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Abstract: The impact of Bacillus thuringiensis (Bt) corn straw returning on the soil ecosystem has
attracted significant attention. In this study, taking the homologous conventional corn 5422 as a
control, we explored the effects of Bt corn (5422Bt1 and 5422CBCL) straw return after five consecutive
cycles on soil nutrients, enzyme activities, and microbial communities. The results showed that in the
5422Bt1 treatment, the levels of available phosphorus (AP), total nitrogen (TN), and sucrose enzyme
(SUC) activities significantly increased. In the 5422CBCL treatment, organic matter (OM), alkaline
nitrogen (AN), and AP contents, as well as SUC and acid phosphatase (ACP) activities, significantly
decreased, while available potassium (AK) and TN contents significantly increased. Through Illumina
high-throughput sequencing, it was found that the OTU abundance of soil fungi and bacteria changed
after straw returning, and there were no significant differences in alpha diversity (x-diversity) among
the three treatments. Redundancy analysis (RDA) indicated that soil nutrients and enzyme activities
also affect the soil microbial communities. In summary, Bt corn straw returning affects soil nutrients,
enzyme activities, and the structure of microbial communities. Overall, this study revealed the
impact of continuous Bt corn straw returning on the soil ecosystem, providing a theoretical basis for
subsequent studies.
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1. Introduction

The year 2023 marks the 28th anniversary of the successful global commercialization
of genetically modified (GM) crops. As of 2023, the global planting area of GM crops has
reached 206.3 million hectares, 121 times that of 1996, accounting for about 13% of the
world’s 1.5 billion hectares of arable land. From 1996 to 2023, the cumulative global planting
area of GM crops exceeded 40 billion hectares [1]. GM crops, with traits such as insect
resistance, cold tolerance, and virus resistance, bring significant benefits to agriculture, the
environment, and consumers [2,3]. So far, 32 different non-food and food-transgenic crops
have been developed worldwide, including soybeans, corn, cotton, and canola [4]. The
insect resistance trait in GM crops originates from the expression of insecticidal crystal
proteins produced by a class of Gram-positive bacteria called Bacillus thuringiensis (Bt) [5].
Bt crops can accumulate Bt proteins in various tissues and organs, such as leaves, stems,
roots, and seeds. Studies have shown that Bt proteins released by Bt crops can enter the soil
ecosystem through root exudates and straw return, directly or indirectly causing changes in
the physical and chemical properties of soil and impacting soil nutrients, enzyme activities,
and soil microbial communities [6,7].
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Currently, numerous studies are examining the soil nutrients, enzyme activity, and mi-
crobial communities of Bt crops throughout the planting and decomposition processes [8-10].
Returning GM corn straw to the soil is a primary pathway for Bt proteins to enter the soil,
altering soil physicochemical properties (SPP) and microbial communities. Zeng et al. [11]
showed that the Bt protein from Bt corn straw, after being returned to the soil, does not ac-
cumulate in the soil and has no significant impact on soil nutrient contents. Wang et al. [12]
showed that returning Bt corn straw to the soil significantly reduced the soil AP and AK
contents. Yan et al. [13] showed that returning the Bt corn variety DK647BTY straw to the
soil significantly increased the soil OM content. Soil enzymes are involved in a wide range
of essential metabolic activities in the soil, reflecting the intensity and dynamics of various
biochemical processes. They are the key factors in determining nutrient cycling and organic
matter decomposition in the soil and play an important role in assessing microbial functions
in soil ecosystems [14,15]. Some studies have shown that the decomposition of Bt corn
straw has no significant effect on the activities of soil phosphatase, dehydrogenase, protease,
and aromatic sulfate esterase [16]. However, other research has found that the activity of
certain soil enzymes can change during the decomposition process of Bt corn straw. During
the decomposition of Bt corn 34B24 straw, soil protease and acid phosphatase activities
showed no significant difference compared to those occurring during the decomposition
of the conventional corn variety 34B23 straw. However, at certain sampling times, the
activities of soil dehydrogenase and sucrase were significantly higher than those occurring
during the decomposition of 34B23 straw. In contrast, the activity of soil URE varied, being
either higher or lower than that of the 34B23 straw treatment [12]. Under field conditions,
the return of Bt corn straw increased the soil SUC, URE, and protease activities [13]. Shu
et al. [17] found that Bt corn straw significantly improved soil nutrient and AN content.
Wang et al. [18] found that the addition of Bt rice straw significantly increased the number
of fungi, while the quantities of bacteria, actinomycetes, and denitrifying bacteria signifi-
cantly decreased. Mulder et al. [19] discovered that the Bt protein released from Bt corn
straw added to the soil temporarily promoted soil microbial populations in the short term.
Research findings indicate that the effects of returning Bt crops to the soil on soil nutrients,
enzyme activities, and microbial communities vary. This variation arises from differences
in Bt crop varieties, methods and timing of straw return, experimental environments and
conditions, as well as inherent soil characteristics. Therefore, it is essential to analyze the
results in the context of specific conditions during experiments.

