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Abstract: Heilongjiang province has made great contributions to ensuring the food security of China.
Grain production has increased year by year, followed by a large amount of straw—especially the
production of corn straw. Straw returning is the best treatment method from the perspective of
ecology. This study simulated modern mechanized operation conditions from the field of soil
biological characteristics to explore the impact of straw decomposition on the changes in the soil
microbial community. In this study, in the black soil region of Northeast China (45°45'27" ~45°46/33" N,
126°35'44"'~126°55'54"" E), the orthogonal experimental design was used to experiment for two
years (2019-2020), using straw length, amount, and buried depth as returning factors. The carbon
source utilization intensity algorithm that was developed by our team was used to extract a single
carbon source. A compound mathematical model was constructed based on path analysis and grey
relation analysis. This study analyzed the interspecific symbiotic relationship of soil microbes in
the process of straw returning and explored the regulatory methods and schemes with which to
promote straw decomposition. The results showed that in the first year after straw returning, the
cumulative decomposition rate of straw could reach 55.000%; the supplement of the carbon source
was glycyl-L-glutamic acid, which was helpful for the decomposition of straw. It was found that
cyclodextrin should be added within 90-120 days after straw returning to promote decomposition. In
the second year of straw returning, the cumulative decomposition rate of straw can reach 73.523%
and the carbon sources x-D-lactose and D-galactonic acid y-lactone should be supplemented appro-
priately to promote straw decomposition. This study provides an experimental basis for corn straw
returning to the black soil of the cold regions, along with the scientific and technological support for
the sustainable development of agriculture and a guarantee of national food security.

Keywords: straw returning; soil microbes; carbon source utilization; grey relational analysis;
path analysis

1. Introduction

As the main corn-producing area in China, the cold black soil region plays an im-
portant role in stabilizing the balance of grain supply and demand along with ensuring
national food security [1,2]. However, the abandonment or random burning of corn straw
has increased haze [3], the frequency of fires, and the waste of resources [4]. Therefore,
determining how to efficiently deal with straw has become a critical concern.

Returning straw to the field can improve the soil environment [5], increase the content
of soil organic matter [6], and enhance the ability of soil to retain water and fertilizer [7].
It can also supply necessary elements in plants [8], promote crop growth and develop-
ment [9,10], and help with nitrogen fixation and emission reduction in the agricultural
ecosystem [11,12]. Moreover, the rice yield can be effectively maintained by partially replac-
ing mineral fertilizer with straw returning [13,14]. Recently, many scholars have conducted
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extensive research on straw returning to explore the best scheme of the process. These
include studies on the degree of straw crushing, the amount of straw returning [15,16],
the research and development of applied materials [17,18], the selection of farming meth-
ods [19,20], and the impact of soil types in the straw returning area on the straw decompo-
sition effect [21,22]. Despite multiple studies, the research rarely involved studies on the
regulation of interspecific symbiosis and the cooperation of soil microbes in the process of
straw returning.

Based on this research gap, this study simulated the operating conditions of modern
agricultural machinery, designed a three-factor orthogonal experiment using the amount,
length, and buried depth of straw return as the factors, and carried out a two-year straw
returning experiment in the cold black soil area. Using the carbon source utilization
intensity algorithm that was developed by our team [23], the study extracted a single
carbon source and analyzed the impact of straw returning on the carbon source utilization
intensity of soil microbes. This study used the path analysis model (PA) and grey relational
analysis model (GRA) to analyze the interspecific symbiotic relationship of soil microbes in
the process of straw returning and find the regulatory methods and schemes with which to
promote straw decomposition. This study provided scientific and technological support
for the sustainable development of agriculture and to guarantee national food security.

2. Materials and Methods
2.1. Test Materials

The test was conducted at the teaching experimental base of Northeast Agricultural
University (45°45'27"~45°46/33" N, 126°35'44"'~126°55'54" E). The test area belongs to
the temperate continental monsoon climate with an average annual temperature of 3.6 °C,
annual precipitation of 500-600 mm, an average annual frost-free period of 135-140 days,
and an effective accumulated temperature of 2700 °C [24]. The detailed meteorological
data during the test are given in the Supporting Information.

The soil was typical black soil with a pH of 6.30 & 0.06. It was composed of
39.06 + 0.42 g/kg of organic matter; 2.20 & 0.08 g/kg of total nitrogen; 2.71 £ 0.08 g/kg of
total phosphorus; and 183.25 x 1072 + 0.16 x 1073 g/kg of available potassium.

