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Abstract: The use of biochar as a soil amendment has substantial potential to enhance soil quality
and carbon sequestration. However, the responses to the addition of biochar based on soil microbial
residues are not well understood, particularly at the aggregate level. Herein, a two-year field
experiment investigated the characteristics of distribution of microbial residues in calcareous fluvo-
aquic soil aggregates (SA) in Henan Province, China. Four treatments were established as follows:
no fertilizer (CK), chemical fertilizer (NPK), biochar (BC), and biochar combined with chemical
fertilizer (NPK + BC). The results showed that the effects of particle size substantially impacted the
microbial residues with 2–0.25 mm SA having the largest contents of amino sugars and microbial
residual carbon (MRC), followed by >2 mm SA. Compared with the CK, the NPK treatment markedly
enhanced the levels of glucosamine (GluN), galactosamine (GalN), muramic acid (MurA), total
amino sugar (TAS), and MRC in the 2–0.25 mm SA by 26.69%, 24.0%, 23.62%, 25.11%, and 24.82%,
respectively. The NPK + BC treatment significantly increased the contents of GluN, GalN, TAS, and
MRC in the bulk soil and 0.25–0.053 mm SA compared with the NPK treatment. Bacterial biomass
and the activity of N-acetyl-glucosaminidase in the bulk soil and SA markedly and positively affected
the content of carbon in the amino sugars and microbial residues. Overall, the 2–0.25 mm SA were
microenvironments with the largest accumulation of soil microbial residues, and the combined
application of NPK + BC was more effective at increasing the accumulation of microbial residues
in the SA, which provides an ideal fertilization strategy to improve the soil microenvironment and
enhance soil quality.

Keywords: biochar; microbial residues; amino sugars; soil aggregates; fluvo-aquic soil

1. Introduction

Soil aggregates (SA) are the fundamental units of soil composition that are formed
through the cementation of soil mineral particles and organic complexes, and the levels and
distribution impact soil quality [1,2]. Soil microbial residues, which are formed by cellular
residues that accumulate in the soil over time after the death of living microorganisms,
are the major origin of carbon for the stable carbon pool, and the rate of contribution
of the stable soil organic matter (SOM) is approximately 50% [3,4]. The SA structure is
closely related to the aggregation and decomposition processes of microbial residues in
the soil [5,6]. A study has shown that microbial residues have a positive effect on the
formation and stabilization of SA [7], and they may have a longer lasting effect on SA than
living microorganisms [8,9]. Moreover, the accumulation of soil microbial residues depends
primarily on the degree of physical protection of the shape of SA [8,10].

As unique components of the microbial cell wall, amino sugars can be chronically
maintained in the environment even after the death of microorganisms as described by
Joergensen [11] and can be used as important markers for microbial residues [12] and
to measure the accumulation of MRC in the soil [5]. There are currently up to 26 amino
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sugars recognized in soil microorganisms. However, most studies have only quantified
glucosamine (GluN), galactosamine (GalN), muramic acid (MurA), and mannosamine as
described by Joergensen [11]. A study has shown that GluN (primarily of fungal origin)
was more likely to be enriched in the large particle sizes of SA, while MurA (exclusively of
bacterial origin) was more likely to be enriched in the small particle sizes of SA [10]. How-
ever, Angst et al. [3] synthesized the results of 14 studies on amino sugars from agricultural
soil and found that both macroSA (macroaggregates) and microSA (microaggregates) had a
higher content of carbon from fungal residues compared with silt-clay, but it was difficult to
assess whether the bacterial or fungal residues dominated between macroSA and microSA.
The distribution of SA-based amino sugars in different particle sizes appeared to depend
on the ecosystem properties.

Numerous studies have confirmed that the application of organic materials facilitates
the production and accumulation of soil microbial residues [1,13,14]. Luan et al. [13]
suggested that organic materials combined with chemical fertilizers not only increased
the living microbial biomass and microbial residues content within the SA, but microbial
residues also promoted the accumulation of organic carbon in SA compared with chemical
fertilizer treatment. Ding et al. [7] proposed that high applications of manure (15 and
22.5 Mg ha−1 yr−1) remarkably promoted the accumulation of total amino sugars (TAS) in
0.25–0.053 mm and 0.25 mm SA and augmented the contribution of microbial residues to
organic carbon in the 0.25–0.053 mm and 2–0.25 mm SA. However, they had no impact on
the content of amino sugars in silt-clay. In addition, the response of amino sugars of fungal
or bacterial origin to manure application differed in the SA with varying particle sizes, and
the increase in GluN in the > 0.25 mm SA was greater than that in the <0.25 mm SA, while
the increase in MurA in the > 0.25 mm SA was similar to that in the 0.25–0.053 mm SA [7].
Most of these studies concentrated on the influences of application of organic material or
organic fertilizer on microbial residues in the bulk soil or SA, but there are few studies on
how biochar (BC) affects soil microbial residues after being applied to the soil, particularly
at the aggregate level.

