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Abstract: To explore the attribution factors and migration characteristics of free amino acids (FAAs)
in paddy soils after green manure application during the entire growth period of rice. Amino acid
analyzer, quantitative PCR, and high-throughput sequencing were used to analyze the effects of
different application rates of milk vetch on FAAs in paddy soil under equal nitrogen, phosphorus,
and potassium conditions. Soil FAAs concentration at different growth stages was highest at the
seedling stage and lowest at the tillering stage. The concentration of threonine, alanine, valine,
isoleucine, leucine, and phenylalanine was most abundant during the growth period, accounting
for 59.42-76.46% of the respective FAAs pool. The application of milk vetch was shown to increase
the soil FAAs concentration, especially glutamic acid, which increased by 368.17-680.78%, but the
excessive application had an inhibitory effect. Soil bacteria were critical factors affecting soil FAAs
dynamics, among which Bacteroidetes, Firmicutes, and Nitrospirae contributed 56.89% to the FAAs
dynamics. FAAs displayed significant vertical profile characteristics, and the mobility of serine,
glycine, and proline was high. Conclusively, the application of milk vetch was able to significantly
change the concentration and composition of soil FAAs, which were affected by soil bacteria.

Keywords: free amino acids; composition; paddy soil; bacterial community; structural equation modeling

1. Introduction

More than 90% of total soil nitrogen (N) is organic and, within the organic forms of
N, amino acids are the most abundant [1]. Free amino acids (FAAs) are usually present in
soil solutions and pores, which are less abundant but more readily absorbed by plant roots
and microorganisms [2]. FAAs are mainly generated by the hydrolysis of soil protein and
peptides using extracellular enzymes [3], exudation and death from plant roots [4], and
microbial turnover and excretion [5]. These amino acids cycle very rapidly in soil, can be
selectively absorbed by plants and microorganisms [6], and in addition, easily migrate and
are subsequently lost [7]. The concentration of FAAs in soil depends on the production
and consumption of FAAs, and a higher concentration is probably conducive to FAAs
captured by plants [8]. Therefore, determining the bioavailable concentration of FAAs in
the soil is crucial to our understanding of plant nitrogen acquisition and the soil nitrogen
cycle [5]. It was reported that FAAs concentration varied greatly when comparing different
ecosystems, and the concentrations of amino acids in the boreal forest, agricultural soil,
and alpine meadow soils were 438.00-4867.00 ng N g~! dry soil [9], 12.87-48.93 ng N g~ !
dry soil [10] and under the detection limit [4], respectively. However, most current studies
focused on the size of the pool of FAAs in upland soils, while very limited information is
currently available looking at the concentration and composition of FAAs in chronically
flooded paddy soils with high anthropogenic disturbance.

Fertilizers are the key source of available nitrogen in farmland ecosystems, and different
types of nitrogen fertilizers generate a different composition of soil amino acids. The addition
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of urea causes important microbial community changes and leads to cell lysis of some
microbes and subsequently leads to the release of amino acids into the soil [10]. Plant
residues applied to soil were shown to release amino acids and easily degradable proteins
after decomposition, but different plant residues have different C/N ratios, and the way and
time of the release of amino acids to soil are different. In 10 days of aerobic culture of fresh
alfalfa residue extracts, a large proportion (29-100%, depending on culture temperature) of
soluble N containing a variety of amino acids can be released [11]. In contrast, the protein
contained in poor-quality residues, such as straw, must be digested by enzymes to release
the amino acids it contains [12]. Although more and more attention has been paid to soluble
organic nitrogen, the research on amino acids in agricultural soil is still lacking, and the
existing research mainly focuses on the concentration of exchangeable amino acids. Chinese
milk vetch (Astragalus sinicus L., CMV), a winter-grown legume plant with high N,-fixing
ability, is commonly planted as an alternative N source for chemical fertilizer in rice cropping
systems in Southern China [13]. However, the effect of the application of CMV on the
concentration and composition of free amino acids in paddy soil is still unclear.

Soil microorganisms play a critical role in nitrogen cycling by breaking down organic
matter into amino acids and other small molecules of organic nitrogen through the miner-
alization processes, which can be taken up by plants or microbes [14]. Then, amino acids
were mineralized via microbial ammonification, nitrification, and denitrification processes
to inorganic nitrogen, ammonium (NHy*), and nitrate (NO3 ) [14]. We still know consider-
ably less about the metabolism of microorganisms and how this affects the presence and/or
consumption of amino acids. In very general terms, the dynamic variation of FAAs may
be due to temporal variations in soil microorganisms. This is because the concentration
of FAAs in the soil is affected by absorption [6], release [5], and release of extracellular
enzymes by microorganisms [3]. The temporal variation of microbial N may determine
the soil reservoir in FAAs [15]. Lipson et al. [16] reported that the decrease in microbial
biomass in alpine soils is correlated to an increase in pools of FAAs. Microbial biomass is
a strong competitor for amino acids, which can regulate FAAs content [17]. However, as
far as we know, the specific microbial communities that cause the dynamic changes of soil
amino acids and their roles are still poorly understood.

In this study, four different treatments (chemical fertilizer, low amount of CMV,
medium amount of CMV, and high amount of CMV) were chosen to test the follow-
ing three hypotheses: (i) Soil FAAs could be affected by the application of CMV and is
correlated to the application rate. (ii) The concentration and composition of soil FAAs will
vary with rice growth stages. (iii) The dynamics of FAAs in paddy soil are closely correlated
to soil bacterial community structure.

