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Low temperature is one of the bottleneck factors that limits the degradation of 
straw during rice straw incorporation. Determining strategies to promote the 
efficient degradation of straw in cold regions has become a highly active research 
area. This study was to investigate the effect of rice straw incorporation by adding 
exogenous lignocellulose decomposition microbial consortiums at different soil 
depths in cold regions. The results showed that the lignocellulose was degraded 
the most efficiently during straw incorporation, which was in deep soil with the full 
addition of a high-temperature bacterial system. The composite bacterial systems 
changed the indigenous soil microbial community structure and diminished the 
effect of straw incorporation on soil pH, it also significantly increased rice yield 
and effectively enhanced the functional abundance of soil microorganisms. 
The predominant bacteria SJA-15, Gemmatimonadaceae, and Bradyrhizobium 
promoted straw degradation. The concentration of bacterial system and the depth 
of soil had significantly positive correlations on lignocellulose degradation. These 
results provide new insights and a theoretical basis for the changes in the soil 
microbial community and the application of lignocellulose-degrading composite 
microbial systems with straw incorporation in cold regions.
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1. Introduction

Straw incorporation can affect the soil organic matter and environment and crop yields 
(Wang et al., 2021). Straw degradation primarily relies on microbial decomposition in the soil. 
Soil microbes can improve the soil environment and increase crop yields by degrading 
lignocellulose and releasing nutrients into the soil (Passoth and Sandgren, 2019). Thus, it is 
important to explore the relationship between straw incorporation and soil microorganisms for 
the agriculture and environment.
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It is well known that the soil microbial community is the core of 
straw degradation (Li et  al., 2021). However, most studies on the 
interrelationship between straw incorporation and soil 
microorganisms have been limited to the effects of straw return on soil 
microorganisms. Previous studies introduced that straw affects the 
microbial community structure by changing the habitat of 
microorganisms (Wang et  al., 2014), and straw incorporation 
significantly increased the diversity and relative abundance of soil 
microorganisms (Cong et al., 2020), it also increased significantly the 
total amount of soil microorganisms after straw incorporation (Liu 
X. et  al., 2022). In contrast, few studies have been conducted to 
improve the effectiveness of straw incorporation by modifying the soil 
microbial community. In general, straw incorporation significantly 
changes the soil microbial community, but this does not solve the 
problem of inefficient degradation of straw by indigenous 
microorganisms. Therefore, we  tried to explore this problem by 
reverse thinking, we improved the degradation efficiency of straw by 
changing the community structure of indigenous bacteria.

Straw incorporation is affected by several factors, overall, the root 
causes of the differences in straw degradation are owing to effects on 
the soil microbial community (Fierer et  al., 2003). The soil 
microorganisms vary significantly at different soil depths (Song et al., 
2022). Under normal circumstances, although deep soil has fewer 
resources, the soil environment is stable. In contrast, shallow soil has 
abundant resources but is more affected by the environment (Griffiths 
et al., 2003). This is one of the reasons for the differences in microbial 
communities at different soil depths (Wu et al., 2022). Moreover, there 
is a direct relationship between microbial abundance and the 
degradation of lignocellulose (Meng et al., 2022). Therefore, enhancing 
the degradation efficiency of straw by improving the structure of 
indigenous soil microbial communities are promising approaches.

Previous studies have shown that the addition of exogenous 
composite bacterial systems can change the indigenous microbial 
community structure to some extent, which means that increasing 
significantly the abundance and diversity of predominant bacteria and 
maintaining long-term stability (Chen et al., 2021; Nigussie et al., 
2021). Recent studies have shown that exogenous composite microbial 
systems can be directly applied to incorporated straw. Phukongchai 
et al. (2022) reported that the incorporation of straw with the addition 
of microorganisms that can degrade lignocellulose accelerated the 
decomposition of straw in the soil and significantly increased the 
activity of indigenous soil microbes. Thus, the addition of exogenous 
complex bacterial systems during straw incorporation would be more 
effective at degrading straw and causing significant differences in 
microbial communities. To date, there has been little research about 
the incorporation of straw in different soil depths with the addition of 
high-and low-temperature composite microbial systems in 
cold regions.

Based on the findings described above, this study aimed to 
investigate the effect of composite microbial systems on straw 
degradation in different soil depths and their effect on the soil 
microbial community structure. For this purpose, we established two 
soil depths (35 cm and 15 cm) and two composite microbial systems 
(high and low temperature) to return straw to the field. The process 
was conducted under low temperatures in the winter, and the 
efficiency of straw incorporation was studied by measuring the lost of 
lignocellulose weight. The composition of the soil active microbial 
community was analyzed by 16S rRNA gene sequencing. In this 

manner, the effects of the composite bacterial systems on the effects 
of straw incorporation and the soil microbial community were 
revealed to provide a new theoretical basis for straw incorporation and 
the application of composite bacterial systems in cold regions.

2. Materials and methods

2.1. Sample source

Soil samples were taken from the experimental site of the College 
of Agriculture, Yanbian University, Yanji, China (latitude 129°49’N, 
longitude 42°92′E). The site is located in a high latitude basin in the 
middle temperate zone with a temperate monsoon climate, average 
annual precipitation of 583 mm, average annual temperature of 7.1°C, 
lowest temperature of –31.4°C, frost-free period of 146 d throughout 
the year, and soil type of chalky clay loam.

Straw samples were taken from the experimental base of the 
College of Agriculture, Yanbian University. After the crop was 
mechanically harvested, straw pieces that were approximately 10 cm 
long were screened and sampled, subsequently air-dried, and stored 
for backup.

The low-temperature composite consortium is a stable composite 
bacterial system designated PLC-8 that was sampled from the soil of 
perennial straw piles during low temperatures. After continuous 
passage culture, it is highly effective at decomposing lignocellulose at 
20°C, and the predominant genera include Chryseobacteria, 
Brevundimonas, and Acinetobacter (Cui et al., 2021). However, the 
degradation efficiency of low-temperature composite consortium is 
generally lower than that of high-temperature composite consortium. 
Thus so we also chose the high-temperature composite consortium for 
this study. The high-temperature composite consortium was MC1, 
which was selected and combined from the compost samples. It can 
be  kept stable by continuous passage culture, and it was highly 
effective at decomposing lignocellulose at 50°C; the predominant 
genera were Clostridium, Pseudoxanthomonas, Brevibacillus, and 
Bordetella (Hua et al., 2014).

