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Abstract: Soil physicochemical properties affect crop growth and yield. The addition of fertilizers
can improve the soil quality during crop cultivation, leading to increased agricultural production.
Organic fertilizers may be produced by composting straw that would otherwise be discarded as
agricultural waste, with potential implications for sustainable agricultural development. However,
the mechanism underlying the effects of straw compost on crop growth is unknown. In this study,
a microbial agent suitable for straw decomposition in cold regions was used for a large-scale bio-
logical fermentation. Organic compost was obtained after the decomposition of straw. The straw
compost was mixed with soil in different proportions and then used to cultivate Songjing 2 rice
plants. The addition of straw compost significantly increased the growth and yield of the rice plants
and enhanced various physiological indices. Moreover, the straw compost treatment significantly
improved soil physicochemical properties (e.g., pH, enzyme activity, nutrient composition, and
microbial diversity) and optimized the soil conditions for crop growth. In addition, the application of
straw compost influenced the expression of genes in rice metabolic pathways as well as pathways
mediating secondary metabolite synthesis and plant hormone signal transduction. The study data
reflect the potential applicability of low-temperature straw fermentation technology for maximizing
crop production.

Keywords: straw compost; rice; soil physicochemical properties; soil microbial diversity; transcrip-
tome sequencing

1. Introduction

Soil is a valuable agricultural resource comprising many components important for
the cultivation of agriculturally important crops [1]. During crop cultivation, soil nutrients
are lost with each harvest. Accordingly, if agricultural soils are not managed appropriately,
the associated decrease in soil fertility will adversely affect crop growth, resulting in crop
yield losses, while also threatening sustainable agricultural development [2]. Therefore,
improving soil quality to increase crop yields is crucial for maintaining food security and
sustainable ecosystem development. Traditional methods for improving soil quality include
physical and chemical treatments [3]. The chemical-based methods typically involve the
application of inorganic fertilizers to increase the crop yield, but they may have detrimental
effects on future agricultural production. Moreover, the excessive application of chemical
fertilizers can destabilize the soil environment and damage ecological systems.
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Straw, which refers to the cereal crop material remaining after the seeds are harvested,
is the main by-product of agricultural production [4]. Northeastern China produces a
large amount of straw every year because it serves as a major cereal-producing region [5].
The improper treatment of straw can damage the environment. For example, the air
pollution caused by burning straw hinders ecological development. Furthermore, the
particulate matter generated by incineration may be harmful to human health [6]. Straw
contains organic carbon and a substantial abundance of nutrients essential for crop growth,
including nitrogen, phosphorus, and potassium. The proper treatment of straw can turn it
into a renewable biomass resource critical for preventing soil desertification and improving
agricultural soils [7]. Straw composting can optimize the utility of straw resources. More
specifically, it involves the manual and stable decomposition of straw to produce an organic
fertilizer. Straw can be directly returned to the field or incinerated and composted and
returned to the field [8]. Among these options, composting is likely the most common.
Microorganisms are important for composting straw [9]. Microbial straw composting is
a process that exploits the biochemical activities of microorganisms isolated from nature
to convert the organic matter in plant waste to stable humus. For example, in bio-straw
reactors, thermophilic microbial strains are used for the rapid and efficient retting of straw
to generate a high-quality organic fertilizer [10]. In addition, earlier research on straw
disintegration examined the use of plant endophytic bacteria as the core microbes and
maximized the efficient recycling of the nutrients and organic matter in straw by modulating
crop microecology and soil microorganisms. Yin et al. identified Clonostachys rosea strain
YZC3 and determined that it can efficiently degrade straw lignin. Additionally, YZC3
can significantly promote straw composting, increase the humic acid content of compost
products, and restrict the loss of nitrogen during composting. Hence, it is a potentially
useful bacterial strain for composting [11]. Zhang et al. analyzed the compost of garden
waste and isolated a Geobacillus stearothermophilus strain able to effectively degrade lignin
at high temperatures. The laccase and lignin peroxidase activities were as high as 12.26 and
42.41 U/mL, respectively, and the waste lignin degradation rate reached 20.1%. Thus, this
bacterium may be applicable for the industrial production of lignin-degrading bacterial
agents [12]. Wan et al. recently identified mesophilic (MSDA1) and thermophilic (HDGA2)
microbial strains with significant laccase, lignin peroxidase, and manganese peroxidase
activities; both strains can efficiently degrade lignin, making them useful for the directed
humification during garden waste composting [13]. The biodegradation of straw is a
common practice because of its advantages (e.g., high degradation rate, environmentally
friendly process, and low cost). Furthermore, it has become a major topic of interest among
researchers focused on agricultural waste development and utilization [14].