2. Materials and Methods
2.1. Experimental Site and Design

The experimental area was located in Minhou County (119°08'05” E, 26°22'40" N),
Fujian Province, which is situated in the transition zone between the middle subtropical
zone and the south subtropical zone. The annual average temperature is 19.5 °C, the
annual sunshine hours are 1812.5 h, the frost-free period is about 311 days, and the mean
annual average precipitation is 1350 mm. The soil was composed of gray-yellow paddy
soil with loamy clay and the main initial chemical properties were as follow: pH 5.53,
total organic matter17.65 g kg~!, alkali-hydrolyzed nitrogen 29.95 mg kg~!, available
phosphorus 20.85 mg kg !, and available potassium 96.65 mg kg~ !.

Four equal quantities of nitrogen treatments were set up in this experiment, including
chemical fertilizer (CK), low amount of CMV (15,000 kg hm~2, CL), medium amount of
CMV (30,000 kg hm~2, CM), and high amount of CMV (45,000 kg hm~2, CH) (Figure 1).
Three replicate experimental plots (3 m x 4 m in size) per treatment were designed in
a random block arrangement. The fertilizers applied in the experiment were urea at
481.67 kg hm 2, superphosphate at 900 kg hm 2, and potassium chloride at 300 kg hm~2,
within which 50% of urea and potassium chloride were used as base fertilizer on the 9th
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day after CMV overturning and 50% those fertilizers were applied at the tillering stage of
rice growth on the 25th day after CMV overturning, and all of the superphosphate was
applied as the base fertilizer. The variety of CMV was Minzi No.7, with 90% water content,
752.75 g kg~ ! of total organic matter, 30.94 g kg~ ! of total nitrogen, 5.91 g kg~ ! of total
phosphorus, 32.47 g kg~ of total potassium, 82.35 mg kg ! of an acid-hydrolyzed amino
acid (acid-hydrolyzed amino acid compositions shown in Figure S1), 193.40 g kg~! of
protein. Fresh CMV was harvested at the full flowering stage and immediately distributed
evenly in the corresponding plots according to the application rates of each treatment
(0, 15,000, 30,000, 45,000 kg hm~2) and tilled into the topsoil. The insufficient part of
nitrogen, phosphorus, and potassium in the treatment with CMV should be supplemented
with chemical fertilizer when applying base fertilizer. Irrigation was carried out before rice
planting and a certain flooded layer was maintained.

a

Figure 1. Distribution map (a) and field map (b) of the test plot. Note: CK: chemical fertilizer, CL: the
low amount of CMV, CM: the medium amount of CMV, CH: the high amount of CMV.

2.2. Soil Sampling

In this experiment, a multi-point sampling method was used to collect mixed samples
of topsoil (0-20 cm) in each experimental plot with soil drill at 0d (background soil, B),
10d (seedling stage, S), 38d (tillering stage, T), 80d (flowering stage, F) and 122d (maturity
stage, M) respectively after CMV application, according to the decomposition rule of rapid
decomposition in early stage and gradually slowing down in late-stage and rice growth
stage. Soil samples at 0-20 cm, 20-40 cm, and 40-60 cm in each plot were collected at the
background and rice maturity stage. Soil samples at 0-20 cm, 20-40 cm, and 40-60 cm
were successively extracted with a soil drill after a PVC pipe isolated the surface water.
The mixed fresh soil samples were divided into three parts: one part was used for the
analysis of soil FAAs and relative biochemical properties, another part was stored in —80 °C
refrigerators for bacterial community analysis, and the other part was air-dried and sieved
for determination of physical and chemical properties.

2.3. Analysis of Soil Chemical Properties

Soil pH was determined by a pH meter (PHS-3E, INESA Scientific Instrument Co., Ltd.,
Shanghai, China) in a 1:2.5 soil /water suspension. Soil organic matter (SOM) was measured
by the potassium dichromate oxidation method [18]. Soil urease and protease activities
were estimated by indophenol blue colorimetry and Folin colorimetry, respectively [19].

2.4. Analysis of Soil FAAs

Soil FAAs concentration and composition were analyzed using a water extraction-
automatic amino acid analyzer method [7,20]. In brief, 10 g fresh soil was placed in a
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100 mL triangular flask, 50 mL ultra-pure water was added and cultured in a 70 °C constant
temperature oscillator for 18 h, then shaken for 5 min, and subsequently filtered through
a 0.45 mm filter membrane. 10 mL filtrate and 0.25 g sulfosalicylic acid to was taken to
deproteinate and centrifuged at 5000 r min~! for 5 min. After adjusting the pH to 2.2, the
filtrate was filtered with a 0.45 pm filter. 1 mL filtrate was absorbed and determined by an
automatic amino acid analyzer (Biochrom 30+, Biochrom LTD., Cambridge, UK). A mixture
of amino acids at the known concentration (Sigma Chemical Co., Milan, Italy) was used
as the external standard (Standard spectra and concentrations are shown in Figure 52 and
Table S1), and quantitative and qualitative analyses were carried out according to the peak
time and peak area after gradient elution.