Soil microorganisms play an important role in the biological activity of soil. These
microorganisms participate in nutrient cycling and organic matter transformation and alter
the soil environment through various biochemical and physiological mechanisms, making
them indispensable members of the soil ecosystem [20]. The major studies are more focused
on the effects of the short-term straw return of Bt crops on soil ecosystems. However, there
are few reports on the impact of the continuous straw return of Bt crops on soil microbial
communities. In this study, we hypothesized that the straw returning of the two Bt corn
varieties 5422Bt1 and 5422CBCL would have unique impacts on the soil ecosystem. There-
fore, this study uses the straw from conventional corn 5422, Bt corn 5422Bt1, and Bt corn
5422CBCL as materials, employing high-throughput sequencing technology to conduct
an in-depth investigation into the diversity, structure, and composition of soil fungal and
bacterial communities after five consecutive returns of Bt corn straw to the soil. Addition-
ally, this study will examine the interplay between microbial communities, soil nutrients,
and enzyme activities, aiming to provide a theoretical framework for understanding the
ecological impacts of continuous Bt corn straw return.

2. Materials and Methods
2.1. Overview of Experimental Site and Corn Varieties
The soil used in this experiment was collected from the surface layer (0-20 cm) of a

conventional corn plot of the South China Agricultural University teaching experimen-
tal farm. The soil is red clay, which was air-dried, passed through a 1 mm sieve, and



Agronomy 2024, 14, 2737

30f16

thoroughly mixed to serve as the experimental soil for this study. Before the experiment,
the basic SPP were as follows: pH 6.0, OM 20.89 + 0.49 g/kg, TN 1.01 & 0.03 g/kg, TP
0.80 4 0.06 g/kg, TK 20.71 £ 0.95 g/kg, AN 137.20 + 10.35 mg/kg, AP 95.35 + 2.91 mg/kg,
and AK 183.81 4 7.48 mg/kg. The tested varieties were Bt corn 5422Bt1 (Bt11) and Bt
corn 5422CBCL (Mon810), from Beck’s Hybrids, USA. This study used their common
homologous conventional corn variety 5422 as a control.

2.2. Experimental Design and Sampling

The two Bt corn varieties (5422Bt1 and 5422CBCL) and their homologous conventional
corn variety 5422 were planted in a greenhouse. At maturity, the straw was collected (divided
into leaves and stems), freeze-dried, crushed, and screened. The leaves and stems were then
thoroughly mixed in a 1:1 ratio and stored in a —40 °C freezer before returning the straw to the
field. The equipment was cleaned and disinfected before the straw was freeze-dried, crushed,
and sieved. A total of 6.0 g of each type of corn straw was added to a plastic cup containing
100 g of soil (height 10 cm, diameter 8 cm). After mixing the straw with the soil, 53 mL of
distilled water was added to maintain a moisture content of 50%. Each sample was portioned
into 36 plastic cups, which are all kept in the laboratory corridor, without temperature control,
light protection, or rain exposure. The samples were placed in positions with similar light
exposure. The temperature of the area was recorded. The positions of the plastic cups were
exchanged at regular intervals to avoid differences caused by light exposure time and intensity.
Water was replenished every three days by the weighing method to maintain a moisture
content of 50%. After the first straw return, 6.0 g of the corresponding variety’s straw was
re-added every 120 days, continuing for a total of five returns.

After adding the straw, samples were taken at 30, 60, and 120 days, and for each
sampling, four plastic cups were selected as four replicates for each treatment. The mixtures
in the plastic cups were thoroughly mixed on a sterile workbench and then divided into
portions, which were then stored in a —4 °C freezer, to determine soil enzyme activity
and nutrient content. The soil enzyme activities (URE, SUC, and ACP) and soil available
nutrients (OM, AN, AP, and AK) were measured in samples taken at 30, 60, and 120 days
after each straw addition, while total soil nutrients (TN, TP, and TK) were measured in
samples taken 120 days after each straw addition. After five consecutive straw additions,
samples were collected and placed into sterilized cryotubes and subsequently stored in a
—80 °C freezer to determine soil microorganisms.

2.3. Soil Nutrient and Enzyme Activity Analysis

Soil OM was determined using the potassium dichromate volumetric method; soil
AN, AP, and AK were determined by alkali hydrolysis diffusion, sodium bicarbonate,
and ammonium acetate-flame photometry, respectively. Soil TN, TP, and TK were de-
termined using the potassium dichromate-sulfuric acid digestion method, the sulfuric
acid-perchloric acid digestion method, and the NaOH fusion—flame photometry method,
respectively [21]. Soil enzyme (URE, SUC, and ACP) activities were determined using the
methods of Guan Songyin [22] and Zhou Likai [23].

