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Impacts of various amendments
on the microbial communities
and soil organic carbon of coastal
saline—alkali soil in the Yellow
River Delta

Runang Liu', Beijia Liang', Huili Zhao* and Ying Zhao*

College of Resources and Environmental Engineering, Ludong University, Yantai, China

The utilization of industrial and agricultural resources, such as desulfurization
gypsum and straw, is increasingly favored to improve saline alkali land. However,
there is still a lack of comprehensive study on the mechanism of organic carbon
turnover under the conditions of desulfurization gypsum and straw application.
We studied the changes in soil chemical performance, microbial diversity, and
microbial community structure in soils with the addition of various levels of
straw (no straw, Sg; low straw, S;; medium straw, Sm; and high straw, Sy) and
gypsum (no gypsum, DGg; low gypsum, DG;; and high gypsum, DGy) in a
120-day incubation experiment. The bacterial and fungal community richness
was higher in the SmDG; treatment than in the S,mDGq treatment. The microbial
community evenness showed a similar pattern between the S,DG; and S,mDGq
treatments. The combination of the straw and desulfurization gypsum treatments
altered the relative abundance of the main bacterial phyla Bacteroidetes and
Firmicutes and the dominant fungal class Sordariomycetes, which increased
with the enhancement of the SOC ratio. The combination of the straw and
desulfurization gypsum treatments, particularly SmDG,, significantly decreased
the soil pH and exchangeable sodium percentage (ESP), while it increased the
soil organic carbon, microbial biomass carbon, and activities of soil enzymes.
Improvement in the soil salinization environment clearly drove the changes in
bacterial a-diversity and community, particularly those in the soil carbon fractions
and ESP. In conclusion, these findings provide a strong framework to determine the
impact of application practices on soil restoration, and the information gained in
this study will help to develop more sustainable and effective integrated strategies
for the restoration of saline-alkali soil.

carbon sequestration, microbial community, straw addition, desulfurization gypsum,
saline-alkali soil

Introduction

Saline-alkali soil in coastal China covers a large area and is widely distributed. There
are obstacles, such as serious salinization, low fertility, poor structure, and low and unstable
crop yields (Lv et al., 2015). The Yellow River Delta, with an area of approximately 5 x 10°
hm?, is a typical coastal saline-alkali soil and a main resource of reserve land. However,
the soil as a whole is slightly alkaline with a high salt content and low soil organic matter
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(SOM) in the topsoil, and the soil requires improvement before
cultivation (Lv et al., 2015; Wu et al, 2019; Ou et al., 2020).
In the context of the current limitations in land resources and
population growth, it is theoretically and practically important to
explore measures to improve the fertility of coastal saline-alkali
land in this region to ensure the high-quality development of
regional agriculture.

The primary purpose and basic requirements of improving
saline land are to reduce salinity and improve soil structure and
fertility. Therefore, it is equally important to significantly reduce
saline—alkali barriers and improve soil fertility. SOM is a key factor
that determines soil fertility, and increasing the content of SOM
will also help to improve saline-alkali land (Lal, 2016). The content
of soil organic carbon (SOC) in farmland is associated with the
balance of generation and its loss by mineralization (Xu et al,
2019). Currently, crop straw returning to the field is viewed as
the main measure to improve the content of SOC of farmland in
China, and it is also a valuable method to improve saline-alkali
soil (Zhao et al., 2018a; Zhao H. L. et al., 2019; Jin et al., 2020;
Zhu et al,, 2021). The process of SOC turnover after the input of
exogenous organic materials is controlled by soil microorganisms.
However, the special habitat of soil with high salinity in the Yellow
River Delta will inhibit microbial activity, and high sodium (Na™)
will destroy the soil aggregate structure, which affects the effective
transformation of exogenous straw carbon into the organic carbon
pool (Xie et al., 2017). Therefore, during the process of improving
the saline-alkali soil in the study area, it is of great importance to
explore the scientific mechanism of methods that could improve
the rate of retention of carbon by straw.

Desulfurized gypsum, a byproduct of coal-fired power plants, is
basically similar to natural gypsum owing to its main component
of calcium sulfate (CaSOy4 - 2H,O). Thus, it can reduce the damage
of alkali by replacing the Na™ ions on soil colloids and also
improve soil aggregation and microbial activity, which is a topic
of major concern (Luo et al., 2018). The combination of straw and
desulfurized gypsum has become an important measure to enhance
saline-alkali soil. For example, the combined improvement
measures of straw and desulfurized gypsum can significantly reduce
soil salinity compared with single measures (Liao et al., 2020). It was
also found that a single application of straw or desulfurized gypsum
could increase SOC content (Zhao Y. G. et al., 2019). In the semi-
arid and semi-humid soda saline-alkali soil area of northeastern
China, the application of desulfurization gypsum significantly
enhances the abundance of arbuscular mycorrhizal fungi, organic
carbon content, and aggregate stability in soil microaggregates
(Luo et al,, 2018). Treatment with an amendment of treated
wastewater_bioenergy sorghum_gypsum assembled a distinctive
microbial community structure and accumulated the highest
content of SOC (7.66g kg~'). However, it also resulted in the
lowest content of soil inorganic carbon (6.63 g kg™!) (Somenahally
et al, 2023). In addition, under the compound improvement
measures, desulfurized gypsum changes the physicochemical and
biological properties of the soil, which may also reduce the
mineralization of “old carbon” and accelerate the dynamic process
of the formation of “new carbon,” thus affecting the sequestration
of SOC. Currently, to the best of our knowledge, there has been
no in-depth study on its internal mechanism. In view of this, this
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study proposed to thoroughly analyze the microbial mechanism
of the combined improvement of straw and desulfurized gypsum
on the sequestration of SOC and provide a theoretical foundation
for the rational use of amendments to improve the coastal saline-
alkali soil.

Incubation experiments were performed to study the influence
of straw, desulfurization gypsum, and their interactions on the
sequestration of SOC in saline-alkali soil. We hypothesized that
the combination of the straw and desulfurization gypsum would
enhance microbial diversity, as well as the abundance of r-
strategy microbial species, which would facilitate the storage of
SOC. We had the following aims: (a) to assess the alteration
in soil chemical characteristics after the addition of straw and
desulfurization gypsum, (b) to determine the members of the soil
microbial community following the addition of combinations of
straw and desulfurization gypsum, and (c) to conduct research on
the interactions between the soil microbial communities and soil
chemical characteristics.

Materials and methods

Characterization of soil and exogenous
straw and desulfurization gypsum

Soil samples were taken from the topsoil (0-20cm) at the
Dongying Station of Modern Agriculture of Ludong University
(Yantai, China) in July 2020 (37.45°N, 118.58°E) in northeastern
China. This field had been planted as a rice (Oryza sativa)
monoculture (a C3 crop) for at least 10 years. When the sample
was air dried and thoroughly mixed, the visible crop residues
were passed through a 2-mm sieve. The soil with a $!*C value
of —23.21%o had a sandy loam texture that contained 6% clay,
27% silt, and 67% sand. The soil samples contained 4.03 g kg™*
SOC, 0.24g kg™! total nitrogen, 0.67g kg™! total phosphorus,
18.41 mg kg~ ! total potassium, pH (H,0) 7.23, 2.61 mS cm™! of
electrical conductivity, and 2.10 g kg~! water-soluble sodium, and
the experimental soil is considered to be a medium saline-alkali soil
(Zhu and He, 1985).

Air-dried straw (a C4 plant) obtained from corn (Zea mays)
near the Dongying Experimental Station of Ludong University
(Shandong, China) in July 2020 was dried in a 60°C oven and cut
into pieces approximately 2 cm long, which were then mixed into
the soil. The total C and N contents of the straw were 456.13 and
6.81 gkg ™!, respectively (C:N of 66). The 3'>C value of maize straw
was —13.12%o. There were 25.3, 30.04, and 11.56% of cellulose,
hemicellulose, and lignin, respectively.