2.5. Analysis of Soil Bacterial Biomass and Community
2.5.1. Quantitative Fluorescent-PCR

The copy number of soil bacteria was determined by quantitative fluorescent-PCR
analysis (Allwegene Company, Beijing, China), and the bacterial copy number was used to
characterize the soil bacterial biomass. In brief, the soil DNA was extracted from 0.25 g of
freeze-dried soil using the PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad,
CA, USA) following the instructions in the manual. The purity and quality of DNA have
been checked on 0.8% agarose gels. The 165 rRNA gene of soil bacteria was amplified
by real-time fluorescence, and the copy number of the 16S rRNA gene of the bacteria
was determined. Fluorescence quantification was carried out by a two-step method. The
specific conditions were 94 °C pre-denaturation for 5 min, (94 °C 30s, 55 °C 30, 72 °C
30s) x 30 cycles, and extension at 72 °C for 10 min after the end of the cycle. The standard
gene was extracted as the standard for the preparation of the standard curve and the
quantitative standard curve was established. These gene standards were generated from
synthetic gene plasmid cloning vectors (Integrated DNA Technologies, Inc., Coralville, IA,
USA) transformed into One ShotTM TOP10 Competent Escherichia coli (Life Technologies,
Carlsbad, CA, USA) with the TOPO-TA cloning kit (Invitrogen, Karlsruhe, Germany) which
uses the pCRTM4-TOPO® TA vector. The cloned plasmids were subjected to amplification
with primers and product sizes were verified with gel electrophoresis. The PCR products
were purified using the Qiagen PCR Purification Kit (Qiagen, Hilden, Germany) and
quantified using a Qubit fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) [21].

2.5.2. Analysis of Bacterial Community Structure

Soil bacterial community structure was determined by high-throughput sequencing
analysis (Allwegene Company, Beijing, China). DNA was extracted by using the MoBio
Laboratories DNA kit. The V3-V4 region of 165 rRNA genes was amplified by PCR using
the primers 338F (ACTCCTACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTC-
TAAT) [22]. The PCR was carried out on a Mastercycler Gradient (Eppendorf, Germany)
with the following program: 95 °C for 5 min, 32 cycles of 95 °C for 45 s, 55 °C for 50 s,
and 72 °C for 45 s. The PCR products were purified using a QIAquick Gel Extraction
Kit (QIAGEN, Hilden, Germany) before quantification and sequencing. After sequencing,
image analysis, base calling, and error estimation were performed using Illumina Analysis
Pipeline (Version 2.6). The sequences were clustered into operational taxonomic units
(OTUs) at a similarity level of 97% [23] to generate rarefaction curves and calculate the
richness and diversity indices. The Ribosomal Database Project (RDP) Classifier tool was
used to classify all sequences into different taxonomic groups [21].

2.6. Structural Equation Modeling Analysis

Structural equation modeling (SEM) includes confirmatory factor analysis and regres-
sion or path analysis [24,25], which allows for both the direct and indirect theoretical causal
relationships between inter-correlated variables to be tested, and for potential multivariate
relationships to be identified [26]. SEM analysis was used to analyze the main impact fac-
tors and their pathways affecting FAAs in paddy soil. In our study, six observable variables
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(pH, SOM, protease, urease, bacterial biomass, bacterial community), and FAAs dynamics
in paddy soil in 0-20 cm soil layer after CMV application were used to construct the SEM
(Figure S3). According to the path significance level (Tables S2 and S3) and model fit index
(Table S4), the modified model (Figure S4) and path coefficient were obtained (Table S5). In
the model, the Maximum Likelihood method was used to estimate the parameters, and
p-values and chi-square test (x2) were used to assess the general model fit because the
respective p-values (p-values > 0.05) associated with the model chi-square are used to judge
the fit between model and data [27]. Several indices are also used to evaluate the ideal
model, including the relative fit index (RFI), root mean square error of approximation
(RMSEA), normed fit index (NFI), tucker-lewis index (TLI); comparative fit index (CFI) and
incremental fit index (IFI). Except for RMSEA which is less than 0.05, the value of these
indices close to 1 indicates a good fit [26,28].

2.7. Statistical Analysis

All statistical analysis and correlation analyses were performed using SPSS 19.0 or Excel
2007, and data plots were obtained using SigmaPlot 12.0 and R 3.5.1 software. Analysis of
variance (ANOVA) and Least significant difference (Duncan, p < 0.05) analysis were used to
separate the means with significant differences. The SEM was used to study the impact path
and effect of driving factors on FAAs dynamics by AMOS 21.0, the Mantel test was used
to explore the impact of the bacterial community on FAAs dynamics by PASSaGE 3.0 and
the variance partition analysis (VPA) was used to quantify the contribution rate of the major
bacterial communities to FAAs by the “Vegan” program in R 3.5.1 statistical software.

3. Results
3.1. Dynamics of FAAs Concentration

The temporal variations in the concentration of FAAs displayed a similar pattern
under different fertilization treatments (Figure 2). The concentration of FAAs increased
rapidly under different fertilization treatments and reached a peak at the seedling stage.
The FAA concentrations of CK, CL, CM, and CH treatments at the seedling stage were
increased by 28.77%, 11.34%, 31.64%, and 38.58%, respectively, compared to the background
soil. The concentration of FAAs of CK, CL, CM, and CH treatments decreased rapidly from
the seedling stage to tillering stage, and tillering stage only accounted for 22.94%, 50.57%,
49.95%, and 47.76% of the seedling stage, respectively. The concentration of FAAs under
CK, CL, CM, and CH treatment gradually increased after the tillering stage and reached the
second peak in the flowering stage, and increased by 185.06%, 44.21%, 21.71%, and 26.92%
respectively compared with the tillering stage. After the flowering stage, the concentration
of FAAs decreased gradually, and the concentration of FAA in the treatments of CK, CL,
CM, and CH at the maturity stage only accounted for 55.54%, 62.61%, 66.45%, and 65.82%
of the flowering stage. The application of CMV increased soil FAAs concentrations, but the
excessive application has a certain inhibitory effect. In both background soil and seedling
stage, only CM treatment significantly increased compared with CK treatment. Compared
to CK treatment, the FAAs concentration under CL, CM, and CH treatments significantly
increased by 131.42%, 182.02%, and 133.30% at tillering stage, and increased by 31.99%,
44.06%, and 23.11% at the maturity stage. However, there was no significant difference
among different treatments at the flowering stage.
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Figure 2. Dynamics of soil FAAs concentration under different fertilization treatments during
different rice growth stages. Note: CK: chemical fertilizer, CL: the low amount of CMV, CM: the
medium amount of CMV, CH: the high amount of CMV, B: background soil, S: seedling stage,
T: tillering stage, F: flowering stage, M: maturity stage. The error line indicates a standard error (n = 3).