The organic straw compost derived from biodegradation is a pure plant-based fertil-
izer that can significantly alter soil physical properties, nutrient dynamics, and vegetation
establishment, thereby improving soil productivity and increasing crop yields [15]. Li
et al. reported that corn straw compost can be used to decrease the pH and conductivity in
saline-alkali soil, increase soil nutrient contents (e.g., available nitrogen, phosphorus, and
soluble organic carbon), increase sucrase and urease activities, and improve the microbial
community, thereby increasing the biomass- and yield-related characteristics of rice grown
in saline-alkali soil (e.g., plant height, root length, and 1000-grain weight) [16]. The com-
posting of rice straw using Trichoderma species can promote rice germination and increase
seedling vigor and the total chlorophyll content, while also enhancing the production of
various defense-related enzymes, such as catalase (CAT), peroxidase (POD), and superox-
ide dismutase (SOD), ultimately increasing the stress resistance of rice [17]. The integration
of wheat straw biochar compost and biogas slurry can positively affect the cation exchange
capacity of soil, while increasing soil carbon, phosphorus, and potassium contents, soil
microbial diversity, and urease and β-glucosidase activities. Moreover, applying biochar
along with compost and biogas slurry can increase the maize plant height, chlorophyll
content, water use efficiency, and 1000-grain weight [18]. Pang et al. showed that including
a mixture of microbial agents during the application of biochar can improve the stress
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resistance of rice plants growing in saline-alkali soil [19]. Therefore, the application of
organic straw compost in agricultural fields can significantly improve the soil matrix state,
increase crop yields, and promote sustainable agricultural development.

Although organic straw composting positively affects agricultural production, there
has been relatively little research on the mechanism underlying its effects on crops. In this
study, the effects of straw compost on the growth and development of Songjing 2 rice as
well as soil physicochemical properties were investigated using straw compost treated
with microbes mediating low-temperature fermentation [20]. The use of straw compost
significantly increased Songjing 2 rice growth and yield, while also improving various
plant physiological indices. Additionally, the application of straw compost improved soil
quality, increased the activities of important soil enzymes, and improved the soil microbial
community composition. A transcriptome analysis indicated that the addition of straw
compost affected the expression of genes related to rice metabolic pathways, secondary
metabolite biosynthesis, plant–pathogen interactions, and plant hormone signal transduc-
tion. In conclusion, the study findings provide the theoretical basis for the industrialization
of this low-temperature straw fermentation technology and the extensive application of
straw compost to improve agricultural production.

2. Materials and Methods
2.1. Experimental Materials in This Study

The straw compost and soil used in this research were taken from the Animal Husbandry
Innovation Base of the Animal Husbandry Institute of Heilongjiang Academy of Agricultural
Sciences (45◦40′ N, 126◦33′ E). A microbial agent suitable for straw decomposition in cold
areas was used to ferment and decompose waste crop straw added with Longmin black pig
feces for about 120 days. This microbial agent was composed of cold resistant fungi with
cellulose degrading properties, including Penicillium chrysogenum, Trichoderma citrinoviride, and
Neurospora sitopila [20]. The waste crop straw was composted into a rotten state, and occasion-
ally strips or small fragments of incompletely decomposed straw were found. Unnecessary
stones and plastic bags were removed, and the straw compost for subsequent experiments
was obtained (Supplementary Figure S1). The cultured soil layer of 0–20 cm was collected,
which was air-dried, crushed, and mixed before being used in pot experiments. The soil
type was loam soil with loose texture and containing granular material. Treatment groups
consisted of soil mixed with straw compost at ratios of 10%, 30%, and 50% (v/v), while the
control group comprised regular soil alone (Supplementary Table S1) [16]. Other fertilizers
were not used during the cultivation.

In this study, Songjing 2 rice, a japonica rice cultivable in north China, was selected,
and was provided by the Tillage and Cultivation Institute of Heilongjiang Academy of
Agricultural Sciences. In the experiment, 10 Songjing 2 rice seeds from the same batch were
soaked in 3% NaCIO (Tianjin Beilian Fine Chemicals Development Co., Ltd., Tianjin, China)
for 15 min and 75% alcohol (Dezhou Chengze Disinfection Technology Co., Ltd., Dezhou,
China) for 3 min, and washed with sterile water for 5 times. [21]. The sterilized seeds were
planted in plastic buckets (upper diameter × bottom diameter × height = 25 cm × 17 cm
× 18 cm), and each bucket was filled with 3 kg soil. The rice was cultivated under natural
conditions from early May to early October. Rice irrigation was carried out throughout the
entire growth period by flooding 1–4 cm. Various biomass and yield parameters including
plant height, root length, seed size, and 100–grain weight were subjected to analysis. The
experiments were conducted at a campus of Northeast Forestry University in Harbin,
Heilongjiang Province, China (47◦16′ N, 123◦55′ E). Each experiment was set up with three
treatment groups and each experiment was repeated three times (2021–2023).