The desulfurization gypsum applied in the experiment
came from Shandong Dongying Shengli Power Plant Co., Ltd.
(Shandong, China). As a soil conditioner, its main component is
CaS04-2H, 0, which is rich in beneficial mineral elements required
by plants, such as sulfur and calcium carbonate (CaCO3), which is
present at 255 mg kg~ !. The soil had a pH of 7.23. The levels of
heavy metals in the desulfurization gypsum and samples are shown
in Supplementary Table S1 and were below the threshold values of
Class II of the Chinese National Standard for Soil Environmental
Quality (GB 15618-2018).
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Experimental design

This experiment adopted a 4 x 3 factorial design. One factor
was the addition of exogenous straw (no straw, Sp; 4.5g straw
kg*1 soil, low straw, S;; 12g straw kg*1 soil, medium straw,
Sm; and 22.5g straw kg*1 soil, high straw, Sp), and the other
was addition of desulfurization gypsum (DG) (no gypsum, DGo;
13.5¢g gypsum kg~ ! soil, low gypsum, DGy; and 36 g gypsum kg !
soil, high gypsum, DGy,). Each group had three repetitions and
was randomized.

Each soil
pre-incubated for 7 days. The soil was evenly mixed with

sample (250g dry weight equivalent) was

desulfurization gypsum and/or straw and added to a plastic tank
(1.0L). A volume of 5 ml of urea and diammonium phosphate was
dissolved in deionized water and added to each plastic tank as a
solution (4.4g L' Nand 2.1 g L~! phosphorus pentoxide [P,0s]).
The added nutrients, which were equivalent to 5kg of N and 2 kg of
P per ton of straw, were designed to augment the nutrients within
the straw to achieve the ratios of C:N:P found in the fine fraction
of SOM (Kirkby et al., 2011). The tanks were arranged in a random
block design and incubated in the dark at 25°C for 120 days. The
soil water content was maintained at 60% water holding capacity
by periodic weighing of the tanks and the addition of distilled
water when necessary.

Measurement of soil CO, emissions and
soil analysis

The emissions of soil CO, were analyzed as described by
Zhao et al. (2018b). Soil samples were collected on the 14th
and 120th days (considering the effect of straw availability).
Previous studies showed that under appropriate temperate and
moisture, straw mineralization was fast in approximately 2 weeks,
and the mineralization curve became relatively flat after 120
days, indicating straw availability reduced greatly. Three replicate
incubation tanks during each destructive sampling were collected
in each treatment (3 tanks x 12 treatments X 2 sampling times).
A total of 72 soil samples were packed in hard plastic cassettes
and taken to the laboratory for further processing. One portion
of every fresh sample was stored at —80°C, and the other portion
was stored at 4°C for the analyses of soil microbial biomass carbon
(SMBC), dissolved organic carbon (DOC), and enzyme activities.
The remaining soil was dried and used to test the properties of soil
chemicals. The soil pH was determined based on a mixture of soil
and water (1:2.5). The amount of DOC was determined as described
by Jones et al. (2012) and performed on a TOC analyzer (Shimadzu
TOC-500A, Kyoto, Japan). The microbial biomass carbon was
detected using the fumigation extraction method as previously
described (Kanerva and Smolander, 2007). The B-glucosidase and
pB-1,4-xylosidase activities were assayed using the fluorescence
method as previously described (DeForest, 2009). The extraction
of exchangeable Nat was based on ammonium acetate (NH4OAc),
and its content was measured using inductively coupled plasma
atomic emission spectroscopy (ICP-AES), as previously described
(Leeman Labs Inc., Hudson, NH, USA). Values for the cation
exchange capacity (CEC) were measured based on the barium
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chloride (BaCl,) and NH4OAc methods, as previously described.
The levels of ESP were calculated as described by Hanson et al.
(1999). The contents of the soluble calcium (Ca®*), magnesium
(Mg?*), and sodium (Na?*) were measured using a Prodigy-7
ICP-AES (Leeman Labs Inc., Hudson, NH, USA). The sodium
adsorption ratio (SAR) was determined by measuring the levels
of Nat, Ca?*, and Mg2+ in the extract. After the incubation, a
dry-sieving/winnowing procedure was used to remove any partially
degraded plant residue. The levels of organic carbon in the sample
and straw were calculated using an elemental analyzer (Vario MAX,
Elementar, Jena, Germany). The natural abundance of 313C in the
straw and SOC was measured as described by Zhao et al. (2017,
2018b). In total, 1 g of soil was preconditioned for 12 h with 10 ml
of 1 M HCl to remove the carbonate. We determined the content of
straw-derived C, which was a newly formed SOC, as follows:

813, — s¢y

Newly formed SOC = C; x 33Cme —31C,

1)

where 813C; is the §!*C of SOC in the amended soil samples
following incubation; 8'3Cy is in the primary soil samples,
and 813 Cgpraw represents the 813C of straw and straw plus the
desulfurization gypsum mixture.

The formula for the content of sequestered SOC is shown
as follows:

Sequestered SOC = SOCgpn, — SOChefore (2)

where SOCgpa1 and SOCpeore are the SOC contents after and before
the incubation experiment, respectively.

The soil microbial DNA was extracted from 0.5 samples using a
FastDNA SPIN Kit for Soil (MO BIO Laboratories, Inc., Carlsbad,
CA, USA), according to the manufacturer’s instructions. The DNA
was purified using an Ultra-Clean DNA Purification Kit (MO BIO
Laboratories, Inc.).

The V3-V4 regions of the 16S rRNA genes were amplified using
primers 338f and 806r with a 12 nt unique barcode at the 5/ end. For
fungi, the ITS region of the fungal rRNA gene was amplified using
primers ITS1F and ITS2. The purified amplicons obtained from the
merger process were paired and sequenced using an Illumina MiSeq
PE300 platform (Illumina, San Diego, CA, USA).

Analysis of the illumina MiSeq sequencing
data

QIME 1.8.0 software was used to process the MiSeq data. The
quality of analytical results was improved by removing sequences
with quality scores <20 and sequence lengths <150 bp during
quality checks. To prevent bias caused by sequencing depth, 54,927
readings/395 amplified sequence variants (ASVs) of 16S genes and
50,676 readings/60 ASVs of ITS sequences were randomly selected
from each sample during the processing process. Statistical analysis
was conducted on these samples to determine the microbial
diversity and community structure. ASVs evaluated the data based
on the level of similarity of the sequences at 100%. When all the
sequences had been classified, the ribosome database project (RDP)
tool was used to divide the samples into different populations.
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UCLUST was used to classify the 16S rDNA gene sequences with
a threshold of 90%, and the corresponding ITS sequences were
classified using UCLUST.

Statistical analysis

All the data were analyzed based on the DPS 7.05 package.
A three-way repeated measures analysis of variance (rmANOVA)
was utilized to study the influences of straw-derived materials, level
of desulfurization gypsum, sampling times and their interactions
on soil chemical properties, enzyme activities, diversity index, and
relative abundance (RA) of bacteria and fungi. The treatment
means were compared by an LSD at p < 0.05. Spearman’s rank
correlation coefficients between soil performance and diversity
in the bacteria and fungi were analyzed using DPS 7.05. In
addition, a redundancy analysis (RDA) was used to check various
changes in the relation between the outer variables (soil chemical
properties) and the composition of microbial communities. Partial
least squares path modeling (PLS-PM) was utilized to investigate
the possible causal relationships among the chemical properties,
associated microbial communities, enzyme activities, and soil
carbon responses to different amendments.