Owing to its unique properties, BC can augment the content of soil organic carbon
(SOC) and enhance the ability of soil to hold water and retain nutrients, as well as improving
microbial activity after application to the soil [15–17]. BC and soil particles can form SA and
organic–inorganic complexes, which facilitate the formation and stabilization of SA [18,19].
The SOC content in SA with different particle sizes is intimately related to the soil quantity
of BC [20]. Therefore, BC is considered to be a new tactic to enhance soil quality and
improve the soil microhabitat environment, which is widely used in agroecosystems [21].
The calcareous fluvo-aquic soil on the North China Plain is deficient in nutrients and has
a relatively low content of SOM. The long-term excessive use of fertilizer has led to soil
crusting and nutrient imbalances, which reduces the ability to produce crops [22]. There is
an urgent need to explore reasonable and efficient fertilization measures to improve the
quality and health of soil in this region.

This study hypothesized that the combined applications of BC and NPK could more
significantly increase the accumulation of microbial residues in SA than the single appli-
cation of BC or NPK and that microbial residues in the soil were influenced by particle
size effects. Therefore, the objectives of this study were to (1) investigate the distribution
characteristics of amino sugars and MRC in fluvo-aquic SA for the BC and NPK application
and (2) identify the dominant factors that drive changes in amino sugar and MRC in soil
aggregates after different fertilization treatments. Our results could provide a scientific
fertilization strategy to improve the soil microenvironment and enhance soil quality.

2. Materials and Methods
2.1. Soil and Biochar

A long-term field experiment was located at the Modern Agricultural Research Base
in Henan, China (35◦0′ N and 113◦43′ E). The mean yearly precipitation is 542.15 mm; the
duration of sunshine is approximately 1870 h; the average temperature is 15.60 ◦C, and
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the frost-free duration lasts for 209 d. The soil type is a calcareous fluvo-aquic soil, and
according to the world reference base for soil resources (WRB) classification standards, the
fluvo-aquic soils belong to cambisols [23,24]. The basic soil physicochemical characteristics
were as follows: bulk density 1.18 g cm−3, pH 8.14, SOC 3.56 g kg−1, total N 0.44 g kg−1,
and available phosphorus and potassium 4.14 and 91.16 mg kg−1, respectively. The planting
method was a rotation of winter wheat (Triticum aestivum) and summer maize (Zea mays).
After the end of the experiment, the physicochemical characteristics of bulk soil in differ-
ent treatments were shown in Table S1. Henan Sanli New Energy Co., Ltd. (Xinxiang,
Henan, China) was used to produce peanut shell biochar as described by Zhang et al. [1].
The physicochemical characteristics of the biochar were as follows: pH 9.16, surface area
5.10 m2 g–1, total carbon 71.70%, total nitrogen (TN) 1.51%, total phosphorus 0.18%, total
potassium 0.54%, hydrogen 2.61%, and oxygen 12.49%.

2.2. Experimental Design

The field trial started in the 2017 wheat season with a randomized complete block
design that involved four treatments and three replicates. The plot sizes were a rectangle
of 4 square meters. The treatments selected for this study were as follows: CK, NPK, BC,
and NPK + BC. Before starting the experiment, the biochar was passed through 0.154 mm
sieves. The biochar was spread evenly on the soil surface and then mixed with the topsoil
(0–20 cm) using a rotary tiller. Biochar was applied at 22.5 t ha−1 only once before the
wheat was sown in 2017. The fertilizers that were provided for the wheat were nitrogen (N)
165 kg ha−1, P2O5 82.5 kg ha−1, and K2O 82.5 kg ha−1. The N ratio of basic fertilization to
the wheat season topdressing was 1:1 in the N fertilizer. The base fertilizers were N and
phosphorus (P), which were applied in a single application. The N fertilizer applied to the
maize was provided at 225 kg ha−1 in such a manner that the ratio of the part applied as
basal fertilizer to the part applied as topdressing in the bell-mouthed period was 7:3. The
application of P and K fertilizers was consistent with those used in the wheat season. Urea
(N 46%), calcium superphosphate (P2O5 12%), and K chloride (K2O 60%) were utilized as
N, P, and potassium (K) fertilizers in the field experiment, respectively.