2.2. Measurement of Rice Physiological Indices

According to the instructions provided by the kit (Nanjing Institute of Construction
Bioengineering, Nanjing, China), about 0.1 g of fresh rice leaf samples at the booting stage
under different growth conditions were used for measurement of physiological indices. The
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content of soluble protein, activities of stress response-related catalase (CAT), peroxidase
(POD), ascorbate peroxidase (APX), and superoxide dismutase (SOD) were evaluated, and
hydrogen peroxide (H2O2) content was detected. The effect of straw compost on the plant
chlorophyll content of the leaf was evaluated as per Porra [22].

2.3. DAB (3,3′-Diaminobenzidine) and NBT (Nitrotetrazolium Blue Chloride) Staining of
Rice Leaves

Rice leaves of the tillering stage with good growth and suitable size were added
with DAB staining solution [containing 0.1 mg DAB (Yeasen Biotechnology Co., Ltd.,
Shanghai, China), 1 mL 0.05 M Tris–HAC (Tris (hydroxymethyl) aminomethane), pH5.0]
and NBT staining solution [containing 0.5 mg NBT (Shanghai Biyuntian Biotechnology
Co., Ltd., Shanghai, China), 1 mL 25 mM HEPES (N-2-hydroxyethyl piperazine-N’-2-
ethanesulfonic acid), pH7.6], respectively. After the reaction in the dark for about 24 h, the
staining solutions were removed, bleaching solution (80% ethanol) was used for boiling
decolorization, and photos were taken [23].

2.4. Measurement of Grain Shape and Hundred-Grain Weight of Songjing 2 Rice

Twenty rice grains from the control and treatment groups were randomly selected to
compare the length and width of grains using the ImageJ software (version 1.51). Meanwhile,
100 rice grains from the control and treatment groups were randomly selected and measured
for hundred-grain weight using an electronic scale (AS220.R2, RADWAG Wagi Elektroniczne,
Radom, Poland). All experiments were performed with three biological replicates.

2.5. Determination of Soil Physiochemical Properties

Soil samples from rice rhizosphere at the tillering stage were collected for determina-
tion of physicochemical properties. The soil sample was fully mixed with water at a ratio of
1: 2.5 (w/v) and centrifuged at room temperature for 15 min to obtain a soil–water suspen-
sion [16]. The acidity of saturated soil extracts was determined in soil–water suspension
using a pH meter.

The content of total nitrogen (TN) in the soil was determined by the Kjeldahl method.
The content of total phosphorus (TP) in the soil was determined by molybdenum blue
colorimetry, sulfuric acid digestion, and perchloric acid digestion after humidification. All
the results were calculated on a dry basis [24]. The content of total organic carbon (TOC) in
the soil was determined by the potassium dichromate volumetric method [25].

The activities of sucrase and urease in the soil were determined according to previously
reported methods. The activity of sucrase in the soil was determined by 3, 5-dinitrosalicylic
acid colorimetry at 508 nm. By using disodium phenyl phosphate as the substrate and
measuring at A660 with the spectrophotometer, disodium phenyl phosphate colorimetry
was used to detect the phosphatase activity in the soil [26]. Cellulase activity in the soil
was detected by 3, 5-dinitrosalicylic acid colorimetry [27].

2.6. Determination of Soil Microbial Diversity

The bacteria, fungi, and actinomyces were determined by the plate coating counting
method. Soil samples collected from rice rhizosphere at the tillering stage were screened and
air-dried in time. Potato sucrose medium was used for the determination of fungi, beef extract
peptone medium was used for the determination of bacteria, and Gao’s medium No. 1 was
used for the determination of actinomyces [28]. The prepared soil diluent was coated and
cultured on a plate. Bacteria and actinomycetes were cultured inversely at 28 ◦C for 7–10 days,
and fungi were cultured at 25 ◦C for 3–5 days. Microscopic examination and counting were
performed, and the number of soil microorganisms was calculated according to the number
of soil microorganisms (CFU/g) = (average number of colonies × dilution ratio) ÷ soil drying
quality [28].
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2.7. Rice Transcriptome Sequencing and Data Analysis

The rice leaves at the booting stage were harvested for transcriptome sequencing. The
cDNA library for transcriptomic sequencing was constructed and sequenced by Metware
(Wuhan, China). Single-stranded circle DNA molecules were replicated via rolling cycle
amplification, and a DNA nanoball (DNB) which contains multiple copies of DNA was
generated. Sufficient quality DNBs were then loaded into patterned nanoarrays using
the high-intensity DNA nanochip technique and sequenced through combinatorial Probe-
Anchor Synthesis (cPAS). The original data were filtered using fastp [29], and high-quality
reads were then mapped to the genome using HISAT [30]. DESeq2 [31] was used to
analyze the differential expression between the two groups, and genes satisfying the criteria
of a |Log2FoldChange| ≥ 1 and FDR (False Discovery Rate) < 0.05 were identified as
differentially expressed genes (DEGs). KEGG, GO, and KOG annotations were performed,
and enrichment analysis was performed using cluster Profiler.