Results

Soil chemical properties and enzyme
activities

A significant interaction of S x T and DG x T occurred with
respect to the soil pH (Supplementary Table S2) (P < 0.01). On
day 14, the addition of straw clearly reduced the soil pH, and
the soil pH of all the treatments decreased after a period of time
(Figure 1A). On day 14, the pH of DG and DGy, treatments was
significantly lower than that of the DGy treatment by 0.31 and
0.37 units, respectively, while on day 120, there was no significant
difference in the soil pH between treatments (Figure 1B). The
interaction of S x DG and S x DG x T significantly affected
the ESP and SAR, respectively (Supplementary Table S2) (P <
0.05). The ESP of the S, DG treatment was significantly lower
than that of the S,DGq treatment by 21.62% on the 14th or
120th day (Figure 1C). The SAR of the treatment, in which no
gypsum was added, decreased significantly over a period of time.
The addition of desulfurization gypsum further decreased the SAR
on the 14th and 120th days (Figure 1D). The cumulative CO,
emission (Cpin—c) and SMBC were influenced by the interaction
of S x DG x T (Supplementary Table S2). The Cpin—c and
SMBC of all the treatments on day 120 increased compared
with those on day 14. The addition of gypsum significantly
reduced the Cpin—c in the presence or absence of additional
straw (Supplementary Figure Sla). However, on day 120, the
combination of treatment with straw and desulfurization gypsum
clearly enhanced the content of MBC compared with the addition
of only straw (Supplementary Figure S1b). The soil DOC content
was affected by the interaction of S xXT and DG x T, as well
as by the interaction of S x DG (Supplementary Table S2). The
addition of straw on days 14 or 120 clearly enhanced the DOC
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content, while the addition of desulfurization gypsum decreased it
(Supplementary Figures Slc, d). In comparison with the SoDGy, the
DOC content increased by 274% in S,DGo and 141% in S, DGy
(Supplementary Figure Sle).

The application of low, middle, and high amounts of straw
increased the value of soil !3C by an average of 7.17, 9.21, and
16.95%, respectively. The desulfurization gypsum increased the
value of 313C by 6.90%, on average, when a middle amount of
straw was applied (Figure 2A). The application of a high amount
of straw increased the newly formed SOC by 198% in the absence
of gypsum. On average, the application of desulfurization gypsum
increased the formation of new SOC under a medium amount of
straw when compared with a lack of gypsum. The application of
a low amount of gypsum increased the formation of new SOC by
22.20% when high amounts of straw were applied compared with a
lack of gypsum (Figure 2B). The sequestered SOC was significantly
affected by the interaction of S x DG (Supplementary Table S2).
In comparison with the SoDGy, the sequestered SOC increased by
0.454 g kg~ ! in the soil with S;,DGp and 0.680 g kg~! in the soil
with $,DG; (Figure 2C). The amount of SOC was significantly
affected by the main effects of the application of desulfurization
gypsum and straw (Supplementary Table S2). The application of
straw increased the SOC content by 35.96% when a middle amount
of straw was applied and 69.24% when a high amount of straw
was applied compared with the addition of no straw. The SOC
content also increased by 11.07% when a low amount of gypsum
was applied (Figure 2D). There were significant effects from the
application of S x DG on the activities of p-glucosidase and B-
1,4-xylosidase (Supplementary Table S2). There was no difference
between S, DGy and S, DG on the B-glucosidase (Figure 2E). The
activity of B-1,4-xylosidase was 1.4-fold higher in soil with S, DGy
and 2.2-fold higher in soil with S,,DG; when compared with the
SoDGo soil (Figure 2F).

o diversity and f diversity of the soil
microbial community

The bacterial Chao 1, bacterial Shannon, and fungal Chao 1
indices were significantly affected by the interaction of S x DG x
T, and the fungal Shannon index was significantly affected by the
interaction of S x DG (Supplementary Table 52). On day 14, only
treatment with a high amount of straw increased the Chao 1 index,
whereas, on the 120th day, all the treatments of straw addition
increased the Chao 1 index compared with the blank treatment.
The bacterial Shannon index on the 120th day was higher compared
with that on day 14. The Shannon index in the straw treatment
decreased on day 14 compared with the blank treatment, while
it showed the opposite trend on day 120 (Figure 3A). The fungal
Chao 1 index was lower on day 120 than on day 14. The application
of desulfurization gypsum also reduced the Shannon index in the
blank treatment (Figure 3B).

A principal coordinate analysis (PCoA) showed that the
soil bacterial community composition differed significantly
between the different straw treatments and desulfurization
gypsum  (Supplementary Figure S2).  The first two axes
showed 40.3% of the total difference and the treatment that
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FIGURE 1
Soil pH (A, B), ESP (C), and SAR (D) as influenced by treatment with different levels of straw (no straw, So; 4.5 g straw kg~ soil, Si; 12 g straw kg~? soil,
Sm; 22.5 g straw kg~! soil, S) and desulfurization gypsum (no gypsum, DGo; 13.5 g gypsum kg~ soil, DGy; 36 g gypsum kg~! soil, DGp) on days 14
and 120. Different lowercase letters indicate significant differences at the 5% level. The character shows the summary of a rmANOVA with “p" values
(S, straw level; T, sampling time; DG, Desulfurization gypsum level; and S x T, DG x T, S x DG, S x DG x T, which indicate different interactions). ESP,
exchangeable sodium percentage; rmANOVA, repeated measures analysis of variance; SAR, sodium adsorption ratio. *P < 0.05; **P < 0.01.

lacked gypsum differed significantly from the other two
treatments The
can explain 36.5% of the observed fungal community variance

(Supplementary Figure S2b). first two axes
(Supplementary Figure S2d). The three treatments of straw
addition formed a cohesive group, which was clearly separated
from the blank treatments.

Relative abundance of the richness and
diversity of soil microbial taxa

The effects of straw addition, application of desulfurization

gypsum, and  their  interactions on  Bacteroidetes,

Frontiers in Microbiology 05

Actinobacteria, and Chloroflexi were significant on day 14
(Supplementary Table S3). The application of a low amount of
gypsum to the soil reduced the abundance of Bacteroidetes in
the absence of the straw. The addition of a middle amount of
straw further reduced the abundance of Bacteroidetes, while the
addition of a high amount of straw alleviated the decrease in its
abundance (Figure 4A). In the absence of straw application, a low
amount of desulfurization gypsum increased the abundance of
the Chloroflexi. The addition of a low amount of straw reduced
the abundance of Chloroflexi, while the application of middle
and high amounts of straw further decreased the abundance
of Chloroflexi. The main effects of straw and gypsum clearly
affected Cyanobacteria (Supplementary Table S3). The addition
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FIGURE 2

Soil (A) 3C value, (B) newly formed SOC, (C) sequestered SOC, (D) soil organic carbon, (E) B-glucosidase, and (F) #-1,4-xylosidase as impacted by
various levels of straw (no straw, So; 4.5g straw kg~! soil, S;; 12 g straw kg~ soil, Sp; and 22.5 g straw kg~ soil, Sp) and desulfurization gypsum
treatments (no gypsum, DGo; 13.5g gypsum kg~ soil, DG; and 36 g gypsum kg~! soil, DGy,) on day 120. There was no newly formed SOC in the
SoDGo, SoDGy, and SoDGy, treatments. DG, desulfurization gypsum; SOC, soil organic carbon.

SO

SI Sm Sh

of straw to the soil decreased the abundance of Cyanobacteria
by 44.82% when a low amount was added, 51.75% when a
middle amount was added, and 74.32% when treated with a
high amount compared with the blank treatment (Figure 4A).
The application of low and high amounts of desulfurization
gypsum increased the abundance of Cyanobacteria by 40.88 and
64.08%, respectively.
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The relative abundances of Acidobacteria, Chloroflexi, and
Firmicutes were higher on day 120 than on day 14, while those of
Bacteroidetes, Proteobacteria, and Gemmatimonadete showed the
opposite trend. Patescibacteria and Planctomycetes appeared on day
120 (Figure 4B). The interaction between the addition of straw
and the application of desulfurization gypsum had an impact on
Actinobacteria, Acidobacteria, Patescibacteria, and Planctomycetes
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FIGURE 3
Soil bacterial diversity (A) and fungal diversity (B) as influenced by different levels of straw and desulfurization gypsum treatments on days 14 and 120.
Different lowercase letters indicate significant differences at the 5% level. The character shows the summary of rmANOVA with “p” values (S, straw
level; T, sampling time; DG, Desulfurization gypsum level; S x T, DG x T, S x DG, S x DG x T, which indicate different interactions). rmANOVA,
repeated measures analysis of variance.

on day 120 (Supplementary Table S3). There was a significantly
higher abundance of Actinobacteria when there was a combined
application of a high amount of straw and a low amount of
gypsum compared with the other treatments. The abundance of
Acidobacteria was also reduced when low and middle amounts of
straw were added except for the combined application of a low
amount of straw and gypsum. However, treatment with a high
amount of straw further reduced the abundance of Acidobacteria.
In comparison with the SyDGy, the increase in the abundance
of Bacteroidetes was —4.9% in S,DGy and 5.7% in S;,,DGj. In
comparison with the SyDGy, the abundance of Firmicutes increased
by 154% in SpDGo and 176% in SDG;. In comparison with
the SoDGy, the abundance of Planctomycetes increased by 3.8% in
SmDGo and 56.2% in S, DGy (Figure 4B).