The tested straw was corn straw with total carbon of 479.0 £ 0.23 g/kg; total nitro-
gen of 13.16 £ 0.09 g/kg; total phosphorus of 4.56 &+ 0.06 g/kg; and total potassium of
15.36 £ 0.07 g/kg. The C: N ratio was 36.13-36.78.

The mesh bag was cut from 100-mesh polyamide fiber, and the bag was 35 cm long
and 25 cm wide.

2.2. Test Design

According to the three-factor five-level quadratic orthogonal rotation test design, the
straw length, amount, and buried depth were taken as the test factors. Referring to the
previous research results [24,25], the maximum and minimum values of each test factor are
determined, that is, the actual value when the coding value is 1.682 and —1.682. Then, the
actual value under other coding levels is determined according to the equivalent conversion
between the coded value and the actual value. The test design result is shown in Table 1.

The straws with different weights and lengths were put into mesh bags (35 cm x 25 cm)
and then soaked with water to enable the moisture content of the straw to reach 40%. The
bags were buried in the soil horizontally. Each treatment was randomly arranged and
repeated four times, with a total of 20 plots. Each plot was 15 m long and 1 m wide. During
the straw returning period, no farming is carried out.
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Table 1. Test design.
Code Value Actual Value
Straw Straw Straw
Treatments Test Factor Test Factor Test Factor Buried
A B C Length Amount Deoth
cm kg/hm? P
cm
1 1 1 1 20 6800 20
2 1 1 -1 20 6800 10
3 1 -1 1 20 2800 20
4 1 -1 -1 20 2800 10
5 -1 1 1 10 6800 20
6 -1 1 -1 10 6800 10
7 -1 -1 1 10 2800 20
8 -1 -1 -1 10 2800 10
9 1.682 0 0 25 4800 15
10 —1.682 0 0 5 4800 15
11 0 1.682 0 15 8000 15
12 0 —1.682 0 15 1600 15
13 0 0 1.682 15 4800 25
14 0 0 —1.682 15 4800 5
15 0 0 0 15 4800 15

According to the three-factors five-levels quadratic orthogonal rotation experimen-
tal design, fifteen groups of experiments were carried out. The straw amount in each
experimental plot (1 m?) is given in the Supporting Information.

Two kinds of decomposition tests were set up. The first was a one-year decomposition
period while the second was a two-year decomposition period. In view of the climate
impact of the cold black soil area, all the straws were buried in the spring on 6 May 2019.
After 15 days of adaptation in the soil, 30 days cycles were taken for sampling in the
one-year decomposition period until the end of autumn on 21 October. Thus, a total of
five cycles were considered in the one-year decomposition period. The samples for the
two-year decomposition period were taken on the same date of the next year (2020), as
shown in Table 2.

Table 2. Sampling period.

Test Design Straw Returning Time (Day)
One-year decomposition period 30 60 90 120 150
Two-year decomposition period A+30 A +60 A+90 A+120 A+150

Note: A, year.

2.3. Sample Collection and Index Determination
2.3.1. Determination of Soil Microbial Community

According to the sampling method of rhizosphere soil, the soil around the mesh bag
should be taken to the laboratory at 4 °C. The samples were activated at 25 °C for 24 h.
After that, 10 g of sample was weighed and added to 90 mL of sterilized 0.85 mol/L
NaCl solution. It then oscillated at 250 r/min for 30 min and was gradually diluted to
1073 after standing for 10 min. The bench was clean in the vertical flow, followed by the
inoculation of 150 pL of soil suspension into an ECO plate, and finally cultured in a constant
temperature incubator at 28 °C. The absorbance value (OD value) at 590 nm was measured
by taking 24 h as a culture cycle. The measurements of seven culture cycles (168 h) were
continuously taken.
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In the t culture cycle, the total change of 31 carbon sources in the ECO plate was given
by the following:

yi = % xt, and x{ = (0D} - ODf—l)z/ oD (1)
=1

1=

where y; is the total change of 31 carbon sources; OD is the absorbance value of carbon
source; and i indicates the type of carbon source, i = 31;¢t = 1,2, - - - ,7. The distribution of
carbon sources is given in the Supporting Information.

Therefore, the utilization intensity of carbon source by microbes was given by

7
Zi=Y Q @)
t=1

where Q! is the dimensionless data and Q! = x!/y; x 100%.