3.2. Dynamics of FAAs Composition

The FAAs composition under different fertilization treatments in different rice grow-
ing periods was diverse, with 15 neutral amino acids and 2 acidic amino acids detected
(Figure 3). The concentration dynamics of neutral amino acids and acidic amino acids
under different fertilization treatments followed a similar temporal pattern as that of the
FAAs concentration, accounting for 95.74-100% and 0-4.26% of the FAAs pool respectively.
Acidic amino acids were present only in the background, seedling stage, and flowering
stage. The concentration of individual FAAs followed a similar pattern to that of the
amino acid composition. During the different rice growth periods, different fertilization
treatments had similar FAAs pools, in which threonine, alanine, valine, isoleucine, leucine,
and phenylalanine were the most abundant, and accounted for 59.42-76.46% of the amino
acid pools. In general, CMV application could significantly increase the concentration of
amino acid components, especially glutamic acid, which increased by 368.17-680.78%.
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Figure 3. Dynamics of soil FAAs composition under different fertilization treatments during the
rice growth stage. Note: CK: chemical fertilizer, CL: the low amount of CMV, CM: the medium
amount of CMV, CH: the high amount of CMV, B: background soil, S: seedling stage, T: tillering stage,
F: flowering stage, M: maturity stage. The error line indicates a standard error (n = 3). Lowercase
letters represent significant differences between treatments (p < 0.05, Duncan test).
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3.3. Profile Distribution of FAAs

The concentration and type of soil FAAs in the background and maturity stage decreased
with increasing soil layers (Figure 4). In the 0-20 cm soil layer, the FAAs concentration
was background > maturity stage, while in the 2040 and 40-60 cm soil layer, the FAAs
concentration was maturity stage > background, indicating that FAAs displayed a downward
migration trend. The application of CMV increased the accumulation of FAAs in the soil
profile. Compared to CK, the application of CMV increased the FAAs concentration in
0-20 cm, 2040 cm, and 40-60 cm soil layers by 9.21-22.86%, 25.90-44.19%, and 7.05-13.92%,
respectively, during the different rice growth stages. More types of FAAs migrated to the
20-40 cm soil layer. Compared to the background, the FAAs increased serine, glycine, and
proline in the 2040 cm soil layer and increased proline in the 40-60 cm soil layer at the
maturity stage, indicating that serine, glycine, and proline displayed strong migration.

B20-40 cm B40-60 cm

B0-20cm

FAAs concentration
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4
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Figure 4. FAAs Profile distribution of different fertilization treatments in the rice growth stage.
CK: chemical fertilizer, CL: the low amount of CMV, CM: the medium amount of CMV, CH: the high
amount of CMV, Note: B: background soil, M: maturity stage. The error line indicates a standard error
(n = 3). Lowercase letters represent significant differences between treatments (p < 0.05, Duncan test).

3.4. Dynamics of Soil Bacterial Community during the Rice Growth Stage
3.4.1. Soil Bacterial Biomass and Diversity

The copy number of soil bacteria and Chaol index under different fertilization treat-
ments in different rice growing stages increased from the background, decreased after the
seedling stage and reached a low point in the tillering stage, then increased rapidly to
the highest point in the flowering stage and then decreased rapidly (Figure 5). The copy
number of soil bacteria at the maturity stage only accounted for 24.74-28.68% of the back-
ground soil (p < 0.05). The application of CMV can increase the copy number of soil bacteria
and Chaol index, but the excessive application has a certain inhibitory effect. The mean
value of soil bacterial copy number and Chaol index in rice growth period under different
application rates of CMV increased by 13.95-25.14% and 2.41-4.97% compared with CK
treatment, respectively. However, there was no significant difference in the Shannon index
between different fertilization treatments during the different rice growth periods.
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tion treatments during the different rice growth stages. Note: CK: chemical fertilizer, CL: the low
amount of CMV, CM: the medium amount of CMV, CH: the high amount of CMV, B: background
soil, S: seedling stage, T: tillering stage, F: flowering stage, M: maturity stage. The error line indicates
a standard error (n = 3). Lowercase letters represent significant differences between treatments
(p < 0.05, Duncan test).

3.4.2. Soil Bacterial Community Structure

The phyla Chloroflexi, Acidobacteria, and Proteobacteria occupied 69.75-73.96% of
the bacterial sequences obtained from different fertilization treatments and were followed
by Actinobacteria (2.98-5.96%), Planctomycetes (3.06-4.47%), Bacteroidetes (2.18-3.87%),
Nitrospirae (1.60-3.70%), Verrucomicrobia (1.88-3.36%), Latescibacteria (1.33-2.62%) and
Firmicutes (0.71-3.97%) (Figure 6a). The composition and structure of the bacterial commu-
nity were shown to be significantly changed at different growth stages of rice. PCA analysis
showed that the contribution rate of the first axis and the second axis was 13.20% and
8.59% respectively (Figure 6b). The treatments were separated along the first axis reflecting
the different growth periods of rice. Different treatments in the same growth stage were
clustered together, and different growth periods were far apart, especially the tillering
period and other growth periods were far apart, indicating that the bacterial community
structure at the tillering stage was significantly different from other growth stages.
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Figure 6. Relative abundance of bacterial taxa at the phylum level (a) and PCA plot of soil bacterial
community distribution (b) under different fertilization treatments during the different rice growth
stages. Note: CK: chemical fertilizer, CL: the low amount of CMV, CM: the medium amount of CMV,
CH: the high amount of CMV, B: background soil, S: seedling stage, T: tillering stage, F: flowering
stage, M: maturity stage.

