verrucomicrobia (Figure 3). The relative abundance of
each bacterial phylum level varied significantly (p < 0.05) across all treatments. The MB20
significantly increased the relative abundance of Proteobacteria by 29.01%, Bacteroidetes
by 43.64%, and Gemmatimonadetes by 32.8%, in comparison to the control. In general, the
composition of the microbial community was significantly influenced by the co-application
of PGPR and biochar.
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Figure 2. Redundancy analysis (RDA) of soil physicochemical properties and soil carbon usage in soils
treated with PGPR and biochar. Arrows of different colors represent the explanatory variables, green
lines represent the soil’s carbon use, and blue lines represent the soil’s physicochemical properties.

Table 1. Mean values (£standard error) of soil bacterial community diversity after biochar and PGPR
treatments. Simspon index for soil bacterial community diversity (Simpsongc). Shannon index of soil
bacterial community diversity (Shannonpc). Four treatments were set up as no biochar and no PGPR
(MOBQO, referred to as the control), 5 x 10! CFU-mL~! PGPR-only (MBO), 20 t-hm~?2 biochar-only
(B20), and co-application of 20 t-hm~2 biochar and 5 x 1019 CFU-mL~! PGPR (MB20). Differences in
lowercase letters within column indicate statistically significant differences at « = 0.05 level.

Treatments Shannongc Simpsongc ACE Chao
MOBO 6.72 + 0.04 0.0024 £ 0.00014 ¢ 3154.92 £ 18.40 ¢ 3243.05 + 1891 b
MBO0 6.56 = 0.19 0.0030 + 0.00049 b 3405.73 + 56.38 b 3505.68 + 58.04 a

B20 6.80 £ 0.34 0.0034 + 0.00017 a 3659.33 + 105.64 a 3730.09 + 107.68 a
MB20 6.70 + 0.06 0.0028 £ 0.00058 b 3647.77 £ 74.21 a 3703.99 + 75.35 a

To explore the main effects on bacterial community composition, we conducted the
Mantel test, the bacterial community composition (based on the Bray—Curtis distance
matrix) was compared with the soil’s physicochemical properties (based on the Euclidean
distance matrix) (Figure 4, Table S6). The NO3~ (r = 0.250, p = 0.002), and Soil TN (r = 0.726,
p = 0.001) were the main factors affecting the bacterial community composition in the MB20.
The primary factor influencing the makeup of the B20 bacterial community were the Soil
TN (r = 0.541, p = 0.002), Soil TP (r = 0.291, p = 0.029), and the N0z~ (r = 0.127, p = 0.038).
The Soil TK (r = 0.244, p = 0.039) was the main factor affecting the MBO.
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Figure 3. Relative abundance of the bacterial community in the soils treated with biochar and PGPR.
Significant statistical differences between treatments and the control are indicated by lowercase letters
within panel.
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Figure 4. Pearson’s correlation coefficients of relative abundance and community composition of
dominant bacteria and impact factors based on Mantel tests.
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We then conducted the RDA to gain a deep understanding of the relationship between
the soil’s physicochemical properties and soil bacterial community diversity. The results
revealed that the RDA1 was primarily related to the Soil TN, accounting for 91.23% of the
total variability, and the RDA2 was primarily related to the Soil TP, accounting for 0.07% of
the total variability (Figure 5). The diversity of the soil bacterial community was negatively
correlated with the Soil TN (p = 0.002), which was the main effective environmental factor
influencing soil bacteria. The soil bacterial community diversity under different treatments
showed significant spatial differences, which positively correlated with the NH,*, Soil TP,
Soil TK, and SWC and negatively correlated with the Soil TN, NO; ™, and pH.

1.0

SWC

Simpson,,

Shannon,, Soil TN

RDA2 (0.07%)

Soil TP. Soil TK

Mmoo [ M
A MBI
| MB20 [Soil TN p=10.002]

1.0 " RDAI (91.23%) 1.0

Figure 5. Redundancy analysis (RDA) of the soil’s physicochemical properties and bacterial com-

munity diversity in soils treated with PGPR and biochar. Arrows of different colors represent the
explanatory variables, green lines represent the soil bacterial community diversity, and blue lines
represent the soil’s physicochemical properties.