2.3.2. Calculation of Straw Decomposition Rate

The straw, with the mesh bag, was placed into a sterile bag, stored at 4 °C and taken
back to the laboratory. The mud and grassroots, which adhered to the mesh bag, were
washed with deionized water and then dried in a constant temperature oven at 60 °C. The
straw in each sampling period was accurately weighed and used to calculate the straw
decomposition rate according to the Equation (3):

GT = (MO — MT)/MO x 100% (3)

where Gr is the straw decomposition rate; M is the initial dry weight of the straw; and
M is the dry weight of the straw after T days of returning.

2.4. Data Analysis
2.4.1. Path Analysis Model (PA)

PA studies the direct effect, indirect effect, and total effect by decomposing the cor-
relation between the independent variables and dependent variables [26]. In this study,
the utilization intensity of the carbon source by soil microbes is the independent vari-
able: Z1,7Zy,- -, Z31; the straw decomposition rate is the dependent variable: G. Rup
represents the simple correlation coefficients (spearman) of Z, and Z B Rag represents the
correlation coefficient of Z, and G; Py is the direct path coefficient, which indicates the
direct effect Z, on G when the other variables are fixed. Ryq can be decomposed into the
following equations:

Plg + 7’12P2g + 7’13P3g + -+ lepkg =Tig
r01Prg + Pog +123P3g + -+ - + erPkg =T
r31P1g +132P2g + P3g + - - - + 131 Phg = 13g 4)

T’klplg + T’kzng + rk3P3g 4+ Pkg = rig

In this study, the absolute value of the path coefficient can be directly used to compare
the importance of various microbial populations to straw decomposition. Among these,
the direct path coefficient reflects the direct effect of this microbial population. Microbes
can also affect the straw decomposition through the interaction with other microbial
communities, which is expressed by the indirect path coefficient.
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The indirect path of Z, to dependent variable G through other variables Zg is RypPgg,
and the determination coefficient of Z, to G is calculated as follows:

Cla) = Pag +2 ), PugRupPpg = 2RagPag — Pig ®)
e

where C%a) is the determination coefficient.

Secondly, the path residual effect Pg, is calculated. If the residual effect is minute
(generally bounded by 0.20), it indicates that the PA included the main influencing factors;
otherwise, variables need to be added to improve the model.

Prg = \/ 1— (plgng + PyRog + PagRag + -+ Pkngg) ®)

In this study, the residual path coefficient was less than 20.00% as the judgment
standard for extracting carbon sources Z' = [Z1,Z,,7Z3, -+ , Z].

2.4.2. Grey Relational Analysis Model (GRA)

GRA is a quantitative evaluation method based on grey system theory. It reflects the
similarity of the development process between sequences through displacement difference.
It can make up for the defect of the mathematical statistics method having a linear rela-
tionship with the sequence, which is irrelevant. It can overcome the deficiency of relying
exclusively on the model for quantification and directly find the primary and secondary
factors in the process of system development [27,28]. The specific process of GRA model
construction was as follows:

In this study, the straw decomposition rate, G, is set as the parent sequence, and the
carbon source extracted by path analysis, Z’, is set as the sub-sequence.

Calculate the difference and take the absolute value, that is Ay (k) = ‘Gﬂ (k) — Z; (k) ‘

Calculate the maximum and minimum values for all absolute values, that is:
max max Ay (k) and rr%in rr}(in Ay (k).

Calculate the relational coefficient according to the following formula.

}/{Aq(k) +e

where ¢ € {0,1} is the resolution coefficient. The smaller the ¢ value, the greater the
difference between the relational coefficients and the stronger the discrimination ability.
Referring to the previous research results [29], in this paper, ¢ = 0.5.

max max Ay (k)

Sy (k) = {rr}ym min Ay (k) + ¢
k

k

S A,?(k)} } (7)

k

[
Calculation of grey comprehensive correlation degree (GCD): .5 = %k; Cun (k).

3. Results and Analysis
3.1. Decomposition Rate of Straw with Different Returning Ways

As shown in Figure 1A, with the extension of straw returning time, the straw de-
composition rate of each treatment group gradually increased. After 150 days of straw
returning, in the T10 treatment, the cumulative decomposition rate of straw was the largest,
55.000%; in the two-year decomposition test ((A + 150) day), the cumulative decomposition
rate of straw in the T10 treatment was still the largest, reaching 73.523%. In the process
of straw decomposition, there was a trend of fast decomposition in the early stage and
slow decomposition in the late stage. In the first two months of the one-year decompo-
sition test, the monthly average decomposition rate was 9.310-11.000%; meanwhile, the
monthly average decomposition rate of the last two months was 3.167-7.167%. The rea-
son for this result is that, on the one hand, at the late stage of decomposition, the easily
degradable organic matter in the straw gradually decreases, and the remaining part is
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mainly the difficult to decompose organic matter. On the other hand, it may be that the
soil temperature decreases in the late stage of decomposition, resulting in the reduction in
microbial activity, which is not conducive to the decomposition of straw [30]. As shown in
Figure 1B,C, at the end of the test, in the two kinds of straw decomposition tests, the straw
decomposition rate showed an inverted “U” shape with the increase in the coding value.
High or low straw returning causes the imbalance of the soil carbon—nitrogen ratio, affects
the number and activity of microbes, and leads to the reduction in straw decomposition
rate [31]. Therefore, it is necessary to explore the evolution of soil microbial communities in
the process of straw decomposition and find methods and schemes with which to promote
straw decomposition.