2.4. llumina HiSeq Sequencing

The DNA of all soil samples was extracted using the Fast DNA Spin Kit for Soil (MP
Biomedicals, Santa Ana, CA, USA), and DNA quality was checked using 1% agarose gel elec-
trophoresis. The resulting DNA samples were stored at —80 °C prior to PCR amplification.
PCR amplification of the bacterial V3-V4 variable region was performed using the specific
primers (338F 5'-ACTCCTACGGGAGCAG-3') and (806R 5'-GGACTACHVGGGTWTCTAAT-
3'), as well as the fungal ITS primers F primer ITS-1 (5-CTTGGTCATTTAGAGGAAGTAA-
3’) and R primer ITS-2 (5'-GCTGCGTTCTTCATCGATGC-3'). Each sample underwent three
replicates. The PCR products of the same sample were mixed and subjected to electrophore-
sis using 2% agarose gel for detection. The PCR products were recovered from the gel
using the AxyPrep DNA Gel Recovery Kit (Axygen, Union City, CA, USA) and eluted with
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Tris-HCI. After mixing the PCR products of the same sample, they were electrophoresed on
a 2% agarose gel. Based on the preliminary electrophoresis results, the PCR products were
quantified using the QuantiFluor™-ST blue fluorescent quantification system (Promega,
Madison, WI, USA). Then, the products were mixed in the appropriate proportions accord-
ing to the sequencing requirements for each sample, and the mixture proceeded to the next
step of library construction. Adapter ligation was performed, followed by magnetic bead
selection to remove adapter dimers. PCR amplification enriched the library template, and
sodium hydroxide was used for denaturation, resulting in single-stranded DNA fragments.

After the sequencing library passed quality control, it was sequenced on the Illumina
MiSeq PE300 platform by Anoroad Gene Technology (Beijing) Co., Ltd., Beijing, China.
The process is as follows: one end of the DNA fragment is complementary to the primer
base and is fixed on the chip; the other end randomly complements another nearby primer,
which is also fixed in place, forming a “bridge.” PCR amplification generates DNA clusters,
and the DNA amplicons are linearized into single strands. Modified DNA polymerase and
dNTPs, labeled with four types of fluorescent markers, are added, allowing for the synthesis
of one nucleotide per cycle. The surface of the reaction plate is scanned with a laser to read
the type of nucleotide incorporated during the first round of reactions for each template
sequence. The “fluorescent groups” and “terminator groups” are chemically cleaved to
restore the 3’ sticky end, enabling the incorporation of the second nucleotide. The fluores-
cent signals collected in each round are analyzed to determine the sequence of the template
DNA fragments. The raw data are stored in the NCBI SRA (Sequence Read Archive,
http:/ /www.ncbi.nlm.nih.gov/Traces/sra, accessed on 12 April 2023) database. The se-
quences were then quality-controlled and filtered using Trimmomatic and FLASH (V 1.2.7)
software. The sequence direction was corrected, based on the box sequence at the sequence
ends, and valid data were obtained by identifying and distinguishing the samples according
to the barcode tag sequences. Usearch (version 7.1, http:/ /drive5.com/uparse/, accessed
on 12 April 2023) software was used to cluster non-redundant sequences (excluding sin-
gletons) into OTUs at 97% similarity, removing chimeras during the clustering process to
obtain representative sequences of OTUs. Sequences with greater than 97% similarity to
the OTU representative sequences were selected to generate the table.

2.5. Network Construction and Analysis

To standardize the OTU data obtained from high-throughput sequencing, upload
the data to the Molecular Ecological Network Analyses Pipeline (MENA) website and
construct a Pearson correlation matrix. Based on random matrix theory (RMT), set an
appropriate threshold to build a microbial molecular ecological network to study changes
in the soil microbial community following the return of Bt corn stalks to the soil. Import the
network file, node attribute file, and edge attribute file into Cytoscape 3.8.0 to visualize the
microbial molecular ecological network and obtain the complete network structure. In this
network, nodes represent species within the community, and connections between nodes
indicate interactions between species. The degree represents the number of nodes directly
connected to a given node, path length represents the shortest distance between two nodes,
clustering coefficient reflects the connectivity among a node and its neighboring nodes, and
modularity characterizes the modular features within the molecular ecological network.

2.6. Data Analysis

Microsoft Office Excel was used to sort out the data, and one-way ANOVA was
conducted using SPSS 25.0 software to compare the SPP and enzyme activities among
different treatments. RDA and principal component analysis (PCA) were conducted to
identify the correlation among SPP, soil enzyme activities, and soil microbial communities.
RDA and PCA analyses of soil microorganisms were performed using the “vegan” package
in R language (V 4.3.2) software, while the Pearson correlation analysis was conducted
using the “psych” package. Graphs were generated using Origin 2018 and the ggplot2,
heatmap, and plspm packages in R (V 4.3.2).
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3. Results
3.1. Effects of Continuous Return of Bt Corn Straw on Soil Nutrients and Enzyme Activities

The contents of soil OM, AN, AP, AK, TN, TP, and TK in the three treatments increased
with the extension of straw return time. This may be due to the increased frequency of
straw return, resulting in variations in soil nutrients due to differences in straw nutrient
content. Differences in soil nutrients between the three treatments were observed at
individual times.