2.3. Soil Sample Harvesting and Aggregate Classification

Soil samples were taken from each plot after the maize harvest in September 2019.
The soil aggregate samples were collected from the bulk soil by randomly determining
two points in each plot. A flat soil profile was dug with a shovel to construct an outwardly
protruding soil column (length × width × height: 18 cm × 8 cm × 12 cm, the same size
as that of a rigid plastic box) on the profile. The soil column was then carefully slid into a
rigid plastic box. The two-point soil samples taken from the respective plots were mixed,
and large pieces of soil were then separated along the fissures of the soil blocks themselves
and passed through a 10 mm sieve.

The SA of varying particle sizes were sorted by wet sieving of the fresh soil as follows:
a certain amount of sieved fresh soil (equivalent to 100 g of dry soil) was weighed and
evenly coated on the top layer of the sieve nest. It was prewetted in water for 5 min. After
that, the sieve nest was moved up and down at a constant speed within a range of 3 cm,
and the movement was repeated 50 times during a period of 2 min. After sieving, aggregate
samples with different particle sizes were obtained: >2 mm SA (MacroSA), 2–0.25 mm
SA (small MacroSA), 0.25–0.053 mm SA (MicroSA), and <0.053 mm silt-clay obtained by
static settling and centrifugation of the solution [25,26]. The SA of the respective levels of
particle sizes were collected in weighed aluminum boxes and followed by drying at 60 ◦C.
They were then weighed and documented to calculate the distribution and mean weight
diameter (MWD) of the SA, as well as the contents of TN and total organic carbon (TOC)
of the SA. Sufficient soil agglomerates were repeatedly sieved and collected for testing.
Some of the fresh samples were retained at 4 ◦C to determine the amounts of soil microbial
carbon (MBC) and nitrogen (MBN) and the extracellular enzymatic activity, while others
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were freeze-dried before storage at –20 ◦C to determine the soil phospholipid fatty acids
and amino sugars, among others.

2.4. Soil C- and N-Related Properties and Amino Sugar Extraction

The TOC within soil was determined by the potassium dichromate oxidation method
as described by Juliana [27]. The content of TN in the soil was measured by the potas-
sium dichromate oxidation method as previously described [28]. The amino sugars were
extracted as described by Indorf et al. [29]. A volume of 10 mL of 6 mol L−1 HCl was
introduced into 200 mg of dry soil. The samples were hydrolyzed at 105 ◦C for 8 h, and
the soil slurry was filtered and centrifuged for 5 min at 12,000 rpm. The supernatant was
freeze-dried, and the residue was washed with 3 mL of methanol to wash out the soil amino
sugars. The amino sugars were converted into aldehyde nitrile derivatives using derivati-
zation reagents and then extracted from the aqueous solution with dichloromethane. The
three types of amino sugars standards utilized were GluN, GalN, and MurA at 10 mg mL−1.
The chromatographic column was selected from an analytical column (3 × 150 mm) and
a Dionex CarboPac PA20 guard column (Thermo Fisher Scientific, Waltham, MA, USA)
(3 × 30 mm). The temperature of the column was set to 30 ◦C. After the preheating of the
equipment was completed, ortho-phthaldialdehyde was added to the sample vial, and
after 120 s of reaction, 15 µL of indole derivative was injected to derivatize the sample.
The vial was then placed into the autosampler for measurement with a volume of 5 µL
per injection. Three mobile phases were used, including H2O, 15 mmol L−1 NaOH, and
15 mmol L−1 NaOH and 100 mmol L−1 NaOAc. The mobile phase was delivered at a
flow rate of 0.3 mL min−1 to separate the aminose, which was finally determined using an
electrochemical detector. The concentrations of GalN, GluN, and MurA in the bulk soil, as
well as in each particle size aggregate sample, were calculated and expressed in mg kg−1.

2.5. Data and Statistical Analysis

The experimental data were organized and plotted in Excel 2019 (Microsoft, Redmond,
Washington, USA), and regression analyses were conducted using SPSS 24.0 (IBM, Inc.,
Armonk, New York, USA). A one-way analysis of variance (ANOVA) was utilized to
compare the significant differences between treatments and SA particle sizes, and a two-
way ANOVA was used to investigate the fertilization outcomes and SA particle size effects
on alterations within the microbial community composition (MCC). Stepwise regression
analysis methods were utilized to analyze associations between the microbial residue, C
and N, MBC and MBN, extracellular enzymatic activity, and MCC.

The mass percentages of individual particle size water-stable aggregates were calcu-
lated as follows:

wi =
Wi
MT
× 100% (1)

where wi represents the i-size SA mass percentage (%), Wi represents the weight of i-size
SA (g), and MT refers to the sum of SA weights (g).