E330day 60 day 90 day 120 day 150 day
W A+30 day W A+60 day 1 A+90 day -~ A+120day  A+150 day

T13 Ti4 Ti5
Treatments

06 81eJ UONISOdW09aP BARRINWND

5 T /45

0.
Stray, amoyn 00 \05,\/

Figure 1. Cumulative decomposition rate of straw with different returning ways. (A) Including all
straw returning periods; (B) after 150 days of straw returning, the change of straw decomposition
rate caused by the interaction of straw amount and straw length; (C) after (A + 150) days of straw
returning, the change of straw decomposition rate caused by the interaction of straw amount and
straw length. Notes: The changes of straw decomposition rates caused by the interaction of straw
amount and buried depth (Figure S1), and the interaction of straw length and buried depth (Figure S2)
are given in Supporting Information.
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It can be seen from Table S2 that the minimum value of the determination coefficient
appeared in the 60 days of straw returning, which was 0.967, indicating that the relative
contribution of the six variables which entered the PA to the straw decomposition rate
had reached 96.7%, and the remaining path coefficient was 0.182, which met the judgment
standard. The results showed that the PA was suitable for analyzing the relationship
between straw decomposition and the soil microbial community in the cold black soil areas.

In the 30-day straw returning test group, the carbon sources L-arginine and N-acetyl-
D-glucosamine had high direct path coefficients in the positive axis direction, which were
0.846 and 0.837, respectively. However, their total effect values, which were 0.315 and
0.101, respectively, were not high due to the counteraction of their negative indirect path
effect. This was lower than that of the carbon source glycyl-L-glutamic acid, which had a
total effect value of 0.371. In the 60-day group, the carbon source L-phenylalanine had the
largest positive direct path effect of 0.437, with a total effect of 0.343. Although the carbon
source D-malic acid had the largest positive indirect path effect of 0.741, due to the offset of
the negative direct path effect of —0.581, its total effect was lower than that of the carbon
source L-phenylalanine, which was 0.161. After 90 days of straw returning, the carbon
source o-ketobutyric acid had the highest direct path coefficient of —1.239 and indirect
path coefficient of 1.253, but the total effect value was only 0.014 due to the opposite effect
between them. Simultaneously, the total effect of the carbon source N-acetyl-D-glucosamine
was the largest in the negative direction with a total effect value of 0.512. The carbon source
glycyl-L-glutamic acid had the largest total effect value of 0.379 in the positive direction.
As shown in Figure 2, the carbon source «-ketobutyric acid played a major role through the
indirect effect of the carbon source glycyl-L-glutamic acid with a value of 0.824.

After 120 days of straw returning, the carbon source L-asparagine ranked first with
a positive direct effect of 0.549 and the carbon source x-cyclodextrin ranked second with
a value of 0.536. However, the former counteracted the negative indirect effect of the
carbon source D-glucosaminic acid, so its total effect value was lower than the latter.
Simultaneously, as shown in Figure 2, the indirect effects between the carbon sources
L-asparagine and x-cyclodextrin were negative and occupied large components, which
were —0.107 and —0.110, respectively. In the last stage of the one-year straw returning test,
the direct path effect of the carbon source glycyl-L-glutamic acid was the largest, which
was 0.577. The indirect path effect of carbon source 4-hydroxy benzoic acid was the largest,
which was 0.666, but the total effect value was negative at —0.469, due to the counteraction
of the negative direct effect of —1.135. Although the indirect path effect of the carbon source
D-xylose was also offset by the negative direct effect, its total effect value was the largest
positive at 0.246.