2.2. Experimental design

Ten grams of air-dried straw were weighed into a nylon mesh bag 
(specifications: 0.15 mm aperture, 15 cm long, and 10 cm wide), while 
10 g of soil was added to the bag to increase the contact area between 
the straw and soil. The nylon bag was placed at the corresponding 
treatment soil depth, and the compound bacterial system was then 
quantitatively applied on the surface of the nylon bag and finally filled 
with soil.

In this experiment, there were 10 treatments, and each treatment 
was repeated three times. The soil depth, concentration, and type of 
complex strains in each treatment are shown in Table  1. The 
concentration of complex bacteria was established as described by 
Phukongchai et al. (2022), and the total test time was 270 d. Distilled 
water was added regularly to maintain the soil moisture, and no 
sampling was conducted of straw during the decomposition of straw 
until the end of sampling test. The soil was sampled on 0 d, 90 d, 180 
d, 270 d, and determined the soil pH and soil organic matter without 
extensive damage to the soil environment around the straw, and the 
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soil organic matter was determined by the potassium dichromate 
method. At the end of the straw incorporation, rice was transplanted 
into the treated soil and two rice were planted at each treatment site 
to determine the yield.

2.3. Lignocellulose analysis

The straw was dried and sieved. The hole was 1 mm in diameter, 
and the straw was placed in special filter bags for neutralization and 
acid washing. The content of hemicellulose was determined by a 
lignocellulose analyzer (ANKOM 200i; ANKOM Technologies, 
Macedon, NY, United States). The samples were washed with 72% 
concentrated sulfuric acid and ashed in a muffle furnace (DHX-12-
1,200; GUANGSHU Mechanical and electrical equipment co., LTD., 
Shang Hai, China) to determine the contents of cellulose and lignin. 
The amount of weight that was lost from each component of the 
lignocellulose was calculated.

2.4. Determination and analysis of the soil 
microbial sequences

After the experiment, The soil in the nylon mesh bag and the 
2 mm soil sample on the surface of the nylon mesh bag were extracted 
and the soil samples were well mixed. The DNA from soil was 
extracted, and the genes were sequenced by Shanghai Meiji Biomedical 
Technology (Shanghai, China). The V3-V4 region of the bacterial 
16SrRNA gene was amplified, and the primers were the universal 

bacterial primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 
806R (5′-GGACTACHVGGGTWTCTAAT-3′). The samples were 
sequenced on an Illumina MiSeq platform (San Diego, CA, 
United States).

2.5. Statistical analysis and model building

A bioinformatics analysis was performed using the Majorbio 
cloud platform. The abundance at each taxonomic level was analyzed 
by QIIME (version 1.9.1), and the β-diversity distance was calculated. 
Uparse v. 7.0 and USEARCH v. 7.0 were used to cluster the operational 
taxonomic units (OTUs) and perform statistical analysis. An 
α-diversity analysis was conducted using Mothur v. 1.30. The data 
were collated and preliminarily mapped using igraph, Hmisc, 
pheatmap, and vegan package in the R 4.2.1 environment. Structural 
equation models (SEMs) were created for the data, and the model was 
constructed using SPSS 20 and Amos 25 (IBM, Inc., Armonk, NY, 
United States).

3. Results

3.1. Effect of the addition of lignocellulose 
decomposition microbial consortiums on 
the rate of lignocellulose degradation 
during the process of straw incorporation

Lignocellulose is primarily composed of hemicellulose, cellulose, 
and lignin. The degree of degradation of these three components 
characterizes the straw degradation effect (Shinde et al., 2022). The 
highest amount of weight lost from hemicellulose was 47.11%, which 
was observed for DH5 as shown in Figure  1A. This rate was 
significantly higher by 35.05% compared with that from the DCK. At 
the same soil depth, the amount of weight lost from hemicellulose of 
DH5 was significantly higher by 17.19% compared with DH2 and 
14.58% compared with DL2. However, it did not differ significantly 
from that of DL5. In different depths, the amount of weight lost from 
hemicellulose of DH5 was significantly higher than that of SH5 by 
25.18%. The weight lost by SCK was higher than that of DCK (without 
exogenous microbiota) The highest amount of cellulose of 80.53% was 
lost by DH5 as shown in Figure 1B, which was significantly higher 
than that of DCK by 71.98%, DH2 by 47.49%, and DL5 by 21.97%. The 
weight of cellulose lost by DH5 was significantly higher than that of 
SH5 by 52.94% at different soil depths. Moreover, the amount of 
cellulose lost by SCK was higher than that of DCK (without exogenous 
microbiota). A relatively low amount of lignin was lost because its 
structure is more complex, which renders biodegradation difficult 
(Meng et al., 2022). The highest weight of lignin lost was a decrease of 
25.09%, which was observed for SL5 as shown in Figure 1C. This 
amount was significantly higher by 17.74% compared with that of the 
SCK, 11.79% compared with SL2, and 12.79% compared with SH2. 
However, there was no significant difference between SL5 and SH5. 
The rate of lignin weight lost increased significantly by 10.99% in SL5 
compared with DL5 at different depths. There was no significant 
difference between DCK and SCK. Overall, deep soils were more 
effective at degrading cellulose and hemicellulose with the addition of 
exogenous microorganisms than shallow soils, and shallow soils were 

TABLE 1 Type and concentration of the composite microbial system at 
different depths of straw incorporation, the slash line indicates not 
added.