The mean weight diameter (MWD) of SA and the content of SA with particle size >
0.25 mm (R0.25) were determined as shown below:

MWD = ∑n
i=1(xi × wi) (2)

R0.25 =
Mr>0.25

MT
(3)

where xi represents the mean diameter of SA in any particle size range sieved out, wi refers
to the percentage (%) of the SA corresponding to xi in the total SA, and Mr>0.25 represents
the SA weight with a particle size larger than 0.25 mm (g). MT represents the sum of SA
weights (g).
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The following equations were used to calculate the contents of amino sugar carbon
(TAS-C) and amino sugar nitrogen (TAS-N):

Glucosamine carbon (GluN-C) = GluN content × (12 × 6)/179 (4)

Glucosamine nitrogen (GluN-N) = GluN content × 14/179 (5)

where constant 6 is the atomic weight of C in GluN, and the 12, 14, and 179 constants are
the atomic weights of C and N and the molecular weight of GluN (C6H13NO5), respec-
tively. Similarly, the C and N amounts of GalN (C6H13NO5) and MurA (C9H17NO7) were
calculated. The contents of TAS-C and TAS-N were the sum of individual amino sugar C
(GluN-C, GalN-C, MurA-C) and N (GluN-N, GalN-N, MurA-N) contents, respectively [30].

The following equations were utilized to calculate the content of carbon (C) in the
microbial sources (fungi and bacteria):

Fungal residue carbon (FRC) = (GluN/179.2 − 2 ×MurA/251) × 179.2 × 9/1000 (6)

Bacterial residue carbon (BRC) = MurA × 45/1000 (7)

where 179.2 and 251 represent the GluN and MurA molecular weights, respectively; 9 is the
fungal GluN to carbon conversion factor; and MRC is the sum of the fungal and bacterial
residual C [31–33].

3. Results
3.1. Amino Sugar Content in Bulk Soil and SA

The results of a two-way ANOVA revealed that fertilization had no significant effect
on the contents of GluN, GalN, MurA, and TAS, whereas the aggregate particle size and
the interaction between fertilization and particle size substantially influenced the contents
of individual amino sugars and TAS (p < 0.05, Table 1). Fertilization and particle sizes, as
well as their interaction, had no significant effect on the GluN/MurA ratio.

Table 1. Two-way ANOVA for soil amino sugars and microbial residue carbon among four aggregate
size fractions under four treatments (n = 48).

The Indices of Microbial
Residues

Fertilization Aggregate
Particle Sizes

Fertilization × Aggregate
Particle Sizes

F p F p F p

Amino sugars

GluN 0.951 0.428 324.313 <0.001 4.968 <0.001
GalN 1.519 0.228 430.981 <0.001 5.097 <0.001
MurA 1.795 0.168 246.366 <0.001 3.366 0.005
TAS 2.007 0.133 539.885 <0.001 7.134 <0.001

GluN/MurA 2.786 0.057 1.671 0.193 2.019 0.070

Microbial
residue carbon

FRC 0.415 0.743 70.749 <0.001 2.191 0.050
BRC 1.795 0.168 246.366 <0.001 3.366 0.005
MRC 1.658 0.196 322.604 <0.001 4.422 0.001

FRC/BRC 2.786 0.057 1.671 0.193 2.019 0.070

Note: Values shown in bold suggest that fertilization, aggregate particle sizes, or their interaction does not affect
amino sugars or microbial residue carbon (p > 0.05). The four treatments included no fertilizer (CK), chemical
fertilizers (NPK), BC alone (BC), and chemical fertilizers combined with BC (NPK + BC), and the four aggregate
particle size fractions included > 2 mm, 2–0.25 mm, 0.25–0.053 mm, and < 0.053 mm; significance model term
(F), significant (p < 0.05), very highly significant (p < 0.001), nonsignificant (p > 0.05). Abbreviations: GluN,
glucosamine; GalN, galactosamine; MurA, muramic acid; TAS, total amino sugars; FRC, fungal residue carbon;
BRC, bacterial residue carbon; MRC, microbial residue carbon.