The results of the two-way analysis of variance are shown in Table 1. It can be seen
from the table that the time of straw returning to the field has an extremely significant
impact on soil nutrients. The type of straw has an extremely significant impact on OM,
AN, AP, AK, and TN (p < 0.01). The above results demonstrate that the continuous return
of Bt corn straw to the soil has had a significant impact on the content of soil nutrients.
We analyzed the significance among the three treatments at the same timepoints after
straw was returned to the soil in order to clarify the impact of Bt corn straw returning
to the field on soil nutrients. As shown in Table S1, compared to the control, the soil
OM content in the 5422Bt1 straw treatment significantly increased at 420 days, 480 days,
and 540 days after return, while the TN content significantly increased at 480 days and
600 days after return, and significantly decreased or showed no significant change at other
timepoints. AN content significantly decreased at 30 days and 360 days after return, and
AP significantly reduced at 300 days and 360 days after return. AK content significantly
decreased at 30 days and 150 days after return, while at other timepoints, it significantly
increased or showed no significant difference. TP and TK contents showed no significant
changes during the straw return process. During the straw return process of the 5422CBCL
straw treatment, the soil OM content significantly increased at 30 days, 60 days, 150 days,
and 270 days after return; the AN content significantly increased at 180 days and 300 days
after return; the AP content significantly increased at 150 days after return; and the TN
content significantly increased at 480 days and 600 days after return. At other timepoints,
the contents significantly decreased or showed no significant difference. The AK content
significantly decreased at 30 days after return, while at different timepoints, it significantly
increased or showed no significant difference. After five consecutive straw returns, the soil
nutrients were measured for each treatment. The results showed that the soil AP and TN
content in the 5422Bt1 straw treatment significantly increased, while the soil OM, AN, AK,
TP, and TK contents showed no significant difference compared to those of conventional
corn 5422. In the 5422CBCL straw treatment, the soil OM, AN, and AP contents decreased
significantly, while the AK and TN contents increased. The TP and TK contents in the soil
showed no significant difference compared to those of conventional corn 5422.

Table 1. The results of variance analysis on the impact of different continuous straw returning
treatments on soil nutrients.

oM AN AP AK TN TP TK
Treatments
F P F 4 F 4 F P F P F 4 F p
Time 105539 Q001 o567 <0001 ypggig  <OO0T  ygrgzgy <0001 popgpg <0001 gygg5y <0001 )55 <0001
tr::;‘zm 57317 <0001 751 <O00T gy <0001 gggay <0001 9900 goo2+ 1799 0244 3342 0.106
Time x Straw ) g5 <0001 g 550 <0001 555 <0001 500 <0001 gagy <0001 4553 0190 0953 0494

treatment

Abbreviations: straw treatment—5422, 5422Bt1, 5422CBCL treatment; OM—organic matter; AN—available
nitrogen; AP—available phosphorus; AK—available potassium; TN—total nitrogen; TP—total phosphorus;
TK—total potassium; ** p < 0.01; *** p < 0.001.

The results of the two-way analysis of variance are shown in Table 2. It can be seen
from the table that both the time of straw returning to the field and the type of straw
have a significant impact on the activities of soil URE, SUC, and ACP (p < 0.01). The
above results demonstrate that the continuous return of Bt corn straw to the soil has had a
significant impact on the content of soil enzyme activities. The impact of Bt corn straw on
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soil enzyme activities after being returned to the soil at the same timepoints were analyzed
through one-way analysis of variance. As shown in Table S2, compared to the control,
the URE activity in the 5422Bt1 straw return process significantly decreased at 390 days;
the SUC activity significantly decreased at 60 days, 150 days, 480 days, 510 days, and
540 days; and the ACP activity significantly reduced at 150 days and 180 days, while at
other timepoints, the enzyme activities significantly increased or showed no significant
difference. In the 5422CBCL straw return process, the URE activity significantly decreased
at 30 days and 390 days. The SUC activity significantly decreased at 30 days, 60 days,
150 days, 390 days, 480 days, 510 days, and 600 days after return, while the ACP activity
significantly decreased at 180 days and 600 days after return. At other timepoints, enzyme
activities significantly increased or showed no significant difference. Overall, after five
consecutive straw returns, compared to that for the 5422 straw treatment, the SUC activity
in the soil of the 5422Bt1 straw treatment significantly increased. At the same time, there
was no significant difference in URE and ACP activities. In the 5422CBCL straw treatment,
the URE activity significantly increased compared to that of the 5422 straw treatment,
whereas the SUC and ACP activities significantly decreased.

Table 2. The results of variance analysis on the impact of different continuous straw returning
treatments on soil enzyme activities.

URE SuUC ACP
Treatments
F p F p F p
Time 76.332 <0.001 *** 47.989 <0.001 *** 171517  <0.001 ***
Straw treatment 18.412 0.001 ** 7.208 0.014 * 72.553 <0.007 ***

Time x Straw treatment  16.301 <0.001 ** 12293  <0.001 *** 4.246 <0.001 ***

Abbreviations: straw treatment—5422, 5422Bt1, 5422CBCL treatment; URE—urease; SUC—sucrase; ACP—acid
phosphatase; * p < 0.05; ** p < 0.01; *** p < 0.001.