3.5. Impact Factors of FAAs Dynamics during the Rice Growth Stage
3.5.1. Influence Factors and Paths of FAAs Dynamics

In this study, pH, SOM, urease, protease, bacterial biomass, and bacterial community
indicators were measured (Figure 7) as impact factors of FAAs. The reliability coeffi-
cients and the overall fit indices of the second fitting fall within an acceptable range, with
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x2/df = 0.500, RFI = 0.971, RMSEA = 0, NFI = 0.996, TLI = 1.031, CFI = 1.000, IFI = 1.004, in-
dicating that the model was successful. The SEM analysis showed that pH, SOM, protease,
bacterial biomass, and bacterial community accounted for 83% of the variations in soil
FAAs dynamics during the rice growth stage (Figure 8). Soil pH, SOM, protease, bacterial
biomass, and bacterial community had direct effects on FAAs, and their standard path
coefficients were —0.43, 0.52, 0.71, 0.49, and —0.72, respectively. Meanwhile, pH and SOM
could indirectly affect FAAs through protease, bacterial biomass, and bacterial community,
and the standardized indirect effect was 0.65 and 0.12. Soil bacterial biomass and bacterial
community could indirectly affect FAAs through protease, and the standardized indirect
effect was 0.22.
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Figure 7. Soil pH (a), SOM (b), urease activities (c), and protease activities (d) under different
fertilization treatments during different rice growth stages. Note: CK: chemical fertilizer, CL: the low
amount of CMV, CM: the medium amount of CMV, CH: the high amount of CMV, B: background soil,
S: seedling stage, T: tillering stage, F: flowering stage, M: maturity stage. The error line indicates a
standard error (n = 3).
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Figure 8. Structural equation modeling (a) and standard path coefficient (b) of impact factors on soil
FAAs during the rice growth stage. Note: The values next to the arrow are standard path coefficients
(also known as regression coefficients), *, **, *** Significant at p < 0.05, p < 0.01, p < 0.001, respectively,
el—e6: errors 1-6.

3.5.2. Key Bacterial Communities of FAAs Dynamics

The results of Mantel test results showed that Bacteroidetes, Firmicutes, and Nitro-
spirae had a significant influence on FAAs dynamics of different fertilization treatments
during the rice growth stage, and the correlation coefficients were 0.40, 0.30, and —0.26
respectively. The VPA analysis showed that the relative abundance of Bacteroidetes, Firmi-
cutes, and Nitrospirae contributed 22.99%, 22.18%, and —0.42% of the variation of SON
content, respectively (Figure 9). The contribution rate of the interaction of the three major
effects to SON content variation was 17.27%, and the total contribution rate of each variable
and its interaction with SON concentration variation was 56.89%.
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Figure 9. Mantel test (a) and variance partition analysis (b) between bacterial phyla and soil FAAs
dynamics of different fertilization treatments during the rice growth stage. Note: A: Nitrospirae,
B: Bacteroidetes, C: Firmicutes.
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4. Discussion
4.1. Effect of CMV Treatments on Soil FAAs Concentration Dynamics

The production and degradation of FAAs in the soil is a dynamic process, influenced
by the presence of plants, soil microorganisms, and enzyme activity. The content of FAAs
in soil with CMV increased rapidly to peak value and then quickly decreased to the lowest
value, thereafter gradually increasing to a second peak value at the flowering stage and then
gradually decreasing (Figure 2). This result is consistent with the following four stages of
rapid decomposition, the rapid decline of decomposition rate, accelerated decomposition,
and slow decomposition after CMV application [29]. The FAAs concentration in the soil
reached a peak at the rice seedling stage, indicating that the turnover rate of CMV was
extremely fast, which may be due to the low C/N value of CMV (14.11). Moreover,
the rapid decomposition of CMV after overturning to was shown to produce a large
amount of FAAs. Furthermore, the addition of fresh organic matter not only directly
provides a large amount of energy and nutrients for soil microorganisms, but also provided
nutrients and energy for the reproduction of soil microorganisms through the priming
effect [30]. In addition, the addition of fresh organic matter improved soil protease activity,
bacterial biomass, and diversity (Figures 5 and 7), thereby promoting the decomposition
of macromolecular organic matter into FAAs. The FAAs concentration in the soil quickly
dropped to a minimum from the seedling stage to tillering stage. The reason was partly
due to this stage belonging to a period of rapid decline in the decomposition of CMV and
the source of FAAs decreasing [29]. On the other hand, this stage was a flourishing stage for
rice growth, and the enhanced nutrient uptake ability of rice roots, which competed with
microorganisms for inorganic nitrogen and small-molecule organic nitrogen [31], leading
to a reduction in bacterial biomass (Figure 4) and protease activity (Figure 7), which led to
a decrease in soil FAAs content. Along with the above observations, we also found that the
soil FAAs concentration at the maturity stage under different fertilization treatments was
lower than that of the background soil (Figure 2). This may be because the background
soil under aerobic conditions, which is conducive to the mineralization of organic nitrogen,
releases more amino acids [32]. At the same time, the maturity soil is flooded and the
number of bacteria is therefore reduced (Figure 5), which in turn is not conducive to
the production of FAAs. Aerobic systems generally display a more metabolically active
microbial community than anaerobic systems [11]. In addition, amino acids are highly
mobile and tend to migrate to the bottom layer (Figure 4), resulting in a decrease in the
concentration of amino acids in surface soil at the maturity stage.