The contents of amino sugars varied significantly among the SA (p < 0.05) and showed
the same pattern of distribution, i.e., their contents were highest in the 2–0.25 mm SA,
followed by the >2 mm and 0.25–0.053 mm SA, and <0.053 mm silt-clay (Figure 1). The
fertilizer treatments significantly influenced the contents of amino sugar in the bulk soil and
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SA. Compared with the CK, the NPK treatment clearly improved the levels of individual
amino sugars by 23.62–26.69% in the 2–0.25 mm SA and substantially enhanced the content
of MurA in the 0.25–0.053 mm SA by 26.20% (p < 0.05). However, there was no apparent
influence on the content of amino sugars in the bulk soil and other particle sizes of SA
(Figure 1a–d). Compared with the CK, the BC treatment significantly increased the contents
of GluN, GalN, and TAS in the 0.25–0.053 mm SA (18.24–44.54%) and markedly increased
the content of GluN and the GluN/MurA ratio in the bulk soil (p < 0.05) (Figure 1a,b,d,e).
In addition, compared with the CK, the NPK + BC treatment markedly enhanced the
levels of individual amino sugars and TAS in the bulk soil and the 0.25–0.053 mm SA by
24.33–28.97% and 46.37–71.93%, respectively. The NPK + BC treatment markedly enhanced
the levels of GluN, GalN, and TAS in the bulk soil by 22.97–28.32% and the levels of
individual amino sugars (GluN, GalN, MurA, and TAS) in the 0.25–0.053 mm SA by
15.98–55.27% compared with NPK. Compared with the BC, the NPK + BC markedly
enhanced the levels of MurA in the bulk soil by 30.41% and the contents of GluN, MurA,
and TAS in the 0.25–0.053 mm SA by 18.95–23.80% (Figure 1a–d).
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Figure 1. Contents of amino sugars in bulk soil and aggregates among different treatments (a–e).
Diverse lowercase letters denote significant differences (p < 0.05) among different particle sizes of bulk
soil and every fraction. Abbreviations: GluN, glucosamine; GalN, galactosamine; MurA, muramic
acid; TAS, total amino sugars.

3.2. Content of MRC in Bulk Soil and SA

The results of two-way ANOVA showed that the contents of FRC, BRC, and MRC were
affected by the aggregate particle size (p < 0.05), but they were not markedly influenced by
the fertilization effect. Moreover, the interaction of fertilization and particle size significantly
affected the BRC and MRC (p < 0.05, Table 1).

The contents of FRC, BRC, and MRC varied notably among the SA (p < 0.05) and
showed the same regularity of distribution, i.e., they were the highest in the 2–0.25 mm
SA, followed by the >2 mm and 0.25–0.053 mm SA, and then by the <0.053 mm silt-clay
(Figure 2). The fertilization treatments also substantially influenced the content of MRC
in the bulk soil and individual particle size aggregates. Compared with the CK, the NPK
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treatment significantly increased the content of MRC in the 2–0.25 mm SA by 24.82%
(Figure 2a). The BC treatment significantly increased the levels of FRC in the bulk soil by
72.67% and markedly enhanced the contents of FRC (+109.0%) and MRC content (+27.71%)
in the 0.25–0.053 mm SA (Figure 2a,b). Compared with the CK, the NPK + BC treatment
significantly increased the contents of MRC and BRC in the bulk soil and 2–0.25 mm SA
by 22.51–26.72% and significantly increased the contents of FRC, BRC, and MRC in the
0.25–0.053 mm SA by 134.56%, 46.37%, and 55.58%, respectively. Compared with the NPK
treatment, that of NPK + BC markedly enhanced the levels of MRC in the bulk soil by
16.58% and substantially augmented the contents of FRC and MRC in the 0.25–0.053 mm
SA by 222.25% and 28.97%, respectively. Compared with the BC treatment, the NPK + BC
treatment significantly increased the contents of BRC and MRC in the bulk soil and the
2–0.25 mm SA by 21.57–30.41% and the content of MRC in the 0.25–0.053 mm SA by 21.82%
(Figure 2a–c).
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Figure 2. Contents of microbial residue carbon, fungal residue carbon, and bacterial residue carbon in
bulk soil and aggregates among different treatments (a–c). Error bars are the SD of mean from three
duplicates. Diverse lowercase letters denote significant differences (p < 0.05) among different particle
sizes. Abbreviations: MRC, microbial residue carbon; FRC, fungal residue carbon; BRC, bacterial
residue carbon.

3.3. TAS-C and TAS-N Contents and Contribution to TOC and TN

Figure 3a,b depict the contents of TAS-C and TAS-N in the bulk soil and SA compared
with the CK and NPK treatments. The NPK + BC treatment significantly increased the
contents of TAS-C and TAS-N within the bulk soil, and the BC-amended treatments signifi-
cantly increased the contents of TAS-C and TAS-N in the 0.25–0.053 mm SA. Compared
with the CK and BC treatments, that of NPK remarkably increased the contents of TAS-C
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and TAS-N in the 2–0.25 mm SA. However, in the > 2 mm SA, the treatments amended
with BC significantly reduced the contents of TAS-C and TAS-N compared with the CK.
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The ratio of TAS-C to TOC (TAS-C/TOC) and the that of TAS-N to total nitrogen
(TAS-N/TN) characterized the share of amino sugars to the soil TOC and TN. As shown
in Figure 3c, the treatments with biochar (BC and NPK + BC) significantly reduced the
TAS-C/TOC ratio in the bulk soil and individual particle size aggregates compared with
the treatments without biochar (CK and NPK). The TAS-C/TOC ratio in the 0.25–0.053 mm
SA markedly increased in the NPK compared with the CK treatment and in the NPK + BC
treatment compared with that of the BC (p < 0.05). The treatments with biochar (BC and
NPK + BC) significantly reduced the TAS-N/TN ratio in the 2–0.25 mm SA compared with
the treatments that lacked biochar (CK and NPK), while the TAS-N/TN ratios in the bulk
soil and the 0.25–0.053 mm and <0.053 mm SA were not markedly different among the
various treatments (Figure 3d).