4. Discussion
4.1. Soil Nutrient Concentration

Our study investigated the effects of biochar and PGPR on a soil’s physicochemical
properties, soil community, and functional diversities important for soil microenvironment
evaluation. The decreased Soil TN was in line with other studies. The absorption and use
of N from soil may be improved by biochar [24-26]. PGPR-converted active N could be
used for plant chlorophyll synthesis for plant growth. The NO3~ decreased following all
treatments, significant differences were not observed, despite numerical variations. NO3 ™~
was easily leached from soil colloids because of its negative charge, leading to the decreased
soil NO3 ™ in our study [27]. Studies have shown that biochar could enhance the abundance
of denitrifying bacteria and upregulate the denitrifying narG, nirS, nirK, and nosZ genes in
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the soil [28,29]. The increase in NH4* may also be due to the N-fixation of PGPR, which is
the most important biological N supply in the terrestrial ecosystem [24,30]. Some PGPRs,
such as Bacillus megaterium, had the potential ability to fix N and played an important
role in the supply of non-artificial N [31]. Biochar had the potential to accumulate soil
NH4* [32]. In addition, biochar could facilitate the retention of nutrients and provide a
suitable ecological niche for PGPR, resulting in more soil NH4* in the MB20 [13]. The
co-application of biochar and PGPR further improved the Soil TP content, which was
more significant than either alone. Nutrient availability can be further improved by the
co-application of biochar and PGPR [33]. The Bacillus megaterium phosphorus solvent has
been reported to break down organic P and immobilize inorganic P in the soil for plant
uptake and utilization [34]. Studies have shown that biochar has a high P retention capacity,
which also reduce soil P leaching. Biochar and PGPR significantly increased the SWC,
which could be due to changes in the soil’s physical properties, such as the aggregation
of soil particles, and the relatively large specific surface area of biochar. The increase in
the SWC may also be due to the influence of the extracellular polymeric substances (EPSs)
released by PGPR. The results are consistent with Hossain et al. [35]. PGPR has been usually
embedded in biofilms formed by the EPSs secreted by bacteria when added to soils [36].
Studies have shown that Bacillus sp. could release EPSs, which have a large water-holding
capacity [37,38]. Adding even a small amount of 1% (w/w) of an EPS to the soil could
significantly increase the water-holding capacity of the soil [39]. This may also explain the
elevated SWC in the MBO and MB20 (Figure 1a).

4.2. Soil Microbial Functional Diversification

Soil microorganisms were involved in the cycling of soil nutrients and the transforma-
tion of root secretions [40,41]. Therefore, soil microorganisms played an important role in
maintaining the dynamic balance of soil nutrients as the processing plant and transporta-
tion medium of soil nutrients. However, the diversity of soil microorganisms may be in
dynamic equilibrium due to factors such as the soil’s organic matter and mineral nutrients.
Soil microorganisms were important components of terrestrial ecosystems, and microbial
functional diversity was a sensitive indicator of changes in the soil quality. The AWCD,
Shannonyr, Simpsony, and McIntosh indices of the soil microbial communities were not
significantly different between all treatments, indicating that the soil microbial species and
quantity were similar in the 3rd quarter after the amendment (Table S4).

The capacity of soil microorganisms to utilize various carbon sources was a key
indicator of soil fertility, as the carbon source metabolism played an important role in
soil nutrient transformation [42]. The ability of soil microbes to use carbohydrates was
greatly increased in all treatments, and either the sole application of biochar or PGPR was
significantly higher than the co-application of biochar and PGPR (Figure 1b). The preferred
carbon source for soil microorganisms in our study was carbohydrates, consistent with
studies showing carbohydrates as the preferred carbon source for soil microorganisms
in forest ecosystems [43]. Carbohydrate and amino acid-based carbon sources have been
strongly associated with plant root exudates (REs) [44]. The plant-PGPR interactions
were mainly mediated by REs, which are the main source of nutrients for the PGPR and
promote PGPR colonization and EPS formation in the soil [45]. Studies have shown that
the application of PGPR significantly improves plant root growth and the production
of REs [46]. The adsorption of REs by biochar allowed soil microorganisms to better
utilize carbohydrate carbon sources. The abundant soil organic matter (SOM) in the
soil provided sufficient carbohydrates [44]. In our study, the fallen leaves of Eucalyptus
plantations provide abundant SOM, and Microorganisms can act on more substrates thereby
enhancing their ability to utilize carbohydrates, which may explain the preference of soil
microorganisms for carbohydrates as a carbon source.

In the present study, we used a PCA to reveal the global associations between different
addition modalities and microbial carbon source utilizations. The treatments and control
groups segregated mainly on PC1, explaining 25% of the variance, suggesting that the PGPR
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and biochar alone and synergistically had some degree of enhancement of carbohydrate
utilization. The outcomes align with the findings presented in Figure 1b in which the
microbial utilization of carbohydrate carbon sources was enhanced by each treatment
group, where the clustering of the treatment groups was mainly based on the D-cellose,
B-menthyl-D-glycoside, and Glucose-1-phosphate variables (Figure S2a).