3.2. Alpha Diversity (a- Diversity) of Soil Microorganisms After Continuous Return of Bt
Corn Straw

Soil samples collected after five consecutive returns of straw were sequenced using
the Illumina MiSeq PE300 device by Anoroad Gene Technology (Beijing) Co., Ltd., Beijing,
China. The dilution curves for soil fungi and bacteria showed that the OTU dilution curve
for each sample flattened as the number of reads increased, indicating that the sequencing
data volume had reached an analyzable level. Clustering was performed at a 97% similarity
level for the high-throughput sequences.

As shown in Figure 1, a total of 126 fungal OTUs and 443 bacterial OTUs were
detected, with the number of soil fungi and bacteria ranked from highest to lowest, as
follows: 5422Bt1, 5422CBCL, and 5422. Across all soil samples, there were 15 shared
fungal OTUs, with 33 unique OTUs in 5422, 36 unique OTUs in 5422Bt1, and 30 unique
OTUs in 5422CBCL. Additionally, 5422Bt1 and 5422 shared 16 OTUs, while 5422CBCL and
5422 shared 20 OTUs. In terms of bacterial OTUs, there were 77 shared OTUs across all
treatments, with 78 unique OTUs in 5422, 116 unique OTUs in 5422Bt1, and 85 unique
OTUs in 5422CBCL. Furthermore, 5422Bt1 and 5422 shared 114 OTUs, while 5422CBCL
and 5422 shared 91 OTUs.

a-diversity reflects the diversity and richness of soil microbial communities. In this
study, the richness, Shannon, Simpson, Chaol, and ACE indices were used to evaluate the
abundance, evenness, and diversity of the fungal and bacterial communities. As shown
in Figure 2, the alpha diversity indices indicated that the soil microbial diversity tended
to increase in the 5422Bt1 straw treatment (Figure 2A) and the 5422CBCL straw treatment
(Figure 2B) compared to that of the homologous conventional corn 5422 straw treatment,
although the differences were not significant. Therefore, we infer that compared to the
homologous conventional corn 5422, the continuous return of Bt corn straw 5422Bt1 and
5422CBCL has no significant impact on the diversity and richness of the soil fungal and
bacterial communities.
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(A)

(B)

5A4 5B4 .
5C4 5C4

Figure 1. Shared and unique OTU counts of fungal (A) and bacterial (B) communities under different
straw treatments. Note: 5A4 represents the 5422Bt1 straw treatment; 5B4 represents the 5422CBCL
straw treatment; 5C4 represents the 5422 straw treatment.
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Figure 2. Effects of different straw treatments on the alpha diversity of fungal (A) and bacterial (B)
communities. Note: 5A4 represents the 5422Bt1 straw treatment; 5B4 represents the 5422CBCL straw
treatment; 5C4 represents the 5422 straw treatment.
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Through sequencing analysis, a total of four phyla of fungi were detected in the
soil, with Ascomycota (accounting for 84.22%) as the dominant phyla. This phylum
comprised 88.78% in the 5422Bt1 straw treatment, 75.48% in the 5422CBCL straw treatment,
and 90.98% in the 5422 straw treatment. Compared to the control, the 5422CBCL straw
treatment increased the relative abundance of Basidiomycota. Compared to the control, the
5422CBCL straw treatment increased the relative abundance of Basidiomycota (Figure 3A).
S Dt bton Phylum Distribution
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Figure 3. Dominant phyla of soil fungi (A) and bacterial (B) communities under different straw
treatments. Note: 5A4 represents the 5422Bt1 straw treatment; 5B4 represents the 5422CBCL straw
treatment; 5C4 represents the 5422 straw treatment.

The dominant bacterial communities at the phylum level across all samples primarily
consist of Proteobacteria, Actinobacteria, and Firmicutes. The soil bacterial communities
from the 5422Bt1 and 5422 straw treatments are similar, mainly composed of Proteobacteria
and Actinobacteria. In addition, compared to the 5422 straw treatment, the bacterial
community in the 5422CBCL straw treatment is primarily composed of Proteobacteria
(26.74%), Actinobacteria (15.68%), and Firmicutes (23.21%). The 5422CBCL straw treatment
significantly reduced the relative abundance of Proteobacteria and Actinobacteria in the
soil, while significantly increasing the content of Firmicutes (Figure 3B).

3.3. Beta Diversity (B- Diversity) of Soil Microorganisms After Continuous Return of Bt
Corn Straw

A principal component analysis (PCA) was performed on the distance matrix between
samples to create a PCA plot. From the perspective of the fungal community, PC1 and
PC2 explained 74.41% and 13.11% of the variation in the fungal community composition,
respectively, together accounting for 87.52%. There were significant differences in the
soil fungal community composition among the 5422Bt1, 5422CBCL, and the 5422 straw
treatments (Figure 4A).