3.4. Ratios of FRC, BRC, and MRC to TOC

The ratios of FRC, BRC, and MRC to TOC in the bulk soil and each particle size aggre-
gate are shown in Figure 4a–c, respectively. The MRC/TOC values in SA with different
particle sizes were 48.37–89.24% under the treatments without biochar (CK and NPK),
while they were 29.04–68.07% under the treatments with biochar (BC and NPK + BC). The
treatments with biochar (BC and NPK + BC) significantly reduced the ratios of MRC/TOC
and BRC/TOC in the bulk soil, and each particle size aggregate compared with the CK and
markedly reduced the ratios of MRC/TOC and BRC/TOC in the bulk soil, and >0.053 mm
SA compared with the NPK treatment (p < 0.05). Moreover, treatment with BC drastically
reduced the FRC/TOC ratio in the 2–0.25 mm SA compared with the CK and NPK treat-
ments, and the NPK + BC treatment appreciably reduced the FRC/TOC ratio in SA of
various particle sizes compared with the CK and significantly decreased the FRC/TOC
ratio in the 2–0.25 mm SA compared with the NPK treatment (p < 0.05). In contrast, the
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FRC/TOC ratios were not markedly different in the bulk soil and the 0.25–0.053 mm SA
(p > 0.05).
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3.5. Association between Microbial Residues and Soil Properties

This experiment explored the correlation of microbial residues in the bulk soil with SA
stability and the contents of C and N and MBC and MBN. A Pearson correlation analysis
indicated that the MWD of SA clearly and actively correlated with the content of each
amino sugar, FRC, and MRC. The TOC and TN were significantly and directly associated
with the GluN, GalN, TAS, and FRC, while the C/N ratio was only markedly and directly
associated with the FRC. The MBC was markedly and directly associated with the GluN,
GalN, TAS, and MRC, while the MBN was markedly and directly associated with the GluN,
MurA, TAS, BRC, and MRC (Table 2).
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Table 2. Pearson correlations between the microbial residues and aggregate stability.

Bulk Soil
Properties

The Indices of Microbial Residues

Amino Sugars Microbial Residue Carbon

GluN GalN MurA TAS FRC BRC MRC

MWD 0.805 ** 0.681 * 0.614 * 0.812 ** 0.382 0.614 * 0.772 **
R0.25 0.972 ** 0.907 ** 0.465 0.953 ** 0.695 * 0.465 0.727 **
TOC 0.779 ** 0.777 ** 0.096 0.721 ** 0.790 ** 0.221 0.378
TN 0.930 ** 0.941 ** 0.344 0.921 ** 0.749 ** 0.284 0.621 *

C/N 0.521 0.514 −0.108 0.439 0.673 * −0.108 0.125
MBC 0.829 ** 0.785 ** 0.553 0.842 ** 0.460 0.517 0.736 **
MBN 0.698 * 0.551 0.774 ** 0.743 ** 0.128 0.720 ** 0.848 **

Note: The significant differences are shown as * (p < 0.05), ** (p < 0.01). Abbreviations: MWD, mean weight
diameter; R0.25, percentage of >0.25 mm aggregates; TOC, total organic carbon; TN, total nitrogen; MBC, microbial
biomass carbon; MBN, microbial biomass nitrogen.

Stepwise regression analyses were utilized to assess the correlation of microbial residue
indices in the bulk soil and each particle size aggregated with C, N, enzyme activities, and
the MCC (Table 3). The results showed that the GluN, GalN, MurA, TAS, BRC, and MRC
were all positively influenced by bacterial biomass and acetyl-glucosidase activity and
were negatively influenced by β-xylosidase activity. In addition, GluN and GalN were also
positively affected by the total content of N and were negatively affected by the TOC; the
FRC was positively influenced by the actinomycete biomass and N-acetyl-glucosaminidase
activity and negatively influenced by the fungal biomass and urease activity (Table 3).

Table 3. Stepwise regression analysis between soil microbial residues and soil physicochemical
properties within aggregates.