As shown in Table 3, for the two-year straw returning test group, in the treatment
of A + 30, the carbon source x-D-lactose had the maximum direct path effect of 0.506, the
minimum indirect path effect of 0.052, and the maximum total path effect value of 0.558.
Although the carbon source 3-methyl-D-glucoside had a direct path effect of 0.500, its total
effect value was only 0.062 due to the counteraction of its indirect path effect with a value
of —0.439. In the treatments of A + 60 and A + 90, the total effect values of the carbon
source D-galactonic acid y-lactone were 0.714 and 0.648, respectively. These values ranked
first in each group with a much higher total effect value than that of other carbon sources.
This depended on them having the largest direct path effect. In the treatments of A + 150,
however, the absolute values of the direct and the indirect path effect coefficients of each
carbon source were large; due to the offset between positive and negative effects, only the
carbon source tween 40 had a small positive total effect with a value of 0.059.
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Figure 2. Indirect path effect between carbon sources. (A, year; Z0, water; Z1, § —methyl—D—glucoside;

Z2, D—galactonic acid y—lactone; Z3, L—arginine; Z4, pyruvic acid methyl ester; Z5, D—xylose;

76, D—galacturonic acid; Z7, L—asparagine; Z8, tween 40; Z9, I—erythritol; Z10, 2—hydroxy ben-
zoic acid; Z11, L—phenylalanine; Z12, tween 80; Z13, D—mannitol; Z14, 4—hydroxy benzoic acid;
Z15, L—serine; Z16, ax—cyclodextrin; Z17, N—acetyl —D—glucosamine; Z18, y—hydroxybutyric
acid; Z19, L—threonine; Z20, glycogen; Z21, D—glucosaminic acid; Z22, itaconic acid; Z23,

glycyl—L—glutamic acid; Z24, D—cellobiose; Z25, glucose—1—phosphate; Z26, x—ketobutyric acid;
727, phenylethyl—amine; Z28, x—D—lactose; Z29, D,L—x—glycerol phosphate; Z30, D—malic acid;

731, putrescine.)
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Table 3. The results of path analysis and grey correlation analysis.

One-Year Decomposition Period Two-Year Decomposition Period
;l]";r:;) Factors Path Coefficient GcD Factors Path Coefficient GCD
Directly Indirectly  Total Directly Indirectly  Total
72 —0.646 0.182 —0.464 0.646 Z1 0.500 —0.439 0.062 0.659
73 0.846 —0.531 0.315 0.758 Z14 —0.299 0.166 —0.133 0.685
712 0.560 —0.255 0.305 0.702 716 —0.241 0.195 —0.047 0.678
30 Z15 —0.192 0.206 0.014 0.662 720 —1.030 0.552 —0.478 0.678
A+30 Z17 0.837 —0.736 0.101 0.681 724 —0217  —0215  —0.432 0.677
719 0.354 —0.359  —0.005 0.666 725 —0.578 0.535 —0.043 0.667
720 —0.282 0.346 0.064 0.709 728 0.506 0.052 0.558 0.760
723 0.507 —0.135 0.371 0.710
711 0.437 —0.093 0.344 0.677 72 0.787 —0.073 0.714 0.805
Z12 —0.511 0.093 —0.418 0.645 z7 0.506 —0.205 0.301 0.757
Z14 0.282 —0.138 0.144 0.674 Z14 0.765 —0.707 0.058 0.659
716 0.359 —0.223 0.136 0.695 716 —0.339  —0.064  —0.403 0.664
A 6+060 720 —0.962 0.331 —0.631 0.586 719 0.594 —0.211 0.383 0.712
730 —0.581 0.741 0.161 0.679 724 —0222  —0.034  —0.256 0.674
727 —0.499 0.776 0.277 0.708
728 0.316 0.124 0.440 0.715
729 —0.538 0.919 0.380 0.740
73 —0.374 0.374 0.000 0.690 Z1 —0.701 0.798 0.097 0.722
z17 —0.555 0.043 —0.512 0.651 72 1.296 —0.648 0.648 0.818
718 —0.807 0.406 —0.401 0.705 Z5 —0.679 0.440 —0.239 0.672
90 723 1.160 —0.780 0.379 0.751 714 0.367 —0.457  —0.091 0.724
A+90 726 —1.239 1.253 0.014 0.722 718 0.348 —0.640 —0.292 0.699
727 0.427 —0.237 0.190 0.727 720 —0.285 0.263 —0.022 0.735
729 0.193 —0203  —0.011 0.692 721 —0.818 0.602 —0.216 0.699
730 —0.543 0.774 0.231 0.739 731 0.284 —0.270 0.014 0.674
72 —0.437 0.012 —0.425 0.727 Z5 —0.663 0.102 —0.561 0.682
z7 0.549 —0.337 0.212 0.758 710 0.311 —0373  —0.062 0.668
716 0.536 —0.097 0.439 0.782 716 0.677 —0.475 0.202 0.696
120 721 —0.677 0.087 —0.591 0.690 718 —0.280 0.262 —0.018 0.702
A+120 722 0.198 —0.012 0.186 0.773 719 —0.362 0.429 0.067 0.681
726 —0.323 0.338 0.015 0.732 723 —0.860 0.346 —0.514 0.624
727 —0.294 0.101 —0.193 0.664
75 —0.389 0.635 0.246 0.726 Z8 1.038 —0.979 0.059 0.716
78 -0522  —0.077  —0.599 0.701 712 —1.035 0.603 —0.432 0.690
150 Z14 —1.135 0.666 —0.469 0.694 724 0.442 —0.729  —0.287 0.727
A +150 Z15 —0.538 0.299 —0.239 0.726 727 —0.793 0.654 —0.139 0.735
723 0.577 —0.418 0.159 0.724 730 —1.085 0.689 —0.397 0.738
729 0.130 —0.104 0.026 0.708 731 —0.259 0.012 —0.246 0.701
Note: A, year. Z1, Zy, ... , Za; are the utilization intensity of the carbon source by soil microbes, the detailed