Group
Straw 

incorporation 
depth (cm)

Composite 
microbial 

system 
volume 

fraction (%)

Composite 
microbial 
system type

DH5 35 50 High temperature

DH2 35 25 High temperature

DL5 35 50 Low temperature

DL2 35 25 Low temperature

DCK 35 / /

SCK 15 / /

SH5 15 50 High temperature

SH2 15 25 High temperature

SL5 15 50 Low temperature

SL2 15 25 Low temperature

DH5 means Deep soil with High temperature consortiums and the volume fraction was 50%, 
DH2 means means Deep soil with High temperature consortiums and the volume fraction 
was 25%, DL5 means Deep soil with Low temperature consortiums and the volume fraction 
was 50%, DL2 means Deep soil with Low temperature consortiums and the volume fraction 
was 25%, DCK means control check group in Deep soil. SCK means control check group in 
Shallow soil. SH5 means Shallow soil with High temperature consortiums and the volume 
fraction was 50%, SH2 means Shallow soil with High temperature consortiums and the 
volume fraction was 25%, SL5 means Shallow soil with Low temperature consortiums and 
the volume fraction was 50%, SL2 means Shallow soil with Low temperature consortiums 
and the volume fraction was 25%.

https://doi.org/10.3389/fmicb.2023.1141545
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Wang et al. 10.3389/fmicb.2023.1141545

Frontiers in Microbiology 04 frontiersin.org

more effective at degrading lignin, which could be  related to the 
structure of the microbial community in soil and the functional 
species expressed.

3.2. Effect of the addition of lignocellulose 
decomposition microbial consortiums on 
the pH during the process of straw 
incorporation

The effect of straw incorporation with exogenous microbial 
consortiums in deep soil on pH is shown in Figure  2A. The 0 d 
indicates that the soil pH was measured immediately after the straw 
was incorporated. The pH of DL5 on 0 d was greater than that of the 
other treatment groups. There was no significant difference between 
DL2 and DCK, and the pH of DH2 was less than that of the other 
treatment groups. The pH of all treatment groups decreased on 90 d. 
The pH of DL5 was greater than that of the other treatment groups on 
180 d, and the pH of DCK was the smallest. On 270 d, the pH of DH2 

was greater than the other groups, and the difference in pH between 
the other groups was small. The effect of shallow soil treatments on pH 
is shown in the Figure 2B. The pH of SL5 was greater than the other 
groups on 0 d, and there was little difference between the rest of the 
groups. The pH of SH2 was greater than that of other groups, and there 
was little difference between the other groups on 90 d. The pH of all 
groups decreased on 180 d, while they increased on 270 d. The pH of 
SH5 was the largest, and that of SCK was the smallest. Overall, straw 
incorporation decreased the soil pH to some extent. The treatment 
groups with the addition of exogenous microbial consortia had a 
higher pH value compared with the control group, which indicates that 
the addition of exogenous microbial consortia will decrease the effect 
of straw incorporation on the soil pH to some extent.

3.3. Effect of the addition of lignocellulose 
decomposition microbial consortiums on 
the soil organic matter during the process 
of straw incorporation

The effect of straw incorporation with exogenous microbial 
consortia on deep soil organic matter is shown in Figure 3A. The soil 
organic matter of DL5 was significantly greater than that of the other 
groups, and DCK had the least organic matter on 0 d. The soil organic 
matter of DL5 was smaller than that of the other treatment groups on 
90 d. The soil organic matter of DH2 was larger than that of the other 
groups, and DL5 was the smallest on 180 d. The soil organic matter of 
DL5 and DL2 was significantly smaller than that of the other groups, 
and DH2 was the largest on 270 d. In the shallow treatments shown in 
Figure 3B, SH2 had the smallest soil organic matter, and there was no 
significant difference between the other groups on 0 d. SH5 had the 
largest content of soil organic matter compared with the other groups, 
and SH2 was the smallest on 180 d. SH2 had the smallest soil organic 
matter, and SH5 had the largest on 270 d. Overall, the soil organic 
matter content decreased as the treatment time increased. The 
addition of exogenous microbial consortia significantly reduced the 
content of soil organic matter in both deep and shallow soils, and deep 
soils were affected to a greater extent than shallow soils.

3.4. Effect of the addition of lignocellulose 
decomposition microbial consortiums on 
the yield during the process of straw 
incorporation

The effect of straw incorporation with exogenous microbial 
consortia on rice yield is shown in Supplementary Table S1. DH2 had 
the largest effective panicle number. SCK had the smallest effective 
panicle number. DH5 had the largest number of grains per panicle. 
SCK had the smallest number of grains per panicle. SH2 had the 
highest setting rate, and SCK had the lowest setting rate. DH5 had the 
largest 100-grain weight, while SCK had the smallest 100-grain 
weight. SH2 had the highest yield, and DCK had the lowest yield. 
Overall, the yields of all the treatment groups after the exogenous 
microorganisms were added were greater than those of the control 
group without the addition of microbial consortia, thus, indicating 
that the incorporation of straw with the addition of exogenous 
microbial consortia could significantly improve rice yields.

FIGURE 1

The rate of weight lost from hemicellulose, cellulose and lignin in 
different groups. (A) Weight lost rate of hemicellulose, (B) weight lost 
rate of cellulose, (C) weight lost rate of lignin. Significance levels: 
PERMANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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3.5. OTU clustering analysis of the 
microbial community during the process of 
straw incorporation

The flattening of the Shannon curves in Supplementary Figure S1A 
indicates the amount of genes sequenced was sufficient to reflect the 
majority of microbial information in the samples with a high degree of 
confidence. We found that the microbial abundance increased as the soil 
deepened which is consistent with the conclusions of a previous study 
(He et  al., 2022). Meng et  al. (2022) confirmed that low microbial 
abundance had a driving effect on the degradation of lignocellulose. 
Compared with the controls DCK and SCK, the abundance of each 
treatment group increased to varying degrees. Although DL2 had the 
highest abundance, it was not highly effective at decomposing 

lignocellulose. DH5 had 66 specific OTUs, and it was strongly effective 
at decomposing hemicellulose and cellulose. SL5 only had 58 specific 
OTUs, it had the highest amount of lignin lost (Supplementary Figure S1B). 
Moreover, combining the analysis of Supplementary Table S2 and 
Figure 1 indicated that the treatment groups with higher diversity indices 
did not have the strongest lignocellulolytic capacity.

3.6. PCA analysis of changes in the 
microbial community during the process of 
straw incorporation

Figure  4A is a principal components analysis (PCA) was 
performed for all the treatments to determine the correlation of 

FIGURE 2

Change of pH in different treatment groups. (A) The treatments in deep soil. (B) The treatments in shallow soil, Significance: PERMANOVA, p < 0.05.