The relative abundances of Gammaproteobacteria and
Bacteroidia were lower on day 120 than on day 14, while
Acidimicrobiia and Actinobacteria showed the opposite trends
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(Figures 4C, D). Anaerolineae, Clostridia, Subgroup_6, and
Deltaproteobacteria were only relatively abundant on day 120.
The abundances of Anaerolineae, Bacilli, and Clostridia were
remarkably distinct between the treatments of added straw and
desulfurization gypsum and the blank treatment. These results
demonstrate that amendments changed the relative abundance
of bacteria.

On day 14, the abundances of Ascomycota and Basidiomycota
were clearly impacted by the interaction between the addition of
straw and the application of desulfurization gypsum (Figure 5A).
The abundance of Ascomycota also increased by 40.76% in the
absence of additional straw, and with the addition of three
levels of straw, the addition of gypsum clearly improved the
abundance of Ascomycota. On day 120, low and high applications
of gypsum also resulted in 29.41 and 21.32% increases in the
abundance of Ascomycota, respectively, when compared with the
blank treatment in the absence of straw. All the treatments
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Relative abundance of the main bacterial phyla (A, B) and classes (C, D) as affected by various levels of straw and desulfurization gypsum treatment
(no gypsum, DGo; 13.5g gypsum kg~ soil, DG; and 36 g gypsum kg~ soil, DGp).

Treatments

at the straw level improved the abundance of Ascomycota. On
day 14, straw and a low application of gypsum significantly
reduced the abundance of Basidiomycota. Basidiomycota was
79.23, 88.46, and 83.85% less abundant in the low, middle, and
high straw treatments on day 120 than in the blank treatment
(Figure 5A).

The main effects of the addition of straw and application
of desulfurization gypsum significantly affected Sordariomycetes.
The abundance of Sordariomycetes increased by 14.9% when a
low amount of gypsum was applied compared with the blank
treatment. The application of low, middle, and high amounts of
straw increased the abundance of Sordariomycetes by 97.5, 78.9,
and 62.9%, respectively (Figure 5B).
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Relationships between microbial diversity
and organic carbon fractions and soil
enzyme activities

The Chaol index was positively associated with
Cmin_c and MBC, and the Shannon index was
inversely associated with Cpin—c and DOC on day 7.
The Chaol index was strongly positively associated
with  Cupin—c, pH, and sequestered SOC on day 120
(Supplementary Figure S3).  For the fungal diversity, the
Shannon indices were inversely associated with Cpin—c,

MBC, DOC, pH, newly formed SOC, and sequestered SOC
(Supplementary Figure S4).
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Relationships between the microbial
community structure, organic carbon
fractions, and soil enzyme activities

The selected soil characteristics accounted for 83.01 and
43.26% of the bacterial community changes on the 7th and
120th days, respectively, while those of the fungal community
were 63.14 and 67.85%, respectively (Figure 6). The bacterial
communities found in the plots with different levels of straw

Frontiers in Microbiology

or gypsum formed a group that was separated from the straw-
or gypsum-free group along the first axis on the 7th and 120th
days (Figures 6A, B). On the 120th day, the abundances of
Actinobacteria, Gemmatimonadetes, Acidobacteria, Chloroflexi,
Firmicutes, Patescibacteria, and Planctomycetes were related to soil
performance, and the negative correlation indices were as follows:
Chmin—c» MBC, DOC, SOC, newly formed SOC, sequestered SOC,
and B-1,4-xylosidase (Gemmatimonadetes and Acidobacteria);
Cmin—c> pH, and newly formed SOC (Patescibacteria); and
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B-1,4-xylosidase (Planctomycetes). The positively correlated
indices included MBC, newly formed SOC, and sequestered SOC
(Actinobacteria); Ciin—c and DOC (Chloroflexi); and Cpin—c and
B-glucosidase (Firmicutes) (Figure 6B, Supplementary Figure S5).
There was clearly a positive association between the abundance
of Ascomycota and Cpin—c, DOC, SOC, newly formed SOC, and
sequestered SOC on day 120, and a clear negative association
was observed between the abundance of Basidiomycota
and Cpin—c, SOC, newly formed SOC, and sequestered SOC
(Supplementary Figure S6).

The PLS-PM identified direct and indirect effects of the soil
chemical properties (ESP, pH, and MBC), bacterial community
(Bacilli,
(Ascomycota and Sordariomycetes), and B-1,4-xylosidase activity
on the soil carbon (SOC and sequestered SOC) (Figure 7). The
soil pH had a significant direct positive relationship with the
bacterial community (0.331), and the MBC had a significant
positive relationship with the bacterial (0.363) and fungal

Bacteroidetes, and Firmicutes), fungal community

communities (0.285). In addition, the bacterial community had
a direct significant positive relationship (0.627) with the activity
of B-1,4-xylosidase and a positive relationship (0.721) with soil
carbon. Notably, the fungal community had a significant direct
negative impact on the activity of $-1,4-xylosidase (—0.386). The
total effects of the bacterial community on soil carbon were 79.1%,
followed by MBC (30.2%), pH (26.8%), p-1,4-xylosidase activity
(11.2%), fungal community (5.1%), and ESP (—21.8%) (Figure 7).

Discussion

Soil biochemical properties

The ESP value under the S, DG treatment was lower than that
under SoDGy (Figure 1C). The S, DG treatment clearly reduced
the ESP compared with the SoDGy. Desulfurization gypsum is a
type of typical soil conditioner, and it can release Ca’>* into the
soil (Schultz et al., 2017). The increase in Ca’* effectively reduces
the concentrations of carbonate (CO?) and bicarbonate (HCO3 ),
thus causing lower values of pH and ESP in the soil (Figure 1)
(Chi et al., 2012; Zhao et al., 2020). A higher content of Ca?t can
reduce the values of ESP and SAR through the “valence dilution”
manner. Xie et al. (2017) found that the special habitat of saline-
alkali soil with the high salinity in the Yellow River Delta will inhibit
microbial activity, and high contents of Na™ will destroy the soil
aggregate structure, which reduces the effective sequestration and
transformation of exogenous straw carbon. The addition of organic
materials is necessary to improve saline-alkali soil. However,
Ca’" in the chemical amendments can combine soil minerals
and organic substances and thus physically protect the SOC.
Similarly, there was 6.24-fold more highly sequestered SOC under
SmDG; and 3.97-fold under S,,DGy compared with that under
SoDGy in this study (Figure 2C), which supports the hypothesis
described above. Similar trends were found for the SOC content
(Figure 2D). This trend was also consistent with the differences in
Cmin—c among the treatments (Supplementary Figure S1), and the
distinction might be owing to the formation of calcium-bonded
organic carbon after desulfurization gypsum had been added to
the soil. The addition of desulfurization gypsum could enhance
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the stability of SOC and reduce the conversion of the SOC to
COy. Similarly, Kim et al. (2017) found that in coastal tideland
soils, the combination of straw return and gypsum application was
more effective at enhancing the stability of aggregates compared
with the addition of rice straw alone. The reason was that the
Ca’* in gypsum replaced the exchangeable Na* on soil colloids
and promoted the flocculation of soil clay particles. Moreover,
the addition of gypsum to straw-returning soil reduced the DOC
content (Supplementary Figure S1), which is consistent with the
previous findings by Ehsan et al. (2021). On the one hand, Ca?*
helps to stabilize organic matter and increases the adsorption of
calcium (Tavakkoli et al., 2015), thereby reducing the DOC content.
Alternatively, our research showed that the DOC content decreased
with the low pH under the gypsum treatments. The soil pH changes
the stability of SOM by affecting the dissolution of soluble organic
matter and the organic-mineral combination, thus affecting its
degradation by soil microorganisms (Rath and Rousk, 2015). A
study by Ehsan et al. (2021) provides evidence for this hypothesis
and showed that the application of gypsum continuously reduced
the soil pH, dissolved the organic C, and resulted in higher organic
C than the unmodified control. Soil microbial biomass carbon
(SMBC) can indirectly reflect soil microbial activity. The highest
level of SMBC appeared in the combination of straw and gypsum
treatments, followed by straw treatments. This result could be
primarily attributed to the improvement in the soil salinization
environment with significant reductions in pH, ESP, and SAR
(Figure 1), which improved the efficiency of microorganisms to
utilize the soil exogenous carbon and effectively improved the soil
MBC content (Heng et al., 2023) (Supplementary Figure S1).