2.8. qRT-PCR Analysis

Total RNAs of the rice leaves at the booting stage were extracted with trizol Reagent
(Invitrogen, Waltham, MA, USA). cDNA was prepared from 5 µg total RNA at various
conditions using the Prime Script RT Reagent Kit with gDNA Eraser (Takara Bio, Kusatsu,
Japan). Next, 50 ng cDNA and 40 nM primers (Supplementary Table S2) were used for
each RT-qPCR reaction with 2× Brilliant III SYBR Green QPCR Master Mix (Agilent, Santa
Clara, CA, USA) and a Mx3000P Real-Time Thermal Cycling System (Agilent, Santa Clara,
CA, USA). Each expression level was normalized with the OseEF-1a gene [32].

2.9. Statistical Analysis

The statistical analyses for all tables were performed using R software (version 4.0.1)
and two-tailed paired t-tests; p < 0.05 was considered statistically significant.

The data obtained in qRT-PCR analysis were the mean of three biological replicates.
The data were analyzed using one-way analysis of variance by SPSS, and statistically
significant differences were calculated based on Student’s t-test, with p < 0.05 (*) and
p < 0.01 (**) as thresholds for significance.

3. Results
3.1. Straw Compost Affected the Rice Biomass and Yield

Previous studies revealed the importance of straw compost for improving crop growth
and increasing yields [16]. Therefore, we investigated the effects of low-temperature fermented
straw compost on Songjing 2 rice. Under various planting conditions, the control plants and the
plants treated with 10%, 30%, and 50% straw compost were similar in height for the first 5 days
of growth. Additionally, there was no significant difference in rice morphological characteristics.
However, after 3 months of growth, the plants treated with straw compost were significantly
taller than the control plants. Specifically, the plant height increased significantly as the amount
of straw compost applied increased (Figure 1A and Figure S2). The roots of the plants treated
with 30% and 50% straw compost were significantly longer than the roots of the control plants
(Figure 1B). The rice grains of the plants treated with 30% straw compost were significantly
longer and wider than the rice grains of the control plants (Figure 1D). Accordingly, the 100-grain
weight was significantly greater for the rice plants treated with 30% straw compost than for the
control rice plants (Figure 1E).
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Figure 1. The effects of straw compost on biomass, yield, and physiological indices of Songjing 2 rice.
(A) The seedlings of Songjing 2 rice grown in normal soil for 7 days were transferred to normal soil
and normal soil with 10%, 30%, and 50% straw compost for growing for 5 days and 3 months, the
growth status of the Songjing 2 rice was observed, and photos were taken. (B) The morphology of
Songjing 2 rice grown for 3 months on normal soil and normal soil with 10%, 30%, and 50% straw
compost. (C) The effect of straw compost on the H2O2 and superoxide anion content in the Songjing
2 rice leaves at booting stage. Rice leaves of tillering stage with good growth were added with
DAB and NBT staining solution in the dark for about 24 h, then 80% ethanol was used for boiling
decolorization and photos were taken. (D) Comparative analysis of rice grain sizes from normal
soil and soil with straw compost. Each data value represented the mean ± SE of three replicates,
with each using 20 rice grains. (E) Comparative analysis of grains yield from normal soil and soil
with straw compost. Each data value represented the mean ± SE of three replicates, with each using
100 grains weight. Asterisks indicated statistically significant differences compared with the normal
soil: * p < 0.05 and ** p < 0.01 as determined by the Student’s t-test.
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3.2. Effects of Straw Compost on Various Rice Physiological Indices

Because earlier research indicated that the application of straw compost affects var-
ious physicochemical properties of crops [33], we analyzed the effects of straw compost
fermented under cold conditions on Songjing 2 rice. Soluble proteins are important os-
moregulatory substances and nutrients that can protect cell components and biofilms [34].
The addition of 30% straw compost slightly increased the soluble protein content of the
rice leaves at the tillering stage (Table 1). POD, which is an important scavenger of reactive
oxygen species, is a key contributor to plant stress resistance. The POD activity was more
than two times higher in the plants treated with 30% straw compost than in the control
plants (Table 1). Similarly, the activity of CAT, which is a key enzyme for the decomposition
of hydrogen peroxide (H2O2), was more than two times higher in the plants treated with
30% straw compost than in the control plants (Table 1). Both APX and SOD are important
antioxidant enzymes that protect plants by modulating reactive oxygen species metabolism
and eliminating free radicals to maintain cellular homeostasis. The addition of 30% straw
compost increased the APX and SOD activities, while also decreasing the leaf H2O2 content
to one-third of the level in the control plants (Table 1). Thus, the straw compost treatment
significantly increased the activities of stress response-related enzymes and enhanced the
stress resistance of rice.

Table 1. Effects of straw compost on various physiological indices of Songjing 2 rice.