information is given in Supporting Information. GCD: Grey comprehensive correlation degree.
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3.2. Relational Analysis between Microbes and Straw Decomposition

In the 30-day straw returning group, the carbon source glycyl-L-glutamic acid with
the largest total path effect value ranked second, and the carbon source glycogen had the
same correlation degree of 0.710. Meanwhile, the carbon source L-arginine had the largest
correlation degree of 0.758. In the 60-day straw returning group, the correlation degree
of each carbon source entering the PA model was lower than 0.700 and the differences
between the carbon sources were small. In the 90-day straw returning group, the correlation
degree of the carbon source glycyl-L-glutamic acid was the largest, with a value of 0.751,
indicating that it was closely related to the straw decomposition. Simultaneously, the
correlation degree of the D-malic acid was the second largest, with a value of 0.739. This
was similar to the total effect that was obtained by PA in the positive axis direction. A
similar phenomenon occurred in the 120-day straw returning group where the correlation
degree of carbon source a-cyclodextrin was the largest, with a value of 0.782. Meanwhile,
the carbon sources N-acetyl-D-glucosamine and D-glucosaminic acid, with the maximum
negative total effect in PA, had the minimum correlation degree with values of 0.651 and
0.690, respectively (Table 3). After 150 days of straw returning, the correlation degree of
the carbon sources D-xylose and L-serine ranked first at 0.726, followed by the value of the
correlation degree of the carbon source glycyl-L-glutamic acid at 0.724.

In the two-year straw returning test groups, in the treatments of A + 30, A + 60, and
A + 90, the carbon sources with the largest positive direct effect had the largest correlation
degrees, which were 0.760, 0.805, and 0.818, respectively. The correlation degree of the
carbon source a-cyclodextrin with the largest positive direct effect of 0.696 was second only
to the first carbon source y-hydroxybutyric acid with a value of 0.702 in the treatment of
A + 120. However, in the treatment of A + 150, D-malic acid, the carbon source with the
largest positive indirect effect, had the highest correlation degree with a straw decomposi-
tion at a value of 0.738, while phenylethylamine, the carbon source with the second positive
indirect effect, also had the second correlation degree of 0.735.

4. Discussion

Combined with the results of PA and GRA, the path map was drawn to analyze the
interspecific symbiotic relationship of soil microbes during straw returning, and to find the
methods and schemes for promoting straw decomposition.