In this study, it is worth noting that the treatment of
desulfurization gypsum reduced the DOC and enhanced the
contents of SOC and MBC. In addition, a reduction in the soil pH,
ESP, and SAR will enhance the physical performance of the soil,
which leads to a change in the activity and structure of the microbial
community, thus affecting the turnover process of the SOC.

Soil microbial species richness and diversity

Two important indicators of microbial diversity—the Shannon
and Chaol indices—represent the complication and stabilization of
the microbial community (Wagg et al., 2019), which are important
signs of soil health (Bender et al., 2016; Vergani et al., 2017). The
former reflects the abundance of species, while the latter reflects
the richness of species. This study found that the soil bacterial
diversity was enhanced by the addition of straw and desulfurization
gypsum on day 120 (Figure 3A). This may be significant since
greater diversity may enhance the resistance of microorganisms
to interference and has beneficial effects on soil productivity by
inhibiting diseases (Sapp et al., 2015). The abundance and diversity
of soil microorganisms are mostly associated with pH and soil
nutrition (Maarastawi et al., 2018). The addition of desulfurization
gypsum can reduce salinity and facilitate the decomposition of
external organic material. This introduces more organic matter,
which results in a high diversity of microbial communities.
Therefore, the activities of enzymes increase. In addition, the Chao
1 index significantly positively correlated with the Cpin—c and
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sequestered SOC on day 120 (Supplementary Figure S1). Thus,
the influence of the quantity of SOM on bacterial diversity and
richness cannot be ignored. Straw return offers a C source for
microbes, which enables their diversity (Maarastawi et al., 2018).
The additional nutrient input provided by the straw may cause the
higher uniformity and richness observed in the straw treatment
(Chen et al., 2017). Some researchers have studied the effects of
long-term straw return on soil bacteria from different perspectives.
The impact of diversity has achieved a series of results, but owing
to various factors, no consensus has currently been reached. Bu
etal. (2020) found that returning straw to the field has some ability
to improve the soil structure while also increasing the bacteria o
diversity in acidic soil, but it does not have an impact on alkaline
soil. The reasons for this are not yet clear, and an in-depth analysis is
needed to more effectively meet the treatment requirements related
to straw returning to the field (Zhang H. L. et al., 2021).

Higher biodiversity of fungi in the soil results in a more
stable system (Chaer et al., 2009). In this study, the mixture of
straw and desulfurization gypsum caused a significant increase
in fungal species richness when compared with the treatments
of just straw on day 120 (Figure 3B), which indicates that the
application of gypsum substantially increased the degree of fungal
a-diversity and caused changes in the composition of the fungal
community. The RDA and PLS-SM results indicate that the pH is
not the prominent factor in the formation of the fungal community
(Figures 6D, 7). Similar to our findings, Chaer et al. (2009) found
that the diversity of the soil fungal community in the entire black
soil area was primarily determined by the level of total carbon
in the soil rather than its pH. The Shannon index for soil fungi
had a clear inverse association with MBC, SOC, newly formed
SOC, and sequestered SOC on day 120 (Supplementary Figure S2).
Clearly, this low-quality residue is only favored by those few
fungal species that could utilize such a residue, while the overall
uniformity of fungi decreased again (Marschner et al., 2003). Thus,
although applying crop residues can enhance the abundance of
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microorganisms, it indeed reduced the diversity of microorganisms
(fungi) in our case. On the 14th day, it was observed that the
fungal Chao 1 and Shannon indices clearly reduced the decrease
in pH values (Supplementary Figure S2), which was very similar
to the findings by Wang et al. (2015). As the pH value decreased,
some tolerable taxa became scarce or even disappeared, and the
previous habitat taxa balance was broken. This resulted in lower
fungal community diversity.

Relative abundance of soil microbial taxa

The soil microbiome exerts vital functions in element cycles
and the stability of soil composition (Daynes et al, 2013)
owing to the mineralization of various organic substances that
enhance its activity. Reportedly, 20 bacterial strains of Firmicutes
and Bacteroidetes were isolated from saline-alkaline soils in
northeastern China (Shi et al., 2012), which is consistent with
the current research findings. After 120 days of decomposition,
the abundances of Chloroflexi, Acidobacteria, Actinobacteria, and
Gemmatimonadetes belonged to the oligotrophic (or K-selected)
group (Di Lonardo et al., 2017), which was consistent with their
significant advantages in the late stages that were identified in other
research (Dilly et al., 2004; Moitinho et al., 2018). The abundances
of Bacteroidetes and Firmicutes clearly positively associated with the
levels of soil nutrients, while the abundances of Gemmatimonadetes
and Acidobacteria displayed an inverse correlation with SOC
and sequestered SOC on day 120 (Figure6B, r = 0.48, P =
0.018 and r = 0.48, P = 0.018, respectively). The addition of
straw and desulfurization gypsum more clearly enhanced the
amount of SOC than that added separately (Figure 2D), which
is consistent with the addition of straw and desulfurization
gypsum that promotes the growth of Bacteroidetes and Firmicutes
(Figure 6A). Planctomycetes can be used to participate in the soil
C and N cycles (Mori and Kamagata, 2014). Treatment with
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straw and desulfurization gypsum can supply a large number
of C and N sources, which led to a higher abundance of
Planctomycetes on day 120 (Figure 6B). A structural equation
model revealed that bacterial communities associated with ESP,
pH, and MBC indirectly affected soil carbon by changing B-1,4-
xylosidase activity and community composition under the addition
of amendments (Figure 7). Some research studies have shown that
Bacteroidetes and Firmicutes can produce hydrolases (including -
1,4-xylosidase and p-glucosidase) to break down plant biomass
(Rao et al.,, 2021). Previous reports classified Bacteroidetes and
Firmicutes as copiotrophs (Tang et al, 2022), which use labile
forms of C for growth and metabolism and grow faster in a
nutrient-rich environment.