The application of CMV can continuously bring a large amount of nitrogen-containing
organic matter into the soil and significantly increase the soil FAAs content. The protein
and amino acid concentrations of the tested CMV were 193.4 g kg ! and 82.35 mg kg !, re-
spectively, and the Fourier infrared spectroscopy results showed that the main components
of the tested CMV were carbohydrates, phenolics, protein, lignin, and aliphatic compounds,
etc. (Figure S1). These nitrogen-containing substances were depolymerized into small
molecule FAAs by depolymerization catalyzed by microorganisms and proteases [33], so
the concentration of FAAs in the soil was higher than the concentration under CK treatment.
In addition, the application of fresh green manure increased soil active organic carbon
and nitrogen, thereby changing the soil bacterial activity and community composition,
promoting the decomposition of CMV and the secretion of rice roots [28], thereby contribut-
ing to the increase of FAAs concentration. The results of this study showed that a high
dose application of CMV was not conducive to the accumulation of FAAs, mainly because
excessive application of CMYV to the soil produced a large number of organic acids and
inhibited the growth of microorganisms [34]. In addition, excessive application of CMV
was shown to reduce soil Eh, and produce a large amount of reducing substances such as
FeZ*, Mn%*, H,S, etc. [35], leading to a decrease in bacterial biomass (Figure 5), which is
consistent of the experimental results of Cheng et al.’s [36] studying the effect of applying
different concentrations of CMV is having on soluble organic nitrogen.
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4.2. Effect of CMV Treatments on Soil FAAs Composition Dynamics

The different concentrations of acidic amino acids and neutral amino acids displayed
similar time dynamics as did different concentrations of FAAs in paddy soil, which was in
part consistent with the results that amino acids have temporal dynamics in the temperate
grassland [17], temperate forest [2] and alpine meadow soil [4]. In these studies, in addition
to neutral amino acids, both acidic and basic amino acids also accounted for a distinct
proportion of the soil amino acid pools. However, in our study, only neutral amino acids
and acidic amino acids were detected under different fertilization treatments during the
different rice growth periods (Figure 3). The different compositions of individual amino
acid pools in these studies may be ascribed to the difference between the free and the
exchangeable pool of amino acids [37]. The free amino acid pool consists mainly of acidic
and neutral amino acids that have been extracted by water or weak salts, whereas the
exchangeable amino acid pool has been shown to include a larger proportion of basic amino
acids since these were absorbed into the soil solid phase and could only be extracted with
strong salts [17]. The difference in soil pH also led to a difference in amino acid composition
in different studies [4]. The test site in our study was located in the subtropical zone,
where desilication and iron-rich aluminization in the process of soil formation resulted in
the acidity of the tested paddy soil (pH value is 5.02-5.51). Under acidic conditions, the
chemical stability of basic amino acids was low and these were easily degradable, so no
basic amino acids were detected in the tested soil [38].

The pool of FAAs was dominated by threonine, alanine, valine, isoleucine, leucine,
and phenylalanine under four fertilization treatments during different rice growth periods.
The finding that similar amino acids dominated under four different fertilization treatments
is predicted to be due to soil amino acids originating from similar biochemical processes [9].
Hence, except for valine, these amino acids have previously been shown to be among
the most abundant amino acids in vegetable soil and alpine meadow soil [4,10]. Alanine
and leucine are abundant in microbial cell walls [4,15], and threonine is secreted into
the soil by rice roots [39]. The presence of large amounts of tryptophan in paddy soil is
somewhat unusual and may be related to the decomposition of organic matter. Increases in
the abundance of glycine, alanine, and threonine have been found during organic matter
decomposition and are thought to be linked to their abundance in recalcitrant structures [40].
Gonzalez Perez et al. [10] showed that the production and mineralization of phenylalanine
were correlated to the presence of isoleucine and leucine, and the variation trend was
similar. Glycine was also shown to be one of the most abundant amino acids in agricultural
soils, and its concentration increased during the process of organic decomposition [1].
Glycine is believed to be abundant in bacterial, fungal, and plant cell walls [40]. However,
in this study, the concentration of glycine was higher in the background soil and seedling
stage, but was not detected in the maturity stage which may be correlated to the strong
migration of glycine (Figure 4).

The decomposition of organic matter is one of the direct sources of soil amino acids [41].
This study showed that the application of CMV was able to significantly increase the
acidic FAAs in soil. This is due to the high amounts of acidic amino acids (aspartic acid
and glutamic acid) in CMV (Figure S1). After being applied to the soil, the amount of
aspartic and glutamic acid in the soil was significantly increased under the catalytic activity
mediated by microorganisms and proteases [33]. Moreover, another reason for the increased
presence might be that the addition of exogenous organic materials increased soil microbial
biomass [42]. Soil FAAs were secreted and autolyzed products of microorganisms, and
their cell walls have been shown to be rich in glutamine, glutamate, aspartic acid, and
asparagines [43]. In addition, a high concentration of acidic amino acids was found to
correlate with the organic matter concentration and improved the availability of nitrogen [9].
Studies have shown that polar amino acids have a high degree of mineralization [44], and
the concentration of polar glutamic acid and aspartic acid increased after applying CMYV,
which increased the availability of nitrogen.
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4.3. Effect of CMV Treatments on Soil FAAs Migration