In the one-year straw returning of the 30-day group, the carbon source L-arginine had
the largest direct path effect value and correlation coefficient, but its total effect value was
lower than that of the carbon source glycyl-L-glutamic acid. It can be seen from Figure 2
that the ranking of the correlation degree is affected through the indirect effect of the carbon
source D-galactonic acid y-lactone. Simultaneously, the carbon source D-galactonic acid
v-lactone had a negative maximum direct path effect and total effect. Therefore, when
accelerating the decomposition of returning straw;, it can be considered to reduce the input
of the carbon source D-galactonic acid y-lactone, and supplement glycyl-L-glutamic acid
appropriately. As an amino acid carbon source, glycyl-L-glutamic acid plays an important
role in the early stage of straw returning, which may be to balance the “carbon-nitrogen
ratio” in the soil and provide suitable environmental conditions for the proliferation of
microbial communities [32,33]. After 60 days of straw returning, the correlation degree
difference between each carbon source entering the PA model and straw decomposition was
small, indicating that the soil microbial community was in the stage of rapid reproduction
and expanding population size at the time. This can be seen in Figure 3 showing that the
direct demand for all kinds of carbon sources was large.
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In the 90-day straw returning group, although the results of GRA were consistent
with the total effect that was obtained by PA in the positive axis direction, the first two
were carbon source glycyl-L-glutamic acid and the carbon source D-malic acid. The former
mainly promoted straw decomposition through the direct effect. While the latter promoted
straw decomposition through an indirect effect on the former. Simultaneously, in the
indirect impact of the carbon source x-ketobutyric acid on straw decomposition (Figure 2),
the carbon source glycyl-L-glutamic acid played a major role. Therefore, glycyl-L-glutamic
acid was the necessary carbon source for the soil microbial community within 60-90 days
of straw returning. During the decomposition of straw, cellulose and hemicellulose, formed
by hexose and pentose through a single bond, were decomposed first, followed by lignin,
which was linked by benzene ring compounds through the 6 bond and 7t bond [34]. It
was found that the lignin-degrading microbes had a high demand for amino acid carbon
sources [35,36]. Therefore, amino acid carbon sources should be supplemented in the later
stage of straw returning to accelerate the straw decomposition.

As shown in Figure 3, after 120 days of straw returning, the direct path effect of itaconic
acid on straw decomposition was offset by its indirect path effect through L-asparagine.
Simultaneously, the antagonistic effect between the carbon source L-asparagine and the
carbon source a-cyclodextrin, and its indirect path effect through the carbon source D-
glucosaminic acid made the total effect value and the correlation degree of the carbon
source L-asparagine lower than that of the carbon source a-cyclodextrin. On one hand,
the existence of L-asparagine may inhibit the synthesis of some substances, thus slowing
down the decomposition of straw by the microbial community. L-asparagine hydrolyzes
the acylamino into aspartic acid and ammonia under the action of L-asparaginase [37].
Glucosamine can be used as the starting material for the asymmetric synthesis of various
amino acids [38], and it is also a special component of the lipopolysaccharide of Rhizobium
lequminosarum, which is crucial for the nitrogen cycle in organisms [39]. Alternatively, the
unique external hydrophilic and internal hydrophobic structures of cyclodextrin can not
only increase the biological activity of microbes to accelerate the straw decomposition [40],
but also increase the permeability of the cell membrane to promote microbes to absorb
nutrition more effectively [41]. Simultaneously, the cylindrical three-dimensional structure
with one large side and another small side is conducive to the adsorption of ammonia [42].
Moreover, given the effect of cyclodextrin on the comprehensive improvement of the
physical properties of soil [27,43], it can be supplemented to the soil within 90-120 days
after the straw is returned to the field.

It can be seen from the path map that the carbon source glycyl-L-glutamic acid is
also a necessary carbon source for the soil microbial community within 120-150 days of
straw returning. However, it can be seen from Figure 2 that the indirect path effect of the
carbon source 4-hydroxy benzoic acid through the other carbon sources was the largest
at this stage, and the indirect path effects of the other carbon sources through 4-hydroxy
benzoic acid were also at a high level. 4-hydroxy benzoic acid has strong allelopathy
on rhizosphere microbes, can inhibit the function of root mitochondria [44], promote the
growth of pathogens, and lead to the occurrence of soil-borne diseases [45,46]. Studies
have found that straw returning well inhibits the soil-borne pathogens, including Fusarium
oxysporum [47], Rhizoctonia cerealis [48], Verticillium dahliae Kleb [49], and Plasmodiophora
brassicae Woronin [50]. Therefore, it is speculated that straw returning improves the living
environment of microbes [51], promotes the proliferation of microbial populations that can
use the carbon source 4-hydroxybenzoic acid in the soil to form dominant species, consumes
4-hydroxybenzoic acid in the soil, and alleviates the soil-borne diseases of crops. Yang
et al. [52] confirmed that the insufficient ability of microbes to metabolize 4-hydroxybenzoic
acid in the soil is an important factor that causes tobacco root rot. Zhang et al. [53] found
that there are microbes which can metabolize 4-hydroxybenzoic acid in the specific disease
inhibiting soil of tobacco bacterial wilt.