Sample
Soluble Protein

Content
(µg/mL)

POD
Activity
(U/mg)

CAT
Activity
(U/mg)

APX
Activity
(U/mg)

SOD
Activity
(U/mg)

H2O2
Content

(µmol/mL)

Soil 44.074 ± 2.631 a 23.314 ± 1.066 b 0.054 ± 0.004 b 0.005 ± 0 b 1.209 ± 0.007 b 0.213 ± 0 a

Soil/30%-straw compost 47.909 ± 1.047 a 49.239 ± 0.482 a 0.113 ± 0.014 a 0.006 ± 0 a 1.444 ± 0.058 a 0.075 ± 0.005 b

Means sharing similar letter (s) in a column do not differ significantly at p = 0.05; Data are average of three
replicates ± SE.

We used DAB and NBT staining methods to investigate the effects of straw compost on
the H2O2 and superoxide anion contents in rice leaves. The DAB staining results indicated
the brown spots were significantly darker on the leaves of the control plants than on the
leaves of the plants treated with straw compost (Figure 1C). Similarly, among the NBT-
stained samples, the blue spots were darker on the leaves of the control plants than on the
leaves of the plants treated with straw compost (Figure 1C).

The leaf chlorophyll content can reflect the photosynthetic capacity of the plant. The
leaf chlorophyll a and b contents at the tillering stage were, respectively, 1.25 and 1.12 times
higher in the plants treated with 30% straw compost than in the control plants. The leaf
carotenoid content was nearly 1.3 times higher in the plants treated with 30% straw compost
than in the control plants (Table 2).

Table 2. Effects of straw compost on Songjing 2 rice leaf quality.

Sample Chlorophyll a
(µg/mL)

Chlorophyll b
(µg/mL)

Carotenoid
(µg/mL)

Soil 8.81 ± 0.24 b 3.54 ± 0.30 a 2.96 ± 0.06 b

Soil/30%-straw compost 11.04 ± 0.05 a 3.98 ± 0.09 a 3.81 ± 0.22 a

Means sharing similar letter (s) in a column do not differ significantly at p = 0.05; Data are average of three
replicates ± SE.

3.3. The Application of Straw Compost Improved the Soil Physicochemical Properties

Soil quality directly affects crop yield. Therefore, we collected rice rhizosphere soil
samples at the booting stage of plants grown under various conditions for an analysis of
physicochemical properties. The pH was lower for the control soil (4.87; slightly acidic)
than for the soil supplemented with 30% straw compost (6.35). The organic matter and
total phosphorus contents were significantly higher in the soil containing straw compost
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than in the control soil. The total nitrogen content was slightly higher in the soil containing
straw compost than in the control soil (Table 3).

Table 3. Soil physicochemical properties under straw compost.

Sample Soil pH Organic Matter
(g/kg)

Total Nitrogen
(N) %

Total Phosphorus (P)
(g/kg)

Soil 4.87 ± 0.12 b 206 ± 6.08 b 0.73 ± 0.04 a 0.63 ± 0.02 b

Soil/30%-straw compost 6.35 ± 0.02 a 252 ± 4.58 a 0.87 ± 0.10 a 1.11 ± 0.03 a

Means sharing similar letter (s) in a column do not differ significantly at p = 0.05; Data are average of three
replicates ± SE.

Various soil enzymes are important for the material cycling and energy conversion
that influence crop growth. Therefore, we examined the sucrase, cellulase, urease, and phos-
phatase activities, which are closely related to many soil factors. In the soil supplemented
with 30% straw compost, the sucrase activity was nearly double that in the control soil.
Moreover, the cellulase and phosphatase activities were, respectively, nearly 5 and 1.3 times
higher in the soil containing 30% straw compost than in the control soil. In contrast, the
urease activity was only slightly higher in the soil supplemented with 30% straw compost
than in the control soil (Table 4). Hence, the addition of straw compost improved the soil
physicochemical properties.

Table 4. The effect of straw compost on enzyme activity of soil.

Sample Sucrase Gmg/(g·24 h) Urease mg/(g·24 h) Cellulase
µg/(mL·min)

Phosphatase
mg/(g·24 h)

Soil 8.48 ± 0.11 b 1.15 ± 0.03 b 0.46 ± 0.03 b 25.59 ± 0.12 b

Soil/30%-straw
compost 15.17 ± 0.09 a 1.45 ± 0.05 a 2.28 ± 0.03 a 33.00 ± 1.73 a

Means sharing similar letter (s) in a column do not differ significantly at p = 0.05; Data are average of three
replicates ± SE.

3.4. The Addition of Straw Compost Increased the Soil Microbial Abundance

Soil microorganisms are an indispensable part of the soil ecosystem. They play an
important role in the degradation of organic matter and the improvement of the soil struc-
ture, with key effects that maintain the soil quality and promote plant growth. Thus, the
microbial abundance in the rice rhizosphere soil at the tillering stage was determined. The
bacterial abundance in the soil supplemented with 30% straw compost (2.30 ×107 CFU/g)
was nearly double that in the control soil. Specifically, the soil containing 30% straw
compost had three times more actinomycetes (4.27 × 105) than the control soil. However,
the number of fungi was not significantly affected by the addition of 30% straw compost
(Table 5). Overall, the addition of straw compost increased the soil microbial richness.