FIGURE 3

Change of soil organic matter in different treatment groups. (A) The treatments in deep soil. (B) The treatments in shallow soil, Significance: 
PERMANOVA, p < 0.05.
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different groups with lignocellulose degradation. Compared with the 
other treatment groups, DH5 correlated the most highly with cellulose 
and hemicellulose, and SL5 correlated with lignin the most highly. 
Therefore, the microbial composition of DH5 was significantly 
correlated with the degradation of hemicellulose and cellulose. It was 
the most effective at degrading straw. Figure 4B is a distance-based 
redundancy analysis. After exogenous microorganisms were added, 
each treatment showed a positive correlation with lignocellulose 
decomposition, and also significantly higher than DCK and SCK. DH5 
was significantly correlated with hemicellulose and cellulose 

decomposition, and SH5 was significantly correlated with 
lignin decomposition.

3.7. Analysis of the microbial community 
diversity in the straw incorporation

The stable microbial community composition in the soil after 
the straw incorporation is shown at the phylum taxonomic level in 
Figure  5. The dominant phyla were Actinobacteriota, 

FIGURE 4

Principal coordinate analysis (A) and redundancy analysis (B) at the phylum level, different colors represent different treatments.
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Proteobacteria, Chloroflexi, Acidobacteria, Firmicutes, and 
Bacteroidetes, which accounted for 37.16 to 53.96%, 12.89 to 
18.78%, 7.62 to 16.39%, 4.59 to 9.73%, 3.50 to 7.55%, and 3.15 to 
7.84%, respectively. The abundance of Firmicutes was significantly 
higher in DH5 compared with that in DCK and Chloroflexi and 
Acidobacteria compared with DH2. This indicates that the 
abundance of microbial communities in DH5 differed significantly 
from those of both DH2 and DCK. The predominant bacteria in 
the high-temperature composite microbial system MC1 that was 
added were Firmicutes and Proteobacteria. These were more 
abundant in DH5. Previous studies suggest that Firmicutes plays a 
central role in lignocellulose degradation, and it primarily degrades 
hemicellulose (Gavande et al., 2021). Proteobacteria are associated 
with the degradation of lignocellulose, which entails the 
degradation of cellulose (Berlemont et al., 2014).

3.8. Analysis of the microbial community at 
the genus level following the addition of an 
exogenous composite bacterial system

There were significant differences in the genera contained in DH5 
and those in the other treatments shown in Figure  6. SJA-15, 
Gemmatimonadaceae, and Bradyrhizobium were more prevalent in 
DH5 than in the other groups at the 0.05 level of significance. SJA-15 
was reported to be an anaerobic bacterium capable of fermenting 
carbohydrates (Speirs et  al., 2019). Gemmatimonadaceae can 
decompose cellulose (Frossard et  al., 2021), and Bradyrhizobium 
primarily fixes nitrogen (Jin et al., 2022). The relative abundance of 
SC-I-84 in DH5 was greater than that of DCK and DH2, and related 
studies have shown that SC-I-84 is related to the content of elemental 
N in the soil (Yang et  al., 2021). This further indicates that the 
decomposition of lignocellulose during the straw incorporation 
process consumes nitrogen sources in the soil. The relative abundance 
of Pseudarthrobacter and Intrasporangiaceae which of DH5 was 
greater than that of DCK and DH2. Pseudarthrobacter is associated 
with the degradation of hydrocarbons (Wang et  al., 2019). 

Intrasporangiaceae can oxidize cellobiose and glucose under anaerobic 
conditions (Schellenberger et al., 2010). This analysis indicated that 
the microorganisms in DH5 were more effective at degrading 
lignocellulose than those in the other treatments.

3.9. Analysis of the relationship between 
the bacteria and lignocellulose degradation 
during straw incorporation

Figure 7 shows the correlation between each bacterial genus and 
lignocellulose. Gemmatimonadaceae, RBG-13-54-9, SJA-15, and 
SC-I-84 significantly positively correlated with the decomposition of 
hemicellulose and cellulose. Bradyrhizobium only significantly 
positively correlated with hemicellulose, and Anaeromyxobacter 
significantly positively correlated with lignocellulose decomposition. 
Anaeromyxobacter has been reported to be  a nitrogen-fixing 
bacterium (Masuda et al., 2020). Previous studies have confirmed the 
positive correlation between Gemmatimonadaceae, SJA-15, SC-I-84, 
Bradyrhizobium, and Anaeromyxobacter and the degradation of 
lignocellulose. This further indicates that the addition of a composite 
bacterial system plays an important role in the degradation of 
lignocellulose during straw incorporation, which is consistent with the 
analysis of its functional gene predictions.

3.10. FAPROTAX function gene prediction 
of the microbial community during straw 
incorporation

Analyzing the functions of microbial expression can help to 
determine the relationship between the efficiency of degrading 
lignocellulose and a composite bacterial system. 
Supplementary Figure S2 and Supplementary Table S3 indicated that 
DH5 had significantly higher abundances of hydrocarbon degradation 
and methylotrophy. The nitrogen fixation functions took place at a 
relatively high level. Although DH2 was the most effective at degrading 

FIGURE 5

Community bar plot analysis on phylum level.
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FIGURE 6

(A) DH5 and DCK, (B) DH5 and DL5, (C) DH5 and DH2 with the Fisher exact test bar plot on the genus level. *p < 0.05. **p < 0.01. ***p < 0.001.
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xylan and cellulose, it was not the most efficient at degrading 
lignocellulose. This indicates that if the microbial system can degrade 
lignocellulose, additional hydrocarbon degradation, methylotrophy 
and nitrogen fixation will effectively increase the efficiency of 
lignocellulose degradation.

3.11. Relationship between the different 
factors and lignocellulose degradation by 
structural equation modeling

Structural equation modeling (SEM) is often used to quantify and 
compare the effective relationships between factors. In Figure 8, the 
concentration of composite bacterial system had a direct positive 
effect on the decomposition of hemicellulose and cellulose (λ = 0.019 
***, p < 0.05; λ = 0.043***, p < 0.001, respectively). There was no 
significant effect of composite bacterial type on each factor. The soil 
depth had a direct negative effect on the degradation of hemicellulose, 
and it had a direct positive effect on cellulose degradation; it also had 
a positive effect on soil microbial abundance (λ = −0.311 ***, p < 0.05; 
λ = 0.761 ***, p < 0.001, λ = 0.910 ***, p < 0.05, respectively). Soil depth 
had a positive effect on the degradation of cellulose (λ = 0.284 ***, 
p < 0.001, R2 = 0.955). Thus, soil depth had the greatest effect on 
lignocellulose followed by the concentration of composite bacterial 
systems. The depth of straw incorporation also had a strong effect on 
microbial abundance, which directly affected the efficiency of 
cellulose decomposition.