The Indices of
Microbial Residues Soil Physicochemical Properties p R2

Amino sugars

GluN +Bacteria, +NAG, −βX, +TN, −TOC <0.001 0.907

GalN +Bacteria, +NAG, −βX, +TN,
−TOC,+αG, −Fungi, −U <0.001 0.927

MurA +Bacteria, +NAG, −βX <0.001 0.885
TAS +Bacteria, +NAG, −βX <0.001 0.896

Microbial
residue carbon

FRC +Actinomycetes, +NAG, −Fungi, −U <0.001 0.768
BRC +Bacteria, +NAG, −βX <0.001 0.885
MRC +Bacteria, +NAG, −βX <0.001 0.895

Note: The positive and negative effects are expressed by “+” and “−” between microbial residue indices and
soil physicochemical properties, respectively; very highly significant (p < 0.001), correlation coefficient of the
regression (R2). Abbreviations: NAG, N-acetyl-glucosaminidase; βX, β-Xylosidase; αG, α-Glucosidase; U, urease.

4. Discussion
4.1. Distribution of Microbial Residues within the SA

Amino sugars are essential microbial residue indicators that are extensively examined
for their cycling of microbial residues [4,11]. The SA are an assemblage of a myriad of
organic and mineral particles, and the soil aggregate structure is closely related to the
aggregation and decomposition processes of microbial residues in the soil [3,5,6]. In this
study, we demonstrated a marked direct association between soil aggregate stability (MWD)
and the content of amino sugars, which corroborates the conclusions of Ding et al. [7],
indicating that microbial residues have a positive effect on the formation and stability of
SA and may have a longer lasting effect on SA than living microorganisms [8,9]. Moreover,
the stability of accumulation of soil microbial residues primarily depends on the degree of
physical protection of the aggregate structure [8].

Soil microbial residues can be encapsulated by small pores within the SA, thereby
blocking their contact with soil enzymes or living microorganisms for protection [3,6].
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Small particle sizes of SA are more closely correlated with the soil amino sugars, thus
providing physical protection and increasing the likelihood of accumulating microbial
residues and stably preserving them compared with the spatial structure of particle size
SA [3,5,34]. Our results revealed that the contents of amino sugar and MRC were maximal
in the 2–0.25 mm SA, then the >2 mm SA, <0.25 mm SA, and silt-clay. This is consistent with
the findings of Ding et al. [7], who found that the amino sugar contents in the >0.25 mm SA
were higher than those in the <0.25 mm SA. Ni et al. [5] reported that the contents of amino
sugars were directly associated with the contents of soil organic C and microbial biomass C,
which is similar to our results. This indicated that the 2–0.25 mm SA in the fluvo-aquic soil
maintained high nutrient levels, microbial activity, and accumulation of microbial residues,
as well as a good balance between the transformation of nutrients and accumulation of
organic matter [6]. However, the amino sugars were more stable in the microSA than in the
macroSA; thus, the amino sugars in the microSA were not sensitive to changes in the soil
nutrient status [7]. These disparate results suggest a synergistic but distinct participation of
fungal and bacterial residues in the formation of SA [10].

4.2. Effects of the Application of Biochar and Fertilizer on the Response of Microbial Residues in SA

Microbial growth and biomass formation were influenced by fertilization and could
contribute to the microbial residues [31,35]. This study showed that the content of each
amino sugar in the silt-clay did not change significantly under different treatments, prob-
ably because the accumulation of amino sugar residues first reached saturation in the
small particle size SA, and more residues continued to accumulate in the large particle size
SA, which suggests that the accumulation of microbial residues within SA has a grading
phenomenon [7]. The application of BC to the 0.25–0.053 mm SA significantly increased
the contents of GluN, GalN, and FRC, while the application of chemical fertilizer (NPK)
improved the contents of MurA and BRC. This could be because the application of BC
increased the fungal biomass and, thus, the accumulation of fungal residues, whereas
the application of chemical fertilizers favored bacterial growth and, thus, increased the
accumulation of bacterial residues [11,35]. Warnock et al. [36] also confirmed that the appli-
cation of BC could provide suitable sites for the survival and growth of fungi and bacteria
through its specific pore structure and improved the availability of soil nutrients through its
own C reservoir and specific mineral nutrients, thereby increasing the soil fungal biomass.
As N-based compounds, amino sugars can decompose in the absence of soil N, partially
meeting the needs of microorganisms for N [6]. The research revealed that the treatments
with fertilizers increased the content of amino sugars in the 2–0.25 mm SA, possibly because
the fertilizers provided an adequate available source of N, thereby reducing the microbial
decomposition of amino sugars [37,38]. However, in the >2 mm SA, the application of BC
or NPK reduced the content of amino sugars, possibly because the physical protection effect
of the >2 mm SA on amino sugars was weak, and the microbial activity under fertilization
conditions was stronger. Thus, the rate of decomposition of amino sugars was higher than
the rate of accumulation of amino sugars after microbial death.