FAAs displayed significant vertical distribution characteristics in the soil profile. CMV
application was shown to significantly improve the concentration and composition of FAAs
in all soil layers, especially in the 0-20 cm soil layer (Figure 4). This finding is mainly
caused by the distribution of CMV and rice roots in the 0-20 cm soil layer [2,45]. The tested
CMYV contained a large amount of protein (193.4 g kg !) and acid-hydrolyzed amino acid
(82.35 mg kg 1), which were mainly accumulated in the surface soil after being applied to
the soil, providing abundant nutrients and energy for microbes in the 0-20 cm soil layer,
thus improving the mineralization rate of organic material [28]. In addition, the application
of CMV is beneficial to the growth of rice and promotes the increase of root exudates [46],
which have been shown to be one of the important sources of soil FAAs [47]. On the other
hand, the vertical profile characteristics of FAAs are correlated to the adsorption of FAAs by
soil. Fischer et al. [48] had previously shown that the mobility of FAAs in the soil is affected
by the process of soil adsorption. The test soil in this study was clay with an abundance of
surface charges, which displayed a strong absorption of FAAs [49], leading to a relatively
weak infiltration of FAAS. Moreover, the plough pan of paddy soil is 20 cm below the
surface, which has an intercept effect on water infiltration [50], so only part of the FAAs
migrated to the bottom.

Different types of soil FAAs have different properties, which makes their migration
characteristics in soil different. This study showed that glycine, serine, and proline dis-
played strong mobility (Figure 4), which may be correlated to the adsorbed amount of
amino acids in soil. As neutral amino acids, glycine, serine, and proline were not easily
adsorbed by soil colloids and displayed strong mobility in the soil profiles [51]. Glycine
is the amino acid with the smallest molecular weight and the simplest structure in soil,
therefore making it easy to migrate in the soil profile [52], while serine, as a hydrophilic
amino acid, can easily be dissolved in the soil solution and migrate to the deep soil under
the influence of gravity [53]. Proline, as one of the most water-soluble amino acids [54],
easily migrates downward with soil water and can migrate to the 40-60 cm soil layer
during the growth period of rice. In addition, the distribution of amino acids in the profile
is closely correlated to their properties. The degree of mineralization of polar amino acids
is higher than that of non-polar amino acids [44]. Therefore, the degree of mineralization of
proline in the tested soil as a non-polar amino acid is lower and its turnover rate is slower,
thus becoming one of the main components of amino acid migration in the soil profile.

4.4. Factors Driving Soil FAAs Dynamics

Previous studies have shown that pH, SOM, enzyme activities, and bacterial com-
munity were important factors affecting soil FAAs dynamics [4,10,55]. In this study, the
results of SEM analysis showed that pH, SOM, protease, bacterial biomass, and bacterial
community accounted for 83% of the variations in soil FAAs dynamics (Figure 8), which
were the important factors affecting the variations in soil FAAs dynamics during the rice
growth period.

The pH value is one of the main factors affecting nitrogen conversion. The pH value
was shown to affect the absorption of amino acids by soil colloids and directly affect the
concentration of free amino acids in soil [48]. The results of the SEM in this study showed
that pH had a direct influence on the soil FAAs concentration, and the standardized path
coefficient was —0.43, which may be correlated to the variable charge in amino acids [41,56].
Amino acids are amphoteric electrolytes, which usually carry a positive charge in acidic
soil. CMV contains high ash alkali, which can neutralize soil acidity and improve soil pH
when applied to acidic soil [57]. With an increase in pH (Figure 7), amino acids usually
carry a net neutral charge or negative charge. They were shown to interact weakly with
soil colloids and were easily lost from the soil, leading to a decrease in soil FAAs content.
Fischer et al. [48] found that about 10% of amino acids were adsorbed to the soil solid
phase, and this value strongly varied depending on the soil pH. Soil pH is considered to
be a primary control of microbial activity and enzyme kinetics, as it strongly influences
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both nutrient availabilities and enzyme denaturation and folding [58,59]. The results of
the structural equation in this study also showed that the pH could indirectly affect FAAs
concentrations through protease, bacterial biomass, and bacterial community structure,
which might be due to pH affecting the decomposition of soil soluble organic matter to
produce FAAs by affecting soil bacterial enzyme activity [60]. Li et al. [61] also showed
that soil pH could indirectly affect the mineralization of soil organic nitrogen by affecting
microbial biomass and enzyme activity.

Soil organic matter is an important source of soil FAAs and is closely correlated
to FAAs concentration [48]. The results of the SEM in this study showed that organic
matter is an important factor affecting the FAAs concentration after applying CMV with
a total effect of 0.64. This is predicted to be due to an increase in soil organic matter
content after CMV addition [62], which can increase soil microbial enzyme activities [28],
promote the decomposition and transformation of soil organic matter, and increase the
source of FAAs [63]. This is consistent with Kieloaho et al. [64] who found that after
OM decomposition, released organic N forms, including proteinaceous material, can be
degraded into smaller units that can be utilized by the majority of soil organisms and
plants. In addition, the increase in soil organic matter content was shown to improve the
adsorption of FAAs and reduce their migration [48].

Soil enzyme activity is the main driving factor of organic matter decomposition and
nitrogen transformation in soil, which can directly affect the availability of soil nitro-
gen [65,66]. The application of CMV has been shown to release enzymes into the soil,
provide energy and nutrients for soil microorganisms, improve soil enzyme activity, and
promote the decomposition of organic matter [67]. Similarly, in our study, soil protease
activity increased significantly after the application of CMV (Figure 7), and protease had
an important influence on the soil SON concentration, with path coefficients of 0.71. This
is mainly because protease plays a decisive role in the process of protein hydrolysis and
conversion, and is an important enzyme in the process of hydrolysis of soil organic nitro-
gen into amino acids [68-70]. Generally, complex organic polymers with large molecular
weights have been shown to be released after CMV application into the soil, which was dif-
ficult to be utilized by microorganisms. Therefore, large molecular weight organic nitrogen
needs to be depolymerized by enzymes to release small molecular weight organic nitrogen
(e.g., amino acids and amino sugars) before they can be absorbed by plants [71].