4. Discussion

Previous studies confirmed that the addition of composite 
microbial systems is an effective method to improve the structure of 
indigenous microbial communities (Win et al., 2021). We noted that 
DH5 and SL5 could effectively degrade lignocellulose, which 
significantly correlated with the functions of nitrogen fixation and 
hydrocarbon degradation. Our results indicated that not only is the 
degradation of straw directly influenced by the degradative functions 
of lignocellulose, but the degradation of lignocellulose is also 
promoted by nitrogen fixation, methylotrophy, and fermentation. 
While DH5 and SL5 had relatively high abundances of xylanolytic, 
cellulolytic, and ligninolytic functions, the abundances of nitrogen 
fixation, fermentation, methylotrophy, and hydrocarbon degradation 
functions were also significantly greater than those of DH2 and DL2, 
which led to a significant increase in the lost of lignocellulose weight 
in DH5 and SL5. A comparison of the differential strains in the 
samples showed that the abundance of SJA-15, Gemmatimonadaceae, 
and Bradyrhizobium was significantly higher in DH5 than in the other 
groups, and it was reported that SJA-15 can degrade lignocellulose 
(Shakeri Yekta et al., 2022). Gemmatimonadaceae is considered to be a 
denitrifying bacteria (Xiao et al., 2022). In the SL5, Marmoricola, 
Nocardioides, Gaiellales, Anaeromyxobacter, Gemmatimonadaceae, 
and Bradyrhizobium were significantly more abundant than those in 
the other groups, and Marmoricola, Nocardioides, and Gaiellales have 
been reported to be able to degrade lignocellulose (Schumann et al., 
2018; Shi et al., 2020). Anaeromyxobacter, Gemmatimonadaceae, and 

FIGURE 7

Spearman correlation heatmap. The red indicates positive correlation, blue indicates negative correlation. *p < 0.05. **p < 0.01.
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Bradyrhizobium primarily fix nitrogen (Masuda et al., 2020). These 
results demonstrate that auxiliary strains significantly contribute to 
the degradation of lignocellulose, and nitrogen-fixing strains play an 
important role in the degradation of lignocellulose.

Our results demonstrated significant differences in the rates 
of weight lost of hemicellulose, cellulose, and lignin in different 
soil depths. Hemicellulose and cellulose decomposed more 
effectively in deeper soils after composite microbial systems were 

FIGURE 8

Structural equation models (A) show the direct and indirect effects of strain volume, strain type, soil depth, and microbial abundance on hemicellulose 
(B), cellulose (C), and lignin (D) degradation.
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added, but the decomposition of lignin reacted in the opposite 
manner. More lignin was generally degraded in shallow soil layers 
compared with deeper ones after composite microbial systems 
were added. Previous studies have shown that deeper soil had 
lower levels of oxidation of lignin (Dao et al., 2018). Especially 
when after straw incorporation, the decomposition of 
lignocellulose was more efficient in surface soils than in deep soil 
(Zhang et al., 2019). It means the initiation of lignin turnover is 
more sensitive in surface soils than in deeper soils (Ma et  al., 
2022). These results demonstrate that the shallow soil will be more 
effective at degrading lignocellulose than the deep soil without 
adding exogenous composite microbial systems. However, the 
lignocellulose weight lost of all the treatments was greater than 
that of the control group after the exogenous composite microbial 
systems had been added, and DH5 lost the most lignocellulose 
weight in the deep soil. Thus, this demonstrated that the 
incorporation of straw in deep soil layers would be more efficient 
at degrading lignocellulose than the shallow soil layer after the 
exogenous composite microbial system had been added back.

An analysis of the community composition showed that bacteria 
at the genus and phylum level have been reported to be facultatively 
anaerobic, and a previous study also delineate this issue (Wang et al., 
2018). The phylum taxonomic level, including Actinobacteriota, 
Proteobacteria, Chloroflexi, Firmicutes, Gemmatimonadota, and 
Myxococcota (Jiang et al., 2020; Murphy et al., 2021; Liu R. et al., 2022; 
Mujakić et al., 2022; Pan et al., 2022; Subirats et al., 2022), and the 
family and genus level, including Pseudarthrobacter, 
Intrasporangiaceae, and Marmoricola (Karaevskaya et al., 2021; Yu 
et  al., 2022), all included facultative anaerobic strains. Therefore, 
facultative anaerobic bacteria may be an important influencing factor 
during the process of straw incorporation, and further research is 
merited to explore this issue.

5. Conclusion

The addition of complex bacteria systems significantly increased 
the amount of lignocellulose lost. The high temperature consortium 
effectively improved the efficiency of lignocellulose degradation. The 
composite bacterial systems significantly changed the microbial 
community structure in each treatment. It diminished the effect of 
straw incorporation on soil pH, and it also significantly increased rice 
yield and effectively enhanced the functional abundance of soil 
microorganisms. Therefore, when incorporating straw in cold areas, 
the addition of a complex microbial system is an effective 
treatment method.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found in the article/Supplementary material.

Author contributions

YW, HZ and MF designed the experiment. YW, XZ, ZL, XA, and 
XJ performed the experiment. YW and XL analyzed the data. YW 
wrote the manuscript. WW, HZ, MF and ZC revised the manuscript. 
XZ, HZ and MF evaluated the final version of the manuscript. All 
authors contributed to the article and approved the submitted version.

Funding

This research was supported by the Special Fund for Agro-
scientific Research in the Public Interest (no. 201503137) and the 
Department of Natural Science Fund Project of Jilin Province (no. 
YDZJ202201ZYTS578) and the Department of Key R&D Project of 
Jilin Province Science and Technology (no. 20200402040 N C).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1141545/
full#supplementary-material

References
Berlemont, R., Allison, S. D., Weihe, C., Lu, Y., Brodie, E. L., Martiny, J. B. H., et al. 