4.3. Contribution of Microbial Residues to the SOC within SA

Microbial residues are the source of the soil C pool and accumulation of SOC that
is influenced by the balance between the formation and decomposition of microbial
residues [39]. Chen et al. [40] reported that paddy soils contained more bacterial residues,
while upland soils had more fungal residues. Herein, we demonstrated that the amount of
bacterial residues in SOC was significantly higher than that of the fungal residues in the
fluvo-aquic soil. The variations in bacterial and fungal residues are intimately associated
with living microbial biomass [30,41]. Our previous findings revealed that the bacterial
biomass was significantly higher than the fungal biomass [1], indicating that an increase
in the levels of soil C was owed to the continuous accumulation of the living microbial
biomass pool through necrotic material [35]. The higher accumulation of necrotic material
was primarily owed to rapid microbial development and turnover rates (particularly of
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bacteria) and larger live biomass [35,42,43]. Our findings also showed that the proportion of
MRC in the SOC was the lowest in the 0.25–0.053 mm SA compared with the >0.25 mm and
<0.053 mm SA fractions, which corroborates the conclusions of Luan et al. [13]. This could
possibly be owed to a limitation of the share of microbial residues with the accumulation of
SOC in the microhabitat of microSA. Davinic et al. [44] also indicated that the carbon in the
0.25–0.053 mm SA primarily originated from nonmicrobial-based carbon, but the carbon in
other SA was primarily derived from microorganisms.

As soil-dominant microorganisms, the contributions of bacteria and fungi to microbial
residues in the soil are modulated by various factors, such as soil type, soil environment,
and human interference [35,45]. Multiple studies reported that the organic materials
influence the contribution of microbial residues to the SOC [13,14]. Based on our analysis,
the contributions of TAS-C, BRC, and MRC to SOC in the bulk soil and SA were significantly
reduced in all the treatments amended with BC compared with the CK and NPK, suggesting
that an increase in the imbalance of C/N could explain the reduced sequestration of
MRC because the soils amended with BC had a higher C/N ratio [1]. Huang et al. [28]
confirmed that the proportion of microbial residues in the SOC negatively correlated with
the stoichiometric imbalance of the C/N ratio. However, Luan et al. [13] reported that
organic amendments increase the microbial biomass and residues in a fluvo-aquic soil, as
well as augment the microbial residues shared with SOC aggregation in the SA compared
with the chemical fertilization treatment. Ding et al. [7] found that the application of
manure substantially enhanced the contribution of microbial residues to the SOC in the
2–0.25 mm and 0.25–0.053 mm SA of a clay soil. It has also been shown that bacteria
and fungi are the primary participants in the production of soil C pools [46,47], and these
inconsistencies are potentially related to the types of organic materials and soil and the
duration of experimental testing.

The accumulation of soil amino sugars was ultimately dependent on the intricate
balance between their production and decomposition [14], which was jointly controlled
by soil type, soil structure, nutrient conditions, and microbial activity [6]. Our regression
analysis revealed that the soil bacterial communities significantly and positively affected
the accumulation of the microbial residues, which could be explained by the dominance of
bacterial biomass in the soil MCC and, therefore, its marked influence on the aggregation
of microbial residues. Moreover, the regression analysis also revealed that the activity of
N-acetyl-glucosaminidase (NAG) was significantly and positively affected by the microbial
residues, possibly because NAG can degrade chitin and other glucosamine polymers linked
to β-1,4 glycosidic bonds [48]. Chitin, an important component of the fungal cell wall, is
a polysaccharide formed by the dehydration and condensation of acetyl-aminoglucose
with β-1,4 glycosidic bonds, while peptidoglycan, a unique member of the bacterial cell
wall, is a polymer formed by the combination of MurA and acetyl-aminoglucose with β-1,4
glycosidic bonds. Therefore, increased NAG activity could promote the breakdown of
microbial cell wall members, such as chitin and peptidoglycans, in soil, thereby promoting
the accumulation of monosaccharides, such as GluN and MurA.

5. Conclusions

The content and distribution of microbial residues in the fluvo-aquic SA were studied
two years after biochar had been applied, and the responses of microbial residues in the
fluvo-aquic soil to fertilizer application and particle size components were elucidated.
This study showed that the 2–0.25 mm SA were microenvironments with the largest
accumulation of soil microbial residues, and the BC + NPK treatment was more effective at
increasing the accumulation of microbial residues in the SA. A stepwise regression analysis
indicated that the bacterial biomass and the activity of NAG in the soil significantly and
positively affected the contents of amino sugar and MRC. However, no systematic study
was performed on whether the distribution of profiles of microbial residues in the SA
depend on factors, such as biochar properties, duration of the experiment, and soil fertility,
and multisite field experiments are urgently needed for further verification.
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