Soil microbes play an important role in the nitrogen cycle by driving global soil
nitrogen mineralization and availability [61]. Our study showed that soil bacterial biomass
increased significantly after the application of CMV, which is similar to a previous study that
showed that turning over CMV can create good organic substrates and carbon resources for
soil microorganisms to promote microbial growth and significantly increase soil microbial
biomass [45,72]. Microbial decomposition of the soil SOM is considered to be a major
factor controlling the amount of soluble OM retained in soil [73]. The results of the SEM in
this study showed that the bacterial biomass could directly affect the soil FAAs content,
and the path coefficient was 0.49, which was mainly due to the fact that bacteria were
the producers of FAAs generated by the decomposition of organic matter [74]. Secondly,
bacterial secretion and death were determined to be one of the sources of FAAs, with
the most abundant component of bacterial cells being proteins consisting of amino acid
chains [75]. The cell walls of microorganisms contain a large proportion of alanine, aspartate,
and glutamic acid [43], and a considerable amount of amino acids will be released after
bacterial apoptosis [76]. The amino acids in soil are mainly derived from the hydrolysis of
proteins by extracellular enzymes [69]. The SEM results of this study also indicated that
bacteria can indirectly affect the soil FAAs concentration by affecting the protease activity,
with a path coefficient of 0.22. Similar findings were also reported by Hofmockel et al. [77]
who found that extracellular enzymes (protease) produced by the microbial community
were one of the important factors in the rate of proteolysis.

The composition of the microbial community was closely correlated to the decomposi-
tion of organic matter [78]. Gao et al. [79] showed that the functional microbes which play
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important roles in the soil nitrogen (N) cycle changed after years of application of Chinese
milk vetch, thus affecting organic nitrogen mineralization. The results of the SEM in this
study showed that the bacterial community structure could directly impact the soil FAAs
concentration, and also indirectly influence the FAAs concentration through the catalytic
activities of proteases. This was due to bacteria not only being the source of amino acids
but also absorbing amino acids to meet the needs of life. Therefore, the influence on the
amino acid pool is a comprehensive action of the two processes [80]. Interestingly, the direct
influence path coefficient of bacterial community structure on FAAs was —0.72, indicating
that the bacterial community structure was closely correlated to FAAs mineralization,
and amino acid mineralization was an important amino acid consumption pathway [81].
Different bacterial community compositions had a direct influence on FAAs dynamics. The
results of our studies showed that the phylum of Nitrospirae, Bacteroidetes, and Firmicutes
significantly affected FAAs dynamics, and their contribution rates were 22.99%, 22.18%,
and —0.42%, respectively. Nitrospirae phylum was one of the main bacteria affecting soil
nitrification, which was shown to reduce the concentration of ammonium nitrogen in the
soil and promote the mineralization of amino acids [32,82]. The genus of Cyfophaga and
Flavobacterium in the Bacteroidetes phylum and Bacillus genus in the Firmicutes phylum
were reported to be the dominant proteolytic bacteria in many soils, and they all secreted
metalloproteinases to promote the formation of FAAs [83]. The results showed that neu-
tral metallopeptidase secreted by Bacillus subtilis and alkaline serine protease secreted
by Bacillus subtilis was shown to be proteases that control the degradation of peptides in
the paddy soil [84]. Therefore, bacteria may directly affect the mineralization of FAAs
through Nitrospirae, and indirectly affect the production of FAAs through Bacteroidetes
and Firmicutes controlling protease activity.

5. Conclusions

As one of the important nitrogen sources for plants and microorganisms, FAAs have
an important impact on soil nitrogen supply and the nitrogen cycle. This study provides
new insights into FAAs pools in paddy soil and the effects of CMV application on FAAs
dynamics and profile differentiation. Overall, the concentration and composition of FAAs
in paddy soil were significantly affected by the input of green manure and the growth
period of rice. Soil FAAs displayed temporal dynamics during the rice growth period, with
the pool size increasing from the background to the peak level in the seedling stage and then
rapidly decreasing to the lowest level in the tillering stage, then increasing gradually to a
second peak in the flowering stage and then decreasing gradually. The application of CMV
was shown to increase soil FAAs concentrations and types, but the excessive application
was shown to have an inhibitory effect. Therefore, 30,000 kg hm? was determined to be a
more appropriate application amount in paddy soil. Four different treatments shared six
dominant amino acids in the different rice growth periods. Neutral amino acids, especially
serine, glycine, and proline displayed a strong migration. The relationships between FAAs
and environmental factors in the farmland ecosystem are multifaceted and complex, mainly
being affected by pH, SOM, protease, bacterial biomass, and bacterial community. The
phylum of Bacteroidetes, Firmicutes, and Nitrospirae were the main bacteria that were
shown to affect the dynamics of FAAs, and the total contribution rate of the three bacteria
reached 56.89%.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy12112621/s1, Figure S1:Acidolysis amino acids content
(a) and infrared spectra(b) of the tested Chinese milk vetch; Table S1: Concentration of amino
acid standard; Figure S2: Standard spectrum of free amino acids; Figure S3: Conceptual model
demonstrating the relationship between FAAs and its impact factors; Table S2: Estimates of conceptual
model coefficients for FAAs and its impact factors; Table S3: Estimates of modified model coefficients
for FAAs and its impact factors; Table S4: Fitting coefficients of the FAAs and its impact factors
model; Figure S4: Modified model for FAAs and its impact factors; Table S5: Total effects of factors
contributing to the variability of FAAs content.
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