From the perspective of the bacterial community, PC1 and PC2 explained 65.53%
and 25.57% of the variation in bacterial community composition, respectively, together
accounting for 91.10%. The similarity between the 5422Bt1 and 5422 straw treatments was
high, while there was a significant difference in the soil bacterial community between the
5422CBCL and 5422 straw treatments (Figure 4B).
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Figure 4. PCA analysis of differences in soil fungal (A) and bacterial (B) community structures under
different straw treatments. Note: 5A4 represents the 5422Bt1 straw treatment; 5B4 represents the
5422CBCL straw treatment; 5C4 represents the 5422 straw treatment.

3.4. Effects of Environmental Factors on Soil Microbial Communities

RDA (redundancy analysis) of the screened environmental factors was conducted for
the fungal and bacterial communities in the soil at the end of the continuous straw return.
The results showed that RDA1 and RDA2 explained 69.23% and 13.68% of the variation in
the fungal community, respectively. The fungal community was significantly influenced by
URE, AP, and AN, with URE having the greatest impact, followed by AN content, while AK
content had the least influence (Figure 5A). RDA1 and RDA2 explained 57.74% and 15.97%
of the variation in the bacterial community, respectively. The bacterial community was
significantly influenced by TP, TK, and OM, with TK having the greatest impact, followed
by TP, while AK had the least influence (Figure 5B).

To further explore the correlation between soil fungi and bacteria (at the genus level)
with environmental factors, a correlation heatmap was utilized for analysis. The heatmap
was used to analyze the impact of environmental factors on the top 10 species of the fungal
community. The results of the correlation between fungi at the genus level and environmen-
tal factors indicate that OM, AN, AP content, and SUC are significantly positively correlated
with unclassified Sordariales. At the same time, URE and ACP are significantly negatively
correlated with it. Additionally, AP content and SUC are significantly negatively correlated
with unidentified fungi. URE is significantly positively correlated with unclassified Sor-
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dariomycetes. AN content is significantly negatively correlated with Trichosporon. URE is
significantly negatively correlated with unclassified fungi. AP is significantly negatively
correlated with unclassified Chaetomiaceae, while ACP is significantly positively correlated
with it. TK is significantly negatively correlated with other fungi (Figure 6A).
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Figure 5. RDA of soil fungal (A) and bacterial (B) communities in regards to the environmental factors.
Note: 5A4 represents the 5422Bt1 straw treatment; 5B4 represents the 5422CBCL straw treatment;
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5C4 represents the 5422 straw treatment.
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Figure 6. Analysis of correlation of soil fungal (A) and bacterial (B) communities with environmental

factors. * p < 0.05; ** p < 0.01; *** p < 0.001.

A correlation heatmap was used to analyze the impact of environmental factors on the
top 10 species of the bacterial community. The results of the correlation between bacteria
at the genus level and environmental factors indicate that ACP is significantly negatively
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correlated with unclassified bacterial and significantly positively correlated with Devosia.
OM, AN, AP, and SUC are significantly negatively correlated with Sphingomonas and
Nocardioides, while TP, TK, and URE are significantly positively correlated with Sphin-
gomonas. OM and SUC are significantly negatively correlated with Mesorhizobium, while
TP and TK are significantly positively correlated with it. AK and TN are significantly
positively correlated with Rhodoplanes. TP and ACP are significantly positively correlated
with Nocardioides. OM, AP, and SUC are significantly positively correlated with Amaric-
occus, while ACP is significantly negatively correlated with it. OM, AN, and SUC are
significantly negatively correlated with Rathayibacter, while URE is significantly positively
correlated with it. AP is significantly positively correlated with other bacteria, whereas
ACP is significantly negatively correlated with them (Figure 6B).

3.5. Effects of Continuous Return of Bt Corn Straw on Soil Microbial Networks

A co-occurrence network diagram based on phylum level was constructed to explore
the co-occurrence characteristics of fungi and bacteria. In the fungal co-occurrence network
at the phylum level, Ascomycota and Basidiomycota account for a large proportion, with
Ascomycota showing the highest relative abundance (Figure 7A). The bacterial community
network diagram shows that at the phylum level, Proteobacteria, Actinobacteria, and
Firmicutes account for a large proportion, with Proteobacteria having the highest relative
abundance (Figure 7B).

P_ Ascomycota
i P_Basidiomycota
® [ ] M P_Fungi-unclassified =

olm'g's> gl e

[
Ny
=
AN
Y
4
et

°

(A) (B)
Figure 7. Phylum-level correlation network of soil fungal (A) and bacterial (B) communities.

The soil fungal community network contains 11 nodes and 9 edges. The soil bacterial
community network contains 1354 nodes and 206 edges, indicating many nodes and
connections, which suggests strong interactions among species and complex interspecies
relationships. The predominance of positive correlations in the network indicates that the
relationships among bacterial species are largely cooperative or symbiotic. Comparing the
properties of fungal and bacterial networks, the bacterial network has a greater number
of nodes and connections, with more complex interconnections. Additionally, the longer
average degree, modularity, and average diameter of bacteria indicated that the bacterial
community structure was stable, the efficiency of material and information transfer was
high, and it could effectively cope with various changes in the soil environment (Table 3).

Table 3. The influence of different straw treatments on soil nutrients.