(2014). Cellulolytic potential under environmental changes in microbial communities 
from grassland litter. Front. Microbiol. 5:639. doi: 10.3389/fmicb.2014.00639

Chen, Y., Li, S., Liu, N., He, H., Cao, X., Lv, C., et al. (2021). Effects of different types 
of microbial inoculants on available nitrogen and phosphorus, soil microbial 
community, and wheat growth in high-P soil. Environ. Sci. Pollut. Res. 28, 23036–23047. 
doi: 10.1007/s11356-020-12203-y

Cong, P., Wang, J., Li, Y., Liu, N., Dong, J., Pang, H., et al. (2020). Changes in soil 
organic carbon and microbial community under varying straw incorporation strategies. 
Soil Tillage Res. 204:104735. doi: 10.1016/j.still.2020.104735

Cui, Z., Piao, R., Wang, H., Yan, F., Yan, M., Yang, M., et al. (2021). Decomposition 
characteristics of corn Stover by microbial consortium PLC-8 with lignocellulose-
degradation at low temperature. J. Agric. Sci. Technol. 23, 73–81. doi: 10.13304/j.
nykjdb.2019.0841

Dao, T. T., Gentsch, N., Mikutta, R., Sauheitl, L., Shibistova, O., Wild, B., et al.  
(2018). Fate of carbohydrates and lignin in north-east Siberian permafrost soils. Soil Biol. 
Biochem. 116, 311–322. doi: 10.1016/j.soilbio.2017.10.032

Fierer, N., Schimel, J. P., and Holden, P. A. (2003). Variations in microbial community 
composition through two soil depth profiles. Soil Biol. Biochem. 35, 167–176. doi: 
10.1016/S0038-0717(02)00251-1

https://doi.org/10.3389/fmicb.2023.1141545
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1141545/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1141545/full#supplementary-material
https://doi.org/10.3389/fmicb.2014.00639
https://doi.org/10.1007/s11356-020-12203-y
https://doi.org/10.1016/j.still.2020.104735
https://doi.org/10.13304/j.nykjdb.2019.0841
https://doi.org/10.13304/j.nykjdb.2019.0841
https://doi.org/10.1016/j.soilbio.2017.10.032
https://doi.org/10.1016/S0038-0717(02)00251-1


Wang et al. 10.3389/fmicb.2023.1141545

Frontiers in Microbiology 12 frontiersin.org

Frossard, A., De Maeyer, L., Adamczyk, M., Svenning, M., Verleyen, E., and Frey, B. 
(2021). Microbial carbon use and associated changes in microbial community structure 
in high-Arctic tundra soils under elevated temperature. Soil Biol. Biochem. 162:108419. 
doi: 10.1016/j.soilbio.2021.108419

Gavande, P. V., Basak, A., Sen, S., Lepcha, K., Murmu, N., Rai, V., et al. (2021). 
Functional characterization of thermotolerant microbial consortium for lignocellulolytic 
enzymes with central role of Firmicutes in rice straw depolymerization. Sci. Rep. 
11:3032. doi: 10.1038/s41598-021-82163-x

Griffiths, R. I., Whiteley, A. S., O’Donnell, A. G., and Bailey, M. J. (2003). Influence of 
depth and sampling time on bacterial community structure in an upland grassland soil. 
FEMS Microbiol. Ecol. 43, 35–43. doi: 10.1111/j.1574-6941.2003.tb01043.x

He, J., He, Y., Gao, W., Chen, Y., Ma, G., Ji, R., et al. (2022). Soil depth and agricultural 
irrigation activities drive variation in microbial abundance and nitrogen cycling. Catena 
219:106596. doi: 10.1016/j.catena.2022.106596

Hua, B., Lü, Y., Wang, J., Wen, B., Cao, Y., Wang, X., et al. (2014). Dynamic changes in 
the composite microbial system MC1 during and following its rapid degradation of 
lignocellulose. Appl. Biochem. Biotechnol. 172, 951–962. doi: 10.1007/s12010-013-0566-7

Jiang, Z., Meng, Q., Niu, Q., Wang, S., Yan, H., and Li, Q. (2020). Understanding the 
key regulatory functions of red mud in cellulose breakdown and succession of 
β-glucosidase microbial community during composting. Bioresour. Technol. 318:124265. 
doi: 10.1016/j.biortech.2020.124265

Jin, C.-Z., Wu, X.-W., Zhuo, Y., Yang, Y., Li, T., Jin, F.-J., et al. (2022). Genomic insights 
into a free-living, nitrogen-fixing but non nodulating novel species of Bradyrhizobium 
sediminis from freshwater sediment: three isolates with the smallest genome within the 
genus Bradyrhizobium. Syst. Appl. Microbiol. 45:126353. doi: 10.1016/j.
syapm.2022.126353

Karaevskaya, E. S., Demidov, N. E., Kazantsev, V. S., Elizarov, I. M., Kaloshin, A. G., 
Petrov, A. L., et al. (2021). Bacterial communities of frozen quaternary sediments of 
marine origin on the coast of Western Spitsbergen. Izv. Atmos. Ocean. Phys. 57, 895–917. 
doi: 10.1134/S000143382108003X

Li, Y.-M., Duan, Y., Wang, G.-L., Wang, A.-Q., Shao, G.-Z., Meng, X.-H., et al. (2021). 
Straw alters the soil organic carbon composition and microbial community under 
different tillage practices in a meadow soil in Northeast China. Soil Tillage Res. 
208:104879. doi: 10.1016/j.still.2020.104879

Liu, X., Peng, C., Zhang, W., Li, S., An, T., Xu, Y., et al. (2022). Subsoiling tillage with 
straw incorporation improves soil microbial community characteristics in the whole 
cultivated layers: a one-year study. Soil Tillage Res. 215:105188. doi: 10.1016/j.
still.2021.105188

Liu, R., Wei, X., Song, W., Wang, L., Cao, J., Wu, J., et al. (2022). Novel Chloroflexi 
genomes from the deepest ocean reveal metabolic strategies for the adaptation to deep-
sea habitats. Microbiome 10:75. doi: 10.1186/s40168-022-01263-6

Ma, L., Ju, Z., Fang, Y., Vancov, T., Gao, Q., Wu, D., et al. (2022). Soil warming and 
nitrogen addition facilitates lignin and microbial residues accrual in temperate 
agroecosystems. Soil Biol. Biochem. 170:108693. doi: 10.1016/j.soilbio.2022.108693