In the two-year straw returning test of A + 30 day treatment, seven carbon sources
were mentioned to enter the PA model, but only the direct and the indirect path effect
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coefficients of the carbon source «-D-lactose were positive, and the correlation coefficient of
a-D-lactose was the largest, indicating that x-D-lactose is the characteristic carbon source
of straw decomposition at this stage. x-D-lactose, as the energy source of rod-shaped strain,
can effectively improve the removal efficiency of lignin [54], and as a co-metabolic substrate,
it can promote the degradation of polycyclic aromatic hydrocarbons by Pseudomonas [55].
Moreover, o-D-lactose can be used as an inducer to promote Escherichia coli to produce
cyclodextrin glucosyltransferase, and then convert starch into cyclodextrin through a
cyclization reaction [56,57]. Therefore, in the treatments of A + 30 and A + 60, the carbon
sources o-D-lactose and «- cyclodextrin were extracted into the PA model (Table 3), while
in the treatments of A + 60 and A + 90, the carbon source D-galactonic acid y-lactone played
an important role in straw decomposition, which may be related to lignin degradation. It
was found that D-galactonic acid y-lactone could be transformed into D-galactonic acid
under the action of glucolactonase and enter the glycolysis process [57] to accelerate the
degradation of lignocellulose [58,59].

Table 3 shows that for the treatments of A + 120 and A + 150, among the carbon sources
that were extracted from the PA model, only three had a positive effect, but their total effect
values were small, and the total effects between the other carbon sources and straw decom-
position were negative. The results showed that the effect of the microbial community on
straw decomposition was weakened at this stage. It may be possible that nutrients such as
nitrogen, phosphorus, and potassium in the straw were released, and microbes no longer
relied on the straw to provide the carbon source, nitrogen source, and energy. A long-term
location returning test in Songnen Plain, conducted by Gong et al. [60], showed that after
two years of straw returning, the degradation rates of cellulose and hemicellulose exceeded
80%, and lignin was low at 78.63%. The study by Chen et al. [61] confirmed that after half a
year of straw returning, the release rate of nitrogen and phosphorus exceeded 70%, while
the release rate of potassium was more than 90%.

Figure 2 shows that the indirect path effect between carbon sources increased, but the
positive correlation ratio decreased, indicating that the symbiotic relationship between soil
microbial species due to the straw decomposition decreased with the continuous decompo-
sition of straw, which was consistent with the research results of Schmid et al. [62]. Simul-
taneously, Figure 3 shows that the complexity of the soil microbial network at this stage
increased significantly. Tang et al. [63] found that the straw returning increased the network
complexity to enhance the defense ability of crops against Fusarium wilt. Ma et al. [64] con-
firmed that straw returning can stimulate the growth of specific species clusters and inhibit
the activity of pathogens by regulating the interaction between microbial populations.

5. Conclusions

In this study, straw length, amount, and buried depth were taken as the straw return-
ing factors, and the two-year straw returning experiment was carried out by orthogonal
design. The single carbon source was extracted by the carbon source utilization intensity
algorithm, combined with a path analysis and grey correlation analysis to build a composite
mathematical model to analyze the interspecific symbiotic relationship of soil microbes in
the process of straw returning. The path map was drawn to explore the regulatory methods
and schemes with which to promote straw decomposition.

It can be seen from the path map that in the black soil region of Northeast China
(45°45'27" —45°46'33" N, 126°35'44"~126°55'54" E), in the first year of straw returning,
the cumulative decomposition rate of straw can reach 55.000%. Further, supplementing
the carbon source glycyl-L-glutamic acid to the soil was conducive to the decomposition
of straw—especially within 90-120 days of straw returning, adding the carbon source
cyclodextrin. In the second year of straw returning, the cumulative decomposition rate of
straw could reach 73.523%, and carbon sources «-D-lactose and D-galactonic acid y-lactone
needed to be supplemented appropriately to promote straw decomposition. Additionally,
4-hydroxybenzoic acid degrading bacteria can be screened in the peripheral soil within
120-150 days of straw returning.
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This results of this study provide an experimental basis for corn straw returning to the
black soil of the cold regions, along with the scientific and technological support for the
sustainable development of agriculture and a guarantee of national food security.
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(B): (A + 150) days of straw returning; Table S1: Test design (1 m?); Table S2: The determination coeffi-
cient and residual path coefficient of PA; Table S3: The meteorological conditions of the experimental
site during the test. Section S1: the distribution of carbon sources in ECO plates; Section S2: the straw
amount in each experimental plot (1 m?); Section S3: the changes of straw decomposition rates caused
by the interaction of straw amount and buried depth; Section S4: the changes of straw decomposition
rates caused by the interaction of straw length and buried depth; Section S5: the partial results of the
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conditions of the experimental site. Data S1: original data.
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