Fungi are very important in soil ecosystems since they
participate in a series of ecological functions, which also include
promoting the processes of N and C cycles (Anderson and
Cairney, 2004). The data showed that Ascomycota was the
most abundant phylum and was followed by Basidiomycota
(Figure 7), which indicated that it can withstand stress conditions.
Moreover, the abundance of Ascomycota was higher on day 120
when straw and gypsum were added than the treatments that
lacked both amendments, which can promote the soil carbon
cycle and the absorption of N by plants. Another phylum
Basidiomycota negatively correlated with the SOC fractions on day
120 (Supplementary Figure S4). Owing to the rapid metabolism of
nutrients in the mycelia of this phylum, its abundance is associated
with the degradation of straw residue (Freedman et al, 2015).
From a functional perspective, it is widely hypothesized that the
degradation of lignocellulose is associated with Basidiomycota,
which could explain the relatively high frequency of this group
in the late stage. Basidiomycota can be regarded as K-strategists
because they appear late in the degradation stage and can degrade
recalcitrant organic matter. The abundance of Basidiomycota
decreased following all the treatments of applying straw or gypsum.
Ascomycetes and Basidiomycota are key decomposers in the
carbon cycle and can secrete digestive enzymes to transform
organic substances into smaller molecules. The members of
Ascomycota are the main decomposers in agricultural soils.
Sordariomycetes and Dothideomycetes were the two main fungal
classes in the sample (Figure 7). Sordariomycetes were relatively
more abundant on day 120 under the addition of desulfurization
gypsum and straw when no treatments were added (Figure 7).
This class can produce cellulases and promote the decomposition
of straw (Phosri et al, 2012). In this study of Ascomycota
fungi, the second most abundant numbers were members of
Dothideomycetes (Figure 7), which are related to cell wall decay
(Freedman et al, 2015). As saprophytes and degradants of
plant biomass, they are important for the global carbon cycle
(Goodwin and Kema, 2009). This class was enhanced in the
DG group on day 120, which indicated that the treatment
with desulfurization gypsum can enhance the soil properties and
increase the contributions of microorganisms to the decomposition
of litter. However, Dothideomycetes had a clear inverse correlation
with the carbon fractions on day 120 (Supplementary Figure S5),
and the addition of straw reduced the abundance of this
class. It is associated with higher carbon fractions under straw
addition treatments, which is consistent with the findings by
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Zhang M. M. et al. (2021) in research on the soils of the Loess
Plateau in China.

Predicted function of the bacterial
community

We used PICRUST2 for the functional prediction of the
Kyoto Encyclopedia of Genes and Genomes (KEGG) against the
SILVA annotation of the 16S sequences (Supplementary Figure S6).
Statistical analysis revealed changes in the predicted function of
the microbiome in soils amended with straw and desulfurization
gypsum. In the soil, the addition of desulfurization gypsum
changed the functions involved in carbon metabolism, including
carbohydrate metabolism, arginine and proline metabolism, and
starch and sucrose metabolism, among others, and the effects were
related to the levels of exogenous substances.

Conclusion

The addition of straw and desulfurization gypsum dramatically
changed the community structure of microbes. The abundances
of Bacteroidetes, Firmicutes, and Sordariomycetes were positively
associated with the level of SOC, which indicated that the increase
in SOC may appear with changes in the abundance of bacterial
flora. Improvement in the soil saline environment promoted
remarkable changes in the bacterial community, particularly those
in the soil pH, ESP, and MBC. In total, the effects of soil ameliorants
on SOC and the microbial community varied depending on the
changes in soil chemical performance caused by the addition of
amendments. These results provide information to recognize the
correlations between the microbial community and the restoration
of soil in response to various amendments and insight into the
restoration of saline-alkali soil.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
found in  the

and accession number(s) can be

article/Supplementary material.

Author contributions

RL: concept, review, writing, and editing. BL: methodology,
review, writing, and editing. HZ: investigation, data management,
and fund acquisition. YZ: supervise project management. All
authors have participated in this article and approved the
submitted version.

Funding

This research has obtained support from the National Natural
Science Foundation of China, Grant/Award Nos: 42207410 and
41977009, the Taishan Scholars Youth Expert Program, China

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1239855
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Liu et al.

(201812096), and the Natural Science Foundation of Shandong
Province, Grant/Award Nos: ZR2020QD115 and ZR2019JQ12.

Acknowledgments

The authors would like to thank HZ and YZ for their strong
support in revising the final version of the manuscript. The authors
would also like to thank all the funding sources, especially Ludong
University for the financial assistance.

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.

References

Anderson, I. C., and Cairney, J. W. G. (2004). Diversity and ecology of soil
fungal communities: increased understanding through the application of molecular
techniques. Environ. Microbiol. 6, 769-779. doi: 10.1111/j.1462-2920.2004.00675.x

Bender, S. F., Wagg, C., and van der Heijden, M. G. A. (2016). An underground
revolution: Biodiversity and soil ecological engineering for agricultural sustainability.
Trends Ecol. Evol. 31, 440-452. doi: 10.1016/j.tree.2016.02.016

Bu, R. Y., Ren, T, Lei, M. J,, Liu, B,, Li, X. K,, Cong, R. H., et al. (2020). Tillage and
straw-returning practices effect on soil dissolved organic matter, aggregate fraction and
bacteria community under rice-rice-rapeseed rotation system. Agr. Ecosyst. Environ.
287, 106681. doi: 10.1016/j.agee.2019.106681

Chaer, G., Fernandes, M., Myrold, D., and Bottomley, P. (2009). Comparative
resistance and resilience of soil microbial communities and enzyme activities
in adjacent native forest and agricultural soils. Microb. Ecol. 58, 414-424.
doi: 10.1007/s00248-009-9508-x

Chen, Z. M., Wang, H. Y., Liu, X. W,, Zhao, X. L, and Li, C. Z. (2017).
Changes in soil microbial community and organic carbon fractions under short-
term straw return in a rice-wheat cropping system. Soil Till. Res. 165, 121-127.
doi: 10.1016/j.5till.2016.07.018

Chi, C. M., Zhao, C. W., Sun, X. J., and Wang, Z. C. (2012). Reclamation of saline-
sodic soil properties and improvement of rice (Oriza sativa L.) growth and yield using
desulfurized gypsum in the west of Songnen Plain, northeast China. Geoderma 187,
24-30. doi: 10.1016/j.geoderma.2012.04.005

Daynes, C. N,, Field, D. J., Saleeba, J. A., Cole, M. A,, and McGee, P. A. (2013).
Development and stabilisation of soil structure via interactions between organic
matter: arbuscular mycorrhizal fungi and plant roots. Soil Biol. Biochem. 57, 683-694.
doi: 10.1016/j.50ilbi0.2012.09.020

DeForest, J. (2009). The influence of time, storage temperature, and substrate age
on potential soil enzyme activity in acidic forest soils using MUB-linked substrates and
L-DOPA. Soil Biol. Biochem. 41, 1180-1186. doi: 10.1016/j.s0ilbi0.2009.02.029

Di Lonardo, D. P., De Boer, W., Gunnewiek, P. J. A. K., Hannula, S. E., and
Van der Wal, A. (2017). Priming of soil organic matter: chemical structure of added
compounds is more important than the energy content. Soil Biol. Biochem. 108, 41-54.
doi: 10.1016/j.s0ilbi0.2017.01.017

Dilly, O., Bloem, J., Vos, A., and Munch, J. C. (2004). Bacterial diversity in
agricultural soils during litter decomposition. Appl. Environ. Microb. 70, 468-474.
doi: 10.1128/AEM.70.1.468-474.2004

Ehsan, M. 1, Zhao, Y. H., Khalid, P., Azeem, T., Akram, N., Akram, S., et al.
(2021). An improved rock physics modeling approach to estimate attenuation and
dispersion for three phase medium to delineate methane hydrates reserves. Himal.
Geol. 42, 256-262.

Freedman, Z. B., Romanowicz, K. J., Upchurch, R. A, and Zak, D. R
(2015). Differential responses of total and active soil microbial communities
to long-term experimental N deposition. Soil Biol. Biochem. 90, 275-282.
doi: 10.1016/j.soilbio.2015408.014

Goodwin, S. B., and Kema, and, G. H. J. (2009). Gearing up for comparative
genomics: analyses of the fungal class Dothideomycetes. New Phytol. 183, 250-254.
doi: 10.1111/§.1469-8137.2009.02906.x

Frontiers in Microbiology

10.3389/fmicb.2023.1239855

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those of
their those of the publisher,
the editors and the reviewers. Any product that may be

affiliated organizations, or

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.
1239855/ full#supplementary-material

Hanson, B., Grattan, S. R., and Fulton, A. (1999). Agricultural salinity and drainage.
In: Division of Agriculture and Natural Resources Publication #3375. University of
contaminated soils: an outlook on plant-microbe beneficial interactions. Sci. Total
Environ. 575, 1395-1406.