Masuda, Y., Yamanaka, H., Xu, Z.-X., Shiratori, Y., Aono, T., Amachi, S., et al. (2020). 
Diazotrophic anaeromyxobacter isolates from soils. Appl. Environ. Microbiol. 86, 
e00956–e00920. doi: 10.1128/AEM.00956-20

Meng, L., Xu, C., and Wu, F. (2022). Microbial co-occurrence networks driven by 
low-abundance microbial taxa during composting dominate lignocellulose degradation. 
Sci. Total Environ. 845:157197. doi: 10.1016/j.scitotenv.2022.157197

Mujakić, I., Piwosz, K., and Koblížek, M. (2022). Phylum Gemmatimonadota and its 
role in the environment. Microorganisms 10:151. doi: 10.3390/microorganisms10010151

Murphy, C. L., Yang, R., Decker, T., Cavalliere, C., Andreev, V., Bircher, N., et al. 
(2021). Genomes of novel Myxococcota reveal severely curtailed machineries for 
predation and cellular differentiation. Appl. Environ. Microbiol. 87, e01706–e01721. doi: 
10.1128/AEM.01706-21

Nigussie, A., Dume, B., Ahmed, M., Mamuye, M., Ambaw, G., Berhiun, G., et al. 
(2021). Effect of microbial inoculation on nutrient turnover and lignocellulose 
degradation during composting: a meta-analysis. Waste Manag. 125, 220–234. doi: 
10.1016/j.wasman.2021.02.043

Pan, W., Ouyang, H., Tan, X., Deng, R., Gu, L., and He, Q. (2022). Anaerobic dynamic 
membrane bioreactors for synthetic Blackwater treatment under room temperature and 
mesophilic conditions. Bioresour. Technol. 355:127295. doi: 10.1016/j.biortech.2022.127295

Passoth, V., and Sandgren, M. (2019). Biofuel production from straw hydrolysates: 
current achievements and perspectives. Appl. Microbiol. Biotechnol. 103, 5105–5116. doi: 
10.1007/s00253-019-09863-3

Phukongchai, W., Kaewpradit, W., and Rasche, F. (2022). Inoculation of cellulolytic 
and ligninolytic microorganisms accelerates decomposition of high C/N and cellulose 
rich sugarcane straw in tropical sandy soils. Appl. Soil Ecol. 172:104355. doi: 10.1016/j.
apsoil.2021.104355

Schellenberger, S., Kolb, S., and Drake, H. L. (2010). Metabolic responses of novel 
cellulolytic and saccharolytic agricultural soil Bacteria to oxygen. Environ. Microbiol. 
12, 845–861. doi: 10.1111/j.1462-2920.2009.02128.x

Schumann, P., Zhang, D.-C., França, L., and Margesin, R. (2018). Marmoricola 
silvestris sp. nov., a novel actinobacterium isolated from alpine forest soil. Int. J. Syst. 
Evol. Microbiol. 68, 1313–1318. doi: 10.1099/ijsem.0.002674

Shakeri Yekta, S., Elreedy, A., Liu, T., Hedenström, M., Isaksson, S., Fujii, M., et al. 
(2022). Influence of cysteine, serine, sulfate, and sulfide on anaerobic conversion of 
unsaturated long-chain fatty acid, oleate, to methane. Sci. Total Environ. 817:152967. 
doi: 10.1016/j.scitotenv.2022.152967

Shi, M., Li, J., Zhou, Q., Wang, G., Zhang, W., Zhang, Z., et al. (2020). Interactions 
between elevated CO2 levels and floating aquatic plants on the alteration of bacterial 
function in carbon assimilation and decomposition in eutrophic waters. Water Res. 
171:115398. doi: 10.1016/j.watres.2019.115398

Shinde, R., Shahi, D. K., Mahapatra, P., Naik, S. K., Thombare, N., and Singh, A. K. 
(2022). Potential of lignocellulose degrading microorganisms for agricultural residue 
decomposition in soil: a review. J. Environ. Manag. 320:115843. doi: 10.1016/j.
jenvman.2022.115843

Song, L., Yang, T., Xia, S., Yin, Z., Liu, X., Li, S., et al. (2022). Soil depth exerts stronger 
impact on bacterial community than elevation in subtropical forests of Huangshan 
Mountain. Sci. Total Environ. 852:158438. doi: 10.1016/j.scitotenv.2022.158438

Speirs, L. B. M., Rice, D. T. F., Petrovski, S., and Seviour, R. J. (2019). The phylogeny, 
biodiversity, and ecology of the Chloroflexi in activated sludge. Front. Microbiol. 10:2015. 
doi: 10.3389/fmicb.2019.02015

Subirats, J., Sharpe, H., and Topp, E. (2022). Fate of Clostridia and other spore-
forming Firmicute bacteria during feedstock anaerobic digestion and aerobic 
composting. J. Environ. Manag. 309:114643. doi: 10.1016/j.jenvman.2022.114643

Wang, B., Wang, Y., Cui, X., Zhang, Y., and Yu, Z. (2019). Bioconversion of coal to 
methane by microbial communities from soil and from an opencast mine in the Xilingol 
grassland of Northeast China. Biotechnol. Biofuels 12:236. doi: 10.1186/
s13068-019-1572-y

Wang, Z., Wang, Z., Ma, L., Lv, X., Meng, Y., and Zhou, Z. (2021). Straw returning 
coupled with nitrogen fertilization increases canopy photosynthetic capacity, yield and 
nitrogen use efficiency in cotton. Eur. J. Agron. 126:126267. doi: 10.1016/j.eja.2021.126267

Wang, N., Yu, J.-G., Zhao, Y.-H., Chang, Z.-Z., Shi, X.-X., Ma, L. Q., et al. (2018). Straw 
enhanced CO2 and CH4 but decreased N2O emissions from flooded paddy soils: 
changes in microbial community compositions. Atmos. Environ. 174, 171–179. doi: 
10.1016/j.atmosenv.2017.11.054

Wang, J., Zhang, H., Li, X., Su, Z., Li, X., and Xu, M. (2014). Effects of tillage and 
residue incorporation on composition and abundance of microbial communities of a 
fluvo-aquic soil. Eur. J. Soil Biol. 65, 70–78. doi: 10.1016/j.ejsobi.2014.10.003