Table 5. The effect of straw compost on soil microbial abundance.

Sample Bacteria
(CFU/g)

Fungus
(CFU/g)

Actinomycetes
(CFU/g)

Soil 1.53 × 107 ± 3.46 × 105 b 7.07 × 104 ± 9.53 × 102 a 1.19 × 105 ± 9.64 × 103 b

Soil/30%-straw compost 2.30 × 107 ± 2.65 ×105 a 7.08 × 104 ± 4.58 × 102 a 4.27 × 105 ± 1.35 × 104 a

Means sharing similar letter (s) in a column do not differ significantly at p = 0.05; Data are average of three
replicates ± SE.

3.5. Changes in the Rice Leaf Transcriptome in Response to the Straw Compost Treatment

To clarify the mechanism underlying the positive effects of the straw compost on
rice growth, a transcriptome sequencing (RNA−seq) analysis was performed using rice
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leaves collected at the booting stage. High-quality reads were obtained, with an average
GC content of 52.35% (Supplementary Figure S3), suggesting the obtained data were
appropriate for the subsequent analysis. A total of 2473 genes were differentially expressed
between the control Songjing 2 rice plants and the plants treated with straw compost
(Supplementary Table S3). Among these differentially expressed genes (DEGs), 982 and
1491 had up-regulated and down-regulated expression levels, respectively, in the straw
compost-treated plants (Figure 2A). The analysis of the 15 most up-regulated and down-
regulated genes suggested many processes in rice were affected by the straw compost
treatment (Figure 2B).
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Figure 2. The DEGs analysis of Songjing 2 rice using RNA−seq data under straw compost. (A) Vol-
cano plot of DEGs of Songjing 2 rice under straw compost. The horizontal axis represented the
changes in gene expression multiples, the vertical axis represented the significance level of DEGs.
The red dots represented up−regulated DEGs, the green dots represented down−regulated DEGs,
and the gray dots represented non differentially expressed genes. The number of up−regulated,
down−regulated, and non−differentially expressed genes is indicated on the right side. (B) The
radar map of the 15 up-regulated and down-regulated genes with the highest multiple differences.
Each point in the map represented a gene, and the position of the point corresponded to the size of
the log2fold change value of the gene.

A GO enrichment analysis was completed to functionally annotate the DEGs identi-
fied following the straw compost treatment. The significantly enriched GO terms among the
DEGs included the following: iron ion binding, monooxygenase activity, UDP-
glycosyltransferase activity, hexosyltransferase activity, isoprenoid metabolic process, iso-
prenoid biosynthetic process, monocarboxylic acid biosynthetic process, response to ox-
idative stress, secondary metabolite biosynthetic process, terpenoid metabolic process,
response to hypoxia, cellular response to decreased oxygen levels, cellular response
to oxygen levels, response to decreased oxygen levels, and response to oxygen levels
(Figures 3 and S4). Accordingly, the DEGs were associated with enzyme activities, metabolism
and biosynthesis, and stress responses.
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To further elucidate the effects of the straw compost treatment on rice gene expression,
the DEGs underwent a KEGG (Kyoto Encyclopedia of Genes and Genomes) analysis. The re-
sults indicated that 356 DEGs were involved in metabolic pathways (ko01100), 274 DEGs were
involved in the biosynthesis of secondary metabolites (ko01110), 53 DEGs were involved in
phenylpropanoid biosynthesis (ko00940), 162 DEGs were involved in plant–pathogen interac-
tions (ko04626), 104 DEGs were involved in plant hormone signal transduction (ko04075), and
85 DEGs were involved in MAPK signaling (ko04016) (Figure 4 and Figure S5). Thus, many
of the DEGs in the rice plants treated with straw compost were associated with metabolic
activities and the biosynthesis of secondary metabolites.

The DEGs were also mapped using the KOG database (containing eukaryotic or-
thologous groups). A total of 1215 DEGs were classified into 23 KOG categories. The
largest category was general function prediction only (187, 15.39%), followed by signal
transduction mechanisms (141, 11.6%), secondary metabolites biosynthesis, transport and
catabolism (127, 10.45%), and posttranslational modification, protein turnover, chaperones
(121, 9.95%) (Figure 5).
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3.6. qRT-PCR Verification of the RNA-Seq Results

To verify the RNA-seq data, eight significant DEGs were selected for a qRT-PCR
analysis using gene-specific primers (Supplementary Table S2). The gene expression trends
revealed by the qRT-PCR analysis were in accordance with the RNA-seq results (Figure 6),
indicative of the reliability of the RNA-seq analysis.
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4. Discussion
4.1. Utility of the Low-Temperature Fermented Straw Compost for Promoting Rice Growth and
Increasing Yield