Average Clustering . Average
Sample Node Edges Degree Coefficient Modularity Diameter
ITS 11 9 1.63 0.889 0.667 2
165 1354 206 3.052 0.822 0.878 6

Notes: ITS refers to the internal transcribed spacer region sequence of fungi and can be used for fungal community
analysis; 16S refers to the 16S rRNA gene sequence of bacteria and can be used for bacterial community analysis.
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4. Discussion
4.1. Effects of Continuous Return of Bt Corn Straw on Soil Nutrients

Soil is a crucial site for material cycling and energy transformation processes in
ecosystems, and the cultivation of Bt crops and the return of straw to the soil may have an
impact on soil nutrient content [11,16,24,25]. Through a straw decomposition experiment,
we analyzed the effects of long-term continuous return of Bt corn straw on soil nutrient
content. The experiment found that soil nutrient content in the three treatments increased
with the continuous return of corn straw, consistent with previous research findings [11,26].
After five consecutive straw return treatments, compared to the straw treatment of the
homologous conventional corn variety 5422, the soils treated with 5422Bt1 straw showed
no significant differences in OM, AN, AK, TP, and TK, while the contents of AP and
TN significantly increased. This may be because the 5422Bt1 straw has a higher TN and
TP content than those found in conventional corn, which influenced the soil nutrient
cycling during straw decomposition. At the same time, the soil nutrient content in the
5422CBCL treatment exhibited complex changes, with no significant differences in TP and
TK content, while OM, AN, and AP contents significantly decreased, and AK and TN
contents significantly increased (Table S1). This result is generally consistent with the study
by Wang et al. [12]. The changes in soil nutrients after the return of the two Bt corn varieties
showed obvious complexity, and this difference may be caused by the variations between
varieties. Therefore, during the Bt corn straw return process, soil nutrient management
should be optimized based on the specific characteristics of the varieties.

4.2. Effects of Continuous Return of Bt Corn Straw on Soil Enzyme Activity

Soil enzyme activity is of significant importance in soil ecosystems, as it originates
from crop root exudates and is stimulated by soil microorganisms, playing a key role in OM
decomposition and nutrient cycling [27]. Numerous studies have shown that soil enzyme
activity exhibits complex changes after the return of Bt crops, and these complex changes
are likely influenced by various factors such as soil type and Bt protein concentration [28].
In the related experiments conducted in this study, we compared the changes in soil enzyme
activity under different treatments. The experiment found that, compared to the straw
treatment of the conventional variety 5422, after five consecutive straw return treatments,
the soil SUC activity in the 5422Bt1 straw treatment significantly increased, while the URE
activity and ACP activity were not significantly affected (Table S2). From the perspective
of soil fertility and nutrient cycling, the significant increase in sucrase activity suggests
that the decomposition and conversion efficiency of OM in the soil may have improved,
which to some extent, reflects that the continuous return of 5422Bt1 straw helps enhance
soil fertility and can play a positive role in promoting soil carbon cycling. Meanwhile, after
five consecutive straw return treatments, the soil enzyme activity under the 5422CBCL
straw treatment also showed significant changes. URE activity in the soil significantly
increased. As one of the key enzymes involved in nitrogen mineralization, URE can convert
urea into inorganic nitrogen, which helps improve the efficiency of nitrogen cycling in the
soil [29]. However, at the same time, the 5422CBCL straw treatment significantly reduced
the activity of SUC and ACP. Based on the analysis of the existing research, this is likely
because the Bt protein in the 5422CBCL straw inhibited the activity of enzymes involved in
phosphorus cycling and organic carbon OM decomposition [29]. The two Bt corn straw
treatments showed both the promotion and inhibition of SUC, URE, and ACP activity at
certain sampling times, indicating that the return of 5422Bt1 and 5422CBCL straw to the
soil has a complex effect on soil enzyme activity. After straw return, there was either no
significant change or a declining trend in soil enzyme activity. On one hand, this may be
due to differences in straw varieties and the products of straw decomposition, while on
the other hand, it may be due to the soil lacking proper water and air exchange, which
hinders microbial growth, ultimately leading to changes in soil enzyme activity. Therefore,
in future studies on Bt corn straw return, we should consider the differences in soil enzyme
activity caused by different types of straw and the substances contained within them.
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4.3. Effects of Continuous Return of Bt Corn Straw on Soil Microbial Communities