Win, T. T., Bo, B., Malec, P., and Fu, P. (2021). The effect of a consortium of Penicillium 
sp. and Bacillus spp. in suppressing banana fungal diseases caused by Fusarium sp. and 
Alternaria sp. J. Appl. Microbiol. 131, 1890–1908. doi: 10.1111/jam.15067

Wu, G., Ling, J., Zhao, D.-Q., Xu, Y.-P., Liu, Z.-X., Wen, Y., et al. (2022). Deep-injected 
straw incorporation improves subsoil fertility and crop productivity in a wheat-maize 
rotation system in the North China plain. Field Crop Res. 286:108612. doi: 10.1016/j.
fcr.2022.108612

Xiao, R., Zhu, W., Zheng, Y., Xu, S., and Lu, H. (2022). Active assimilators of soluble 
microbial products produced by wastewater anammox bacteria and their roles revealed 
by DNA-SIP coupled to metagenomics. Environ. Int. 164:107265. doi: 10.1016/j.
envint.2022.107265

Yang, S., Xiao, J., Liang, T., He, W., and Tan, H. (2021). Response of soil biological 
properties and bacterial diversity to different levels of nitrogen application in sugarcane 
fields. AMB Express 11:172. doi: 10.1186/s13568-021-01331-4

Yu, N., Mou, A., Sun, H., and Liu, Y. (2022). Anaerobic digestion of thickened waste 
activated sludge under calcium hypochlorite stress: performance stability and microbial 
communities. Environ. Res. 212:113441. doi: 10.1016/j.envres.2022.113441

Zhang, C. F., Tayyab, M., Abubakar, A. Y., Yang, Z. Q., Pang, Z. Q., Islam, W., et al. 
(2019). Bacteria with different assemblages in the soil profile drive the diverse nutrient 
cycles in the sugarcane straw retention ecosystem. Diversity 11:194. doi: 10.3390/
d11100194

https://doi.org/10.3389/fmicb.2023.1141545
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.soilbio.2021.108419
https://doi.org/10.1038/s41598-021-82163-x
https://doi.org/10.1111/j.1574-6941.2003.tb01043.x
https://doi.org/10.1016/j.catena.2022.106596
https://doi.org/10.1007/s12010-013-0566-7
https://doi.org/10.1016/j.biortech.2020.124265
https://doi.org/10.1016/j.syapm.2022.126353
https://doi.org/10.1016/j.syapm.2022.126353
https://doi.org/10.1134/S000143382108003X
https://doi.org/10.1016/j.still.2020.104879
https://doi.org/10.1016/j.still.2021.105188
https://doi.org/10.1016/j.still.2021.105188
https://doi.org/10.1186/s40168-022-01263-6
https://doi.org/10.1016/j.soilbio.2022.108693
https://doi.org/10.1128/AEM.00956-20
https://doi.org/10.1016/j.scitotenv.2022.157197
https://doi.org/10.3390/microorganisms10010151
https://doi.org/10.1128/AEM.01706-21
https://doi.org/10.1016/j.wasman.2021.02.043
https://doi.org/10.1016/j.biortech.2022.127295
https://doi.org/10.1007/s00253-019-09863-3
https://doi.org/10.1016/j.apsoil.2021.104355
https://doi.org/10.1016/j.apsoil.2021.104355
https://doi.org/10.1111/j.1462-2920.2009.02128.x
https://doi.org/10.1099/ijsem.0.002674
https://doi.org/10.1016/j.scitotenv.2022.152967
https://doi.org/10.1016/j.watres.2019.115398
https://doi.org/10.1016/j.jenvman.2022.115843
https://doi.org/10.1016/j.jenvman.2022.115843
https://doi.org/10.1016/j.scitotenv.2022.158438
https://doi.org/10.3389/fmicb.2019.02015
https://doi.org/10.1016/j.jenvman.2022.114643
https://doi.org/10.1186/s13068-019-1572-y
https://doi.org/10.1186/s13068-019-1572-y
https://doi.org/10.1016/j.eja.2021.126267
https://doi.org/10.1016/j.atmosenv.2017.11.054
https://doi.org/10.1016/j.ejsobi.2014.10.003
https://doi.org/10.1111/jam.15067
https://doi.org/10.1016/j.fcr.2022.108612
https://doi.org/10.1016/j.fcr.2022.108612
https://doi.org/10.1016/j.envint.2022.107265
https://doi.org/10.1016/j.envint.2022.107265
https://doi.org/10.1186/s13568-021-01331-4
https://doi.org/10.1016/j.envres.2022.113441
https://doi.org/10.3390/d11100194
https://doi.org/10.3390/d11100194

	The effects of adding exogenous lignocellulose degrading bacteria during straw incorporation in cold regions on degradation characteristics and soil indigenous bacteria communities
	1. Introduction
	2. Materials and methods
	2.1. Sample source
	2.2. Experimental design
	2.3. Lignocellulose analysis
	2.4. Determination and analysis of the soil microbial sequences
	2.5. Statistical analysis and model building

	3. Results
	3.1. Effect of the addition of lignocellulose decomposition microbial consortiums on the rate of lignocellulose degradation during the process of straw incorporation
	3.2. Effect of the addition of lignocellulose decomposition microbial consortiums on the pH during the process of straw incorporation
	3.3. Effect of the addition of lignocellulose decomposition microbial consortiums on the soil organic matter during the process of straw incorporation
	3.4. Effect of the addition of lignocellulose decomposition microbial consortiums on the yield during the process of straw incorporation
	3.5. OTU clustering analysis of the microbial community during the process of straw incorporation
	3.6. PCA analysis of changes in the microbial community during the process of straw incorporation
	3.7. Analysis of the microbial community diversity in the straw incorporation
	3.8. Analysis of the microbial community at the genus level following the addition of an exogenous composite bacterial system
	3.9. Analysis of the relationship between the bacteria and lignocellulose degradation during straw incorporation
	3.10. FAPROTAX function gene prediction of the microbial community during straw incorporation
	3.11. Relationship between the different factors and lignocellulose degradation by structural equation modeling

	4. Discussion
	5. Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