Straw is rich in nutrient elements; its decomposition can increase the soil organic
matter content and fertility, which is critical for preventing farmland desertification and
improving agricultural field conditions [16]. However, approximately 30% of straw cannot
be fully decomposed under natural conditions because the polysaccharide components,
such as cellulose, hemicellulose, and lignin, are difficult to degrade. Because the remaining
straw is discarded or incinerated, straw resources are wasted and the environment is
polluted [35]. The recent advances in microbial research have led to increasing interest in
biological fermentation techniques involving the use of specific microorganisms for the
efficient decomposition of materials. To date, probiotics [36], Lactobacillus liquidarum (type
IV) [37], C. rosea strain YZC3 [38], and G. stearothermophilus [39] have been used as microbial
starter cultures to effectively degrade straw. These microbes are suitable for fermenting
straw at room temperature. The application of decomposed straw compost can increase the
quality and yield of cucumber [36], potherb mustard [37], and other crops, with positive
implications for sustainable agricultural production.

In China, considerable amounts of straw are produced annually in the northeastern
region, which is the main grain-producing area. There are few fungi suitable for low-
temperature fermentation. This has limited the low-temperature straw fermentation and
the large-scale outdoor fermentation in northeastern China, which is relatively cold in the
winter and spring. Therefore, developing viable methods for the efficient decomposition of
straw under low-temperature conditions is crucial for optimizing the use of straw resources
in northeastern China. Mu et al. recently isolated Penicillium oxalicum strain M11 from
soil; the subsequent characterization of this strain indicated it can efficiently degrade
cellulose at 13 ◦C [40]. In addition, Shao et al. isolated the cold-tolerant Streptomyces strain
ND2-1 from forest soil samples collected in Daqinggou, Inner Mongolia; this strain can
efficiently degrade cellulose at low temperatures and ferment straw [41]. Moreover, Li et al.
observed that Penicillium chrysogenum, Trichoderma citrinoviride, and Neurospora sitophila
can grow and degrade cellulose under cold conditions. When these fungi are combined,
they can efficiently decompose waste straw at low temperatures in northeastern China [42].
Unfortunately, the effects of the resulting compost on crop growth and yield in northeastern
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China have not been thoroughly investigated. In the current study, the effects of straw
compost on the growth and yield of Songjing 2, which is a japonica rice cultivar grown in
northern China, were investigated. Briefly, a microbial agent capable of composting straw
at low temperatures was used to ferment and decompose waste straw, which was combined
with Longmin black pig manure and then mixed with natural soil. Our analyses indicated
that the straw compost-treated rice plants were significantly taller than the control plants.
Moreover, the rice plant height increased significantly as the straw compost content in the
soil increased (Figures 1A and S2). The straw compost treatment also significantly increased
the rice root length as well as the 100-grain weight (Figure 1B,E). These results reflect the
potential utility of this low-temperature straw fermentation technology in northeastern
China and the broad applicability of straw composting technology to enhance agricultural
production.

4.2. The Low-Temperature Fermented Straw Compost Promoted Rice Growth and Increased the
Grain Yield by Altering Soil Physicochemical Properties and the Expression of Important Signaling
Pathway Genes in Rice

Soil acidity/alkalinity is an important chemical property because of its effects on soil
chemical reactions and nutrient availability for plant growth. The research has shown that
the plant height, seed setting rate, and yield per plant decreased significantly when the
soil pH was below 5.0 or above 7.0. However, these indices peaked when the soil pH was
6.0 [43]. The addition of straw compost caused the pH of the Songjing 2 rhizosphere soil to
increase from 4.87 to 6.35, which is ideal for Songjing 2 rice plant growth and development
(Table 3). Soil pH is influenced by various factors such as climate, terrain, and vegetation,
etc. The effect of straw compost on soil pH is closely related to the initial pH of the soil.
But, the main mechanism of soil acidification balance of weakly acidic soil caused by straw
returning to the field has not been fully studied. However, the detailed reasons why straw
compost treatment alleviates the acidification level of weakly acidic soil in this study are
still unclear. We will further analyze this reason in depth in the future field application
work of straw compost. Various soil enzymes have key functions in the soil ecosystem
(e.g., material cycling and energy conversion) [44]. Invertase contributes to soil sucrose
metabolism, which is closely related to soil fertility, microbial activity, and respiration [45].
Soil phosphatases help mediate organic phosphorus transformation and are associated
with the formation of inorganic phosphorus. In addition, soil urease hydrolyzes urea to
ammonia, while also regulating the nitrogen cycle [46]. These enzymes, which are useful
indicators of farmland fertility, affect crop growth and development by modifying the soil
microenvironment. In this study, the addition of straw compost significantly enhanced
the urease, sucrase, and phosphatase activities in the rice rhizosphere (Table 4), which
was conducive to rice growth. Soil organic matter can improve soil physicochemical
properties and enhance soil fertility, thereby increasing crop yields [47]. Appropriate
nitrogen, phosphorus, and potassium concentrations in the soil can promote plant growth
and development. Our results showed that the straw compost treatment significantly
increased the organic matter and total phosphorus contents in the rhizosphere soil of
Songjing 2 (Table 3). As the active components of soil, microorganisms play an important
role in material transport and nutrient cycling. Changes in soil microbial activities and
community structures affect soil nutrient transformation, which in turn influences the
growth, yield, and quality of crops [9]. The soil microbial abundance is influenced by
various factors, including soil physicochemical properties and temperature, etc. Research
has shown that the straw compost treatment can increase soil microbial abundance. But, in
our study, the increase the number of fungi was very limited, and we consider whether
this is due to potted crops causing less significant changes in fungal numbers. We will
further investigate the impact of straw compost on soil microbial abundance in future field
applications. We observed that the addition of straw compost increased the number of
actinomycetes and bacteria in the soil. Notably, the number of actinomycetes was nearly
four times higher in the straw compost-containing soil than in the control soil (Table 5).
Therefore, the straw compost treatment increased the soil microbial richness, affected
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the soil microbial community structure, and altered the transformation of soil nutrients,
ultimately enhancing rice growth. In conclusion, the low-temperature fermented straw
compost significantly improved various microenvironmental conditions (e.g., soil pH,
enzyme activity, organic matter content, and microbial abundance), thereby promoting the
growth of Songjing 2 rice plants. Because the soil colloidal particle size may be used as an
indicator of soil quality [48], we will investigate whether straw composting influences the
soil particle size as part of our future research.