In the complex network of soil ecosystems, soil microorganisms play an important role
in the straw decomposition process [30]. Straw return, as an effective method to improve
soil fertility and maintain crop productivity, has a significant impact on soil microbial
communities, which deserves in-depth investigation. This impact is even more complex
and meaningful in the context of genetically modified crop straw return [31-33]. This study
conducted a systematic analysis of the changes in soil microbial communities after the
return of 5422Bt1 and 5422CBCL straw. After five consecutive straw return treatments,
compared to the control, we found that both treatments had a certain promoting effect
on the diversity of soil fungal and bacterial communities, although the effect was not
significant (Figure 2). This is consistent with previous studies [34,35]. Further analysis
of the microbial community composition at the phylum level revealed that the two Bt
corn treatments and the control had similar phylum-level compositions, with Ascomycota
and Basidiomycota being the dominant fungal phyla (Figure 3A). During the initial stages
of straw return, Ascomycota degrades the easily decomposable parts of the straw, while
Basidiomycota mainly degrades the more difficult-to-decompose organic matter in the
later stages of straw decomposition [36]. However, there were no significant differences
in the fungal community composition among the three treatments. This is similar to
the findings of Liu et al. [37]. However, the relative abundance of Basidiomycota in the
5422CBCL straw treatment increased, which may be because this treatment accelerated the
succession of the soil fungal community, promoting the degradation of more difficult-to-
decompose OM. The study results showed that the dominant bacterial phyla in the three
treatments were Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes (Figure 3B),
and Proteobacteria is the most abundant microbial phyla in soil, which is consistent with
the results for the dominant bacterial communities in the soil after corn straw return [38,39].
In the soils of the three straw return treatments, the relative abundance of Proteobacteria
was the highest. Proteobacteria is the most abundant microbial phylum in the soil, and
it can live under both facultative or obligate anaerobic conditions, preferring dry soil
environments [38,40]. Compared to the control, the 5422CBCL straw treatment caused
significant changes in the bacterial community structure, with a significant decrease in the
relative abundance of Proteobacteria and Actinobacteria and a significant increase in the
relative abundance of Firmicutes. This may be due to changes in soil nutrient and enzyme
activity levels induced by the 5422CBCL treatment, which in turn altered the soil bacterial
community structure [41-43].

In soil ecosystems, the interactions between soil microbial communities and the sur-
rounding environment are crucial, profoundly affecting the functioning and stability of the
entire system. Soil fertility is widely recognized as a key factor shaping microbial commu-
nity diversity [44,45]. The results of the RDA analysis indicate that URE is an important
factor influencing fungal community changes, while TK content is an important factor
affecting bacterial community changes (Figure 5). Meanwhile, further correlation heatmap
analysis revealed that the fungal community was significantly correlated with OM, AK,
and SUC (p < 0.01) (Figure 6A), while the bacterial community showed a highly significant
correlation with OM, AN, AP, AK, TN, URE, SUC, and ACP (p < 0.001) (Figure 6B). We
speculate that the dynamic changes in soil microbial communities may be the result of
the synergistic effects of various soil physicochemical properties. Previous studies have
provided key insights for further exploring the mechanisms of soil microbial community
changes observed in this study. The changes in URE activity may reshape the fungal com-
munity composition by affecting the nitrogen supply balance, which might be related to the
specific nitrogen utilization preferences of the fungi [45]. The changes in TK content likely
influence the bacterial community, which may be closely related to the bacteria’s potassium
uptake and metabolism pathways. Potassium plays a key role in maintaining bacterial cell
membrane potential stability and osmotic pressure balance. Previous studies have found
that soil URE and phosphatase play crucial roles in the N and P cycles. The former converts
organic nitrogen into inorganic nitrogen to provide a biological nitrogen source [46], while
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the latter hydrolyzes organic phosphorus into inorganic phosphorus to assist in plant
phosphorus absorption [47]. Meanwhile, soil physical and chemical properties such as pH
and available potassium have also been found to be closely related to the construction of
fungal or bacterial community structures [48]. Therefore, physical and chemical properties
such as AK, OM, and ACP are the main driving factors for the changes in the soil microbial
community structure [41,47,48].

Analyzing the structural characteristics of ecological networks can detect the complex
relationships between species and the stability of ecological network structure; the more
connections there are, the stronger the microbial interactions will be [49,50]. The results
of this study indicate that returning corn straw to the soil increased the complexity of the
bacterial network while reducing the complexity of the fungal network, suggesting that
bacteria play a dominant role in the process of straw return (Figure 7, Table 3). This is
consistent with the findings of previous studies. Xu et al. [51] found that long-term straw
incorporation can increase the degree of interaction in the soil bacterial network

5. Conclusions

The five continuous returns of Bt corn straw to the soil exerted an impact on soil
nutrients and enzyme activities. The 5422Bt1 straw treatment increased some soil nutrients
and enzyme activities, while the 5422CBCL straw treatment caused some soil nutrients and
enzyme activities to increase and decrease in different situations. The dominant phyla of
the soil fungal and bacterial communities under the three treatments were Ascomycota,
Basidiomycota, Proteobacteria, Actinobacteria, and Firmicutes. The fungal community was
relatively stable, with no significant differences in its x-diversity and relative abundance.
The 5422CBCL straw treatment significantly changed the composition of the bacterial
community and affected the relative abundance of specific bacterial phyla. There were
differences in the fungal community composition between the 5422Bt1 and 5422CBCL
treatments and the 5422 treatment, and there were differences in the bacterial community
composition between the 5422CBCL treatment and the 5422 treatment. The community
structure composition was related to a variety of soil indicators. The soil microorganisms
showed complex correlations with environmental factors at the genus level. This exper-
iment provided crucial evidence and clues for further research on the influence of the
continuous return of Bt corn straw on the soil microbial community and its relationship
with ecological functions.
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