Heng, T., Hermansen, C., de Jonge, L. W., Chen, J., Yang, L. L., Zhao, L., et al. (2023).
Differential responses of soil nutrients to edaphic properties and microbial attributes
following reclamation of abandoned salinized farmland. Agr. Ecosyst. Environ. 347,
108373. doi: 10.1016/j.agee.2023.108373

Jin, Z. Q., Shah, T. R,, Zhang, L., Liu, H. Y., Peng, S. B., and Nie, L. X. (2020). Effect
of straw returning on soil organic carbon in rice-wheat rotation system: a review. Food
Energy Secur. 9, 200. doi: 10.1002/fes3.200

Jones, D. L., Willett, V. B., Stockdale, E. A., Macdonald, A. J., and Murphy, D.
V. (2012). Molecular weight of dissolved organic carbon, nitrogen, and phenolics in
grassland soils. Soil Sci. Soc. Am. J. 76, 142-150. doi: 10.2136/ss52j2011.0252

Kanerva, S., and Smolander, A. (2007). Microbial activities in forest floor layers
under silver birch, Norway spruce and scots pine. Soil Biol. Biochem. 39, 1459-1467.
doi: 10.1016/j.50ilbio.2007.01.002

Kim, Y. J., Choo, B. K,, and Cho, J. Y. (2017). Effect of gypsum and rice straw
compost application on improvements of soil quality during desalination of reclaimed
coastal tideland soils: Ten years of long-term experiments. Catena 156, 131-138.
doi: 10.1016/j.catena.2017.04.008

Kirkby, C. A., Kirkegaard, J. A., Richardson, A. E., Wade, L. J., Blanchard,
C., and Batten, G. (2011). Stable soil organic matter: a comparison of
C:N:P:S ratios in Australian and other world soils. Geoderma. 163, 197-208.
doi: 10.1016/j.geoderma.2011.04.010

Lal, R. (2016). Soil health and carbon management. Food Energy Secur. 5, 212-222.
doi: 10.1002/fes3.96

Liao, X, Yang, F., Wang, Z. C., Guan, Q.]., He, M. L., An, F. H,, et al. (2020). Effects
of decomposed straw and desulfurized gypsum on salt leaching in saline-sodic soils.
Soil Crop. 9, 74-82. doi: 10.11689/].issn.2095-2961.2020.01.009

Luo, S. S, Wang, S. ., Tian, L., Shi, S. H., Xu, S. Q, Yang, F,, et al. (2018). Aggregate-
related changes in soil microbial communities under different ameliorant applications
in saline-sodic soils. Geoderma 329, 108-117. doi: 10.1016/j.geoderma.2018.05.023

Ly, Z. Z., Liu, G. M,, Yang, J. S., Liu, H. Q., and Li, J. B. (2015). Synthetic evaluation
of soil quality of the coastal saline soil in Yellow River Delta Area. Agric. Res. Arid Areas
33, 93-97. doi: 10.7606/.issn.1000-7601.2015.06.16

Maarastawi, S. A., Katharina, F., Marius, L., and Claudia, K. (2018). Crop rotation
and straw application impact microbial communities in Italian and Philippine soils and
the rhizosphere of Zea mays. Front. Microbiol. 9, 1295. doi: 10.3389/fmicb.2018.01295

Marschner, P., Kandeler, E., and Marschner, B. (2003). Structure and function of the
soil microbial community in a long-term fertilizer experiment. Soil Biol. Biochem. 35,
453-461. doi: 10.1016/S0038-0717(02)00297-3

Moitinho, M. A., Bononi, L., Souza, D. T, Melo, I. S, and Taketani,
R. G. (2018). Bacterial succession decreases network complexity during
plant material decomposition in mangroves. Microb. Ecol. 76, 954-963.
doi: 10.1007/s00248-018-1190-4

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1239855
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1239855/full#supplementary-material
https://doi.org/10.1111/j.1462-2920.2004.00675.x
https://doi.org/10.1016/j.tree.2016.02.016
https://doi.org/10.1016/j.agee.2019.106681
https://doi.org/10.1007/s00248-009-9508-x
https://doi.org/10.1016/j.still.2016.07.018
https://doi.org/10.1016/j.geoderma.2012.04.005
https://doi.org/10.1016/j.soilbio.2012.09.020
https://doi.org/10.1016/j.soilbio.2009.02.029
https://doi.org/10.1016/j.soilbio.2017.01.017
https://doi.org/10.1128/AEM.70.1.468-474.2004
https://doi.org/10.1016/j.soilbio.2015.08.014
https://doi.org/10.1111/j.1469-8137.2009.02906.x
https://doi.org/10.1016/j.agee.2023.108373
https://doi.org/10.1002/fes3.200
https://doi.org/10.2136/sssaj2011.0252
https://doi.org/10.1016/j.soilbio.2007.01.002
https://doi.org/10.1016/j.catena.2017.04.008
https://doi.org/10.1016/j.geoderma.2011.04.010
https://doi.org/10.1002/fes3.96
https://doi.org/10.11689/j.issn.2095-2961.2020.01.009
https://doi.org/10.1016/j.geoderma.2018.05.023
https://doi.org/10.7606/j.issn.1000-7601.2015.06.16
https://doi.org/10.3389/fmicb.2018.01295
https://doi.org/10.1016/S0038-0717(02)00297-3
https://doi.org/10.1007/s00248-018-1190-4
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Liu et al.

Mori, K., and Kamagata, Y. (2014). The challenges of studying the anaerobic
microbial world. Microbes Environ. 29, 335-337. doi: 10.1264/jsme2.ME2904rh

Ou, Y. Z., Wang, H. S, Lai, J. B, Wang, C. ], Liu, Z,, Sun, Z. G,, et al. (2020).
New approach of high-quality agricultural development in the Yellow River Delta. Bull.
Chin. Acad. Sci. 35, 145-153. doi: 10.16418/j.issn.1000-3045.20200106001

Phosri, C., Polme, S., Taylor, A. F. S., Koljalg, U., Suwannasai, N., and Tedersoo,
L. (2012). Diversity and community composition of ectomycorrhizal fungi in a
dry deciduous dipterocarp forest in Thailand. Biodivers. Conserv. 21, 2287-2298.
doi: 10.1007/s10531-012-0250-1

Rao, D. M., Meng, F. G,, Yan, X. Y., Zhang, M. H,, Yao, X. D., Zhao, ], et al. (2021).
Changes in soil microbial activity, bacterial community composition and function in a
long-term continuous soybean cropping system after corn insertion and fertilization.
Front. Microbio.12, 638326. doi: 10.3389/fmicb.2021.638326

Rath, K. M., and Rousk, J. (2015). Salt effects on the soil microbial decomposer
community and their role in organic carbon cycling: a review. Soil Biol. Biochem. 81,
108-123. doi: 10.1016/j.s0ilbio.2014.11.001

Sapp, M., Harrison, M., Hany, U., Charlton, A., and Thwaites, R. (2015). Comparing
the effect of digestate and chemical fertiliser on soil bacteria. Appl. Soil Ecol. 86, 1-9.
doi: 10.1016/j.apsoil.2014.10.004

Schultz, E., Chatterjee, A., DeSutter, T., and Franzen, D. (2017). Sodic
soil reclamation potential of gypsum and biochar additions: influence on
physicochemical properties and soil respiration. Commun. Soil Sci. Plan. 48,
1792-1803. doi: 10.1080/00103624.2017.1395449

Shi, W., Takano, T., and Liu, S. K. (2012). Isolation and characterization of novel
bacterial taxa from extreme alkali-saline soil. World J. Microb. Biot. 28, 2147-2157.
doi: 10.1007/s11274-012-1020-7

Somenahally, A. C., McLawrence, J., Chaganti, V. N., Ganjegunte, G. K., Obayomi
0., and Brady, J. A. (2023). Response of soil microbial communities, inorganic and
organic soil carbon pools in arid saline soils to alternative land use practices. Ecol. Indic.
150, 110227. doi: 10.1016/j.ecolind.2023.110227

Tang, Z. Q., Zhang, L. Y., He, N, Liu, Z. Q., Ma, Z. B,, Fu, L, et al. (2022). Influence
of planting methods and organic amendments on rice yield and bacterial communities
in the rhizosphere soil. Front. Microbio. 13, 918986. doi: 10.3389/fmicb.2022.918986