The soil’s physicochemical properties were a key factor influencing soil microbial
functional diversity, on which soil microbial diversity was more significant than that of
above-ground plants [47]. In our study, different treatments could affect the soil microbial
utilization of specific carbon sources, as well as the microbial community diversity by
influencing the soil’s physicochemical properties. It was found that different soil physico-
chemical factors affected the soil’s microbial carbon source utilization to different degrees,
and the Soil TN mainly positively affected multipolymer and phenolic acids, and negatively
affected the amines, carboxylic acids, carbohydrates, and amino acids (Figure 2). These
findings suggest that the changes in microbial function in biochar and PGPR-amended
soils may be driven by soil physicochemical properties, especially the Soil TN.

4.3. Soil Microbial Evaluation

Soil bacteria make up the majority of the three major groups of soil microorganisms
that influence the metabolism and reproduction of soil fungi and actinomycetes [48]. The
characteristics of the community structure reflected the status of the soil microbial com-
munity [49]. The soil bacterial community diversity could be used as an indicator for the
evaluation of soil ecological functions [50]. There was a significant increase in soil bacte-
rial community diversity in our study. Specifically, the B20 had the highest Shannongpc,
Simpsongc, ACE, and Chao indices. The Simpsonpgc, ACE, and Chao indices of all the
treatments were higher than the corresponding indicators for the native soil bacterial
community (Table 1). It has been shown that biochar could change the physicochemical
properties, such as loosening the soil structure, inputting inorganic and organic nutrients,
and increasing the SWC, which could improve the microbial metabolism and increase soil
bacterial community diversity [42,51,52]. Previous studies have shown that inoculation
with PGPR increased the bacterial community diversity in the inter-root soil of bananas and
promoted plant growth [53]. Specifically, our results show that the application of biochar
and PGPR increases soil bacterial community diversity, which is essential for maintaining
soil stability.

Our results showed that the relative abundance of bacterial communities varied greatly
at the phylum level. This phylum level resembles other soil conditions [54,55]. Proteobac-
teria and Actinobacteria were the most prevalent phyla regardless of the treatment used,
which was consistent with the observation that soils often include two ubiquitous types of
bacteria [56,57]. N-fixing microorganisms were mainly distributed in more than 60 genera
in seven phyla, including Proteobacteria, Actinobacteria, Cyanobacteria, Chlorobi, Chlo-
roflexi, Firmicutes, and Euryarchaeota [58]. Proteobacteria dominated with the highest
percentage of abundance across treatments, and this phylum included some N-fixing bac-
teria [59]. Acidobacteria have been one of the important members of soil ecosystems and
widely distributed in different ecosystems, which could contribute to plant performance
and productivity by participating in the N cycle [60,61]. The community diversity of
bacteria directly affects the conversion of N and eucalypt uptake and the utilization of nitro-
gen [62]. The higher abundance of Proteobacteria, Bacteroidetes, and Gemmatimonadetes
in the MB20 indicates that the co-application of biochar and PGPR moderated the dominant
species in the Eucalyptus soil through soil N regulation. Previous studies have shown that
the application of biochar could affect the community composition and the abundance
of the associated species of soil microorganisms, which may drive nutrient cycling, and
subsequently affect plant growth directly or indirectly.

The mantel test also confirmed that Soil TN was the main environmental factor
affecting the bacterial communities of the B20 and MB20, indicating that PGPR and
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biochar amendment may alter bacteria abundance indirectly through changes in the Soil
TN (Figure 4). Similar observations have been reported in previous studies [63,64].

The RDA of the soil’s physicochemical properties and bacterial community diver-
sity showed that the Simpsongc, Shannongc, ACE, and Chao indices were significantly
(p < 0.01) correlated with the Soil TN negatively (Figure 5). The increase in the soil N
suppressed the ability of microorganisms to metabolize carbon sources [65]. This could be
the reason why the decline in the Soil TN in this study increased soil bacterial community
diversity. In addition, the decrease in Soil TN led to the soil C/N increase. Sufficient soil mi-
crobial nutrients were conducive to the increase of soil bacterial community diversity [66].

5. Conclusions

All treatments significantly improved the microbial utilization of carbohydrates. MB20
significantly increased SWC, soil TP, NH,*, the Simpsongc, ACE, and Chao indices, but
decreased soil TN compared with the control. The RDA results showed that a strong
negative correlation between the Soil TN and the diversity index of the soil bacterial
community occurred. In conclusion, biochar and PGPR had positive effects on the Soil TN,
Soil TP, NH4*, SWC, soil bacterial community diversity index, and carbohydrate utilization
by soil microbial communities. Our study represents the nine months after biochar and
PGPR application and is important for N reduction and soil improvement in regional
eucalyptus plantation forest cultivation.
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