Tavakkoli, E., Rengasamy, P., Smith, E., and McDonald, G. K. (2015). The effect of
cation-anion interactions on soil pH and solubility of organic carbon. Eur. J. Soil Sci.
66, 1054-1062. doi: 10.1111/ejss.12294

Vergani, L., Mapelli, F., Zanardini, E., Terzaghi, E., Di Guardo, A., Morosini,
C., et al. (2017). Phyto-rhizoremediation of polychlorinated biphenyl contaminated
soils: an outlook on plant-microbe beneficial interactions. Sci. Total Environ. 575,
1395-1406. doi: 10.1016/j.scitotenv.2016.09.218

Wagg, C., Schlaeppi, K., Banerjee, S., Kuramae, E. E., and van der Heijden, M. G.
A. (2019). Fungal-bacterial diversity and microbiome complexity predict ecosystem
functioning. Nat. Commun. 10, 4841. doi: 10.1038/s41467-019-12798-y

Wang, J. T, Zheng, Y. M., Hu, H. W,, Zhang, L. M., Li, J., and He, J. Z. (2015).
Soil pH determines the alpha diversity but not beta diversity of soil fungal community
along altitude in a typical Tibetan forest ecosystem. J. Soil. Sediment. 15, 1224-1232.
doi: 10.1007/s11368-015-1070-1

Frontiersin Microbiology

15

10.3389/fmicb.2023.1239855

Wuy, C. S, Liu, G. H., Huang, C., and Liu, Q. S. (2019). Soil quality assessment in
yellow river delta: establishing a minimum data set and fuzzy logic model. Geoderma
334, 82-89. doi: 10.1016/j.geoderma.2018.07.045

Xie, W. J., Wu, L. F, Wang, J. S.,, Zhang, Y. P., and Ouyang, Z. (2017). Effect
of salinity on the transformation of wheat straw and microbial communities in a
saline soil. Commun. Soil Sci. Plan. 48, 1455-1461. doi: 10.1080/00103624.2017.137
3787

Xu, X. R, An, T. T, Zhang, J. M, Sun, Z. H., Schaeffer, S, and
Wang, J. K. (2019). Transformation and stabilization of straw residue
carbon in soil affected by soil types, maize straw addition and fertilized
levels of soil. Geoderma 337, 622-629. doi: 10.1016/j.geoderma.2018.0
8.018

Zhang, H. L., Bai, L., Zheng, X. Q., Li, S. X,, Zhang, J. Q., Zhang, H. Y., et al. (2021).
Efects of straw returning and fertilization on soil bacterial and fungal community
structures and diversities in rice-wheat rotation soil. Chin. J. Eco-Agric. 29, 531-539.
doi: 10.13930/j.cnki.cjea.200502

Zhang, M. M., Zhao, G. X,, Li, Y. Z., Wang, Q., Dang, P. F,, Qin, X. L,, et al. (2021).
Straw incorporation with ridge-furrow plastic film mulch alters soil fungal community
and increases maize yield in a semiarid region of China. Appl. Soil Ecol. 167, 104038.
doi: 10.1016/j.aps0il.2021.104038

Zhao, H. L., Ning, P, Chen, Y. L,, Liu, J. F., Ghaffar, S. A., Tian, X. H., et al. (2019).
Effect of straw amendment modes on soil organic carbon, nitrogen sequestration,
and crop yield on the north-central plain of China. Soil Use Manage. 35, 511-525.
doi: 10.1111/sum.12482

Zhao, H. L., Shar, A. G, Li, S., Chen, Y. L, Shi, J. L., Zhang, X. Y., et al.
(2018a). Effect of straw return mode on soil aggregation and aggregate carbon content
in an annual maize-wheat double cropping system. Soil Till. Res. 175, 178-186.
doi: 10.1016/j.5till.2017.09.012

Zhao, H. L., Tian, X. H., Chen, Y. L., Dong, J. J., and Shi, J. L. (2017). Effect of
exogenous substances on soil organic and inorganic carbon sequestration under maize
Stover addition. Soil Sci. Plant Nutr. 63, 591-598. doi: 10.1080/00380768.2017.1409603

Zhao, H. L., Zhang, H. J., Abdul Ghaffar, S, Liu, J. F., Chen, Y. L,, Chuy, S. J., et al.
(2018b). Enhancing organic and inorganic carbon sequestration in calcareous soil by
the combination of wheat straw and wood ash and/or lime. PLoS ONE.13, €0205361.
doi: 10.1371/journal.pone.0205361

Zhao, Y. G., Wang, S.J., Li, Y., Zhuo, Y. Q., and Liu, J. (2019). Effects of straw layer
and flue gas desulfurization gypsum treatments on soil salinity and sodicity in relation
to sunflower yield. Geoderma 352, 13-21. doi: 10.1016/j.geoderma.2019.06.004

Zhao, Y. G., Zhang, W. C., Wang, S.J., Liu, J., Li, Y., and Zhuo, Y. Q. (2020). Effects
of soil moisture on the reclamation of sodic soil by flue gas desulfurization gypsum.
Geoderma 375, 114485. doi: 10.1016/j.geoderma.2020.114485

Zhu, T. S, Shao, T. Y, Liu, J. Y,, Li, N,, Long, X. H,, Gao, X. M,, et al. (2021).
Improvement of physico-chemical properties and microbiome in different salinity
soils by incorporating jerusalem artichoke residues. Appl. Soil Ecol. 158, 103791.
doi: 10.1016/j.aps0il.2020.103791

Zhu, T. Y., and He, S. C. (1985). Improvement and Utilization of Coastal Saline Soil.
Beijing: China Agriculture Press. 1-11.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1239855
https://doi.org/10.1264/jsme2.ME2904rh
https://doi.org/10.16418/j.issn.1000-3045.20200106001
https://doi.org/10.1007/s10531-012-0250-1
https://doi.org/10.3389/fmicb.2021.638326
https://doi.org/10.1016/j.soilbio.2014.11.001
https://doi.org/10.1016/j.apsoil.2014.10.004
https://doi.org/10.1080/00103624.2017.1395449
https://doi.org/10.1007/s11274-012-1020-7
https://doi.org/10.1016/j.ecolind.2023.110227
https://doi.org/10.3389/fmicb.2022.918986
https://doi.org/10.1111/ejss.12294
https://doi.org/10.1016/j.scitotenv.2016.09.218
https://doi.org/10.1038/s41467-019-12798-y
https://doi.org/10.1007/s11368-015-1070-1
https://doi.org/10.1016/j.geoderma.2018.07.045
https://doi.org/10.1080/00103624.2017.1373787
https://doi.org/10.1016/j.geoderma.2018.08.018
https://doi.org/10.13930/j.cnki.cjea.200502
https://doi.org/10.1016/j.apsoil.2021.104038
https://doi.org/10.1111/sum.12482
https://doi.org/10.1016/j.still.2017.09.012
https://doi.org/10.1080/00380768.2017.1409603
https://doi.org/10.1371/journal.pone.0205361
https://doi.org/10.1016/j.geoderma.2019.06.004
https://doi.org/10.1016/j.geoderma.2020.114485
https://doi.org/10.1016/j.apsoil.2020.103791
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

	Impacts of various amendments on the microbial communities and soil organic carbon of coastal saline–alkali soil in the Yellow River Delta
	Introduction
	Materials and methods
	Characterization of soil and exogenous straw and desulfurization gypsum
	Experimental design
	Measurement of soil CO2 emissions and soil analysis
	Analysis of the illumina MiSeq sequencing data
	Statistical analysis

	Results
	Soil chemical properties and enzyme activities
	α diversity and β diversity of the soil microbial community
	Relative abundance of the richness and diversity of soil microbial taxa
	Relationships between microbial diversity and organic carbon fractions and soil enzyme activities
	Relationships between the microbial community structure, organic carbon fractions, and soil enzyme activities

	Discussion
	Soil biochemical properties
	Soil microbial species richness and diversity
	Relative abundance of soil microbial taxa
	Predicted function of the bacterial community

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