In plants, stress-induced oxidation results in the production of malondialdehyde and
other harmful substances [49]. However, the synthesis of antioxidants (e.g., SOD, POD,
and CAT) can limit the toxic effects of malondialdehyde. Antioxidant enzymes convert
peroxides into less toxic or harmless compounds. Therefore, antioxidant enzyme activities
may reflect the ability of plants to decompose harmful substances [50]. In addition, soluble
proteins are important osmoregulators and nutrients [34]. The accumulation of soluble
proteins can positively affect the ability of cells to retain water, while also protecting specific
cellular components and biofilms. The soluble proteins include the enzymes involved in
various metabolism and physiological processes, which have very important roles. Our
results showed the straw compost treatment increased stress resistance-related enzyme
activities in Songjing 2 rice (Table 1). Chlorophyll absorbs solar energy and converts it to
chemical energy during photosynthesis [19]. In response to the addition of straw compost,
the chlorophyll contents in the rice leaves increased, which promoted photosynthetic
activities, leading to increases in Songjing 2 rice growth and yield (Table 2). The DAB
and NBT staining results showed that adding straw compost to the soil can decrease the
H2O2 and superoxide anion contents in rice leaves (Figure 1C). We speculate that this may
be the result of these stress-related enzymes activity being increased with straw compost
treatment and playing a role. This speculation will be verified in future work. On the basis
of these findings, we hypothesized that the application of straw compost can improve rice
stress resistance. To test this hypothesis, we grew Songjing 2 rice plants in saline-alkali soil
(pH 10.38) collected from the Anda region of northeastern China. The addition of straw
compost to the soil significantly promoted plant growth, indicative of an increase in abiotic
stress tolerance (Figure 7).
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Figure 7. The effect of straw compost on Songjing 2 rice under salt alkali stress. The seedlings of
Songjing 2 rice grown in normal soil for 14 days were transferred to saline alkali soil (pH10.38) and
saline alkali soil with 10%, 30%, and 50% straw compost. After 30 days of planting, the growth status
of the Songjing 2 rice was observed and photos were taken.

Recently, Chi et al. conducted an RNA-seq analysis and elucidated the molecular
mechanism by which corn straw compost affects the growth and development of corn
plants. Specifically, corn straw compost induces the accumulation of organic matter by
promoting carbon metabolism and photosynthesis, which leads to enhanced corn plant
growth [51]. There is currently very little available information regarding the molecular
basis of the plant growth-promoting effects of straw compost. In this study, an RNA-seq
analysis was conducted to examine the effects of straw compost in the soil on rice gene
expression. A total of 2473 DEGs were identified (982 up-regulated genes and 1491 down-
regulated genes) (Figure 2). The main significantly enriched GO terms assigned to the DEGs
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suggested that the straw compost treatment affected the expression of genes associated with
the signaling pathways influencing enzyme activities, metabolism and biosynthesis, and
stress responses (Figure 3). Plant enzyme activities, metabolic and biosynthetic processes,
and stress responses have crucial effects on crop growth and development. According to
the results of the KEGG analysis, the DEGs encode proteins contributing to the metabolism
and biosynthesis of secondary metabolites (Figure 4), indicating that straw composting
mainly regulates the production of plant secondary metabolites, with implications for rice
growth and yield.

In summary, the low-temperature fermented straw compost used in this study op-
timized the soil conditions for rice growth. More specifically, the application of straw
compost improved the soil pH, increased the soil organic matter, total nitrogen, and total
phosphorus contents, and increased soil enzyme activities. Furthermore, the straw compost
treatment also significantly enriched the soil microbial community (i.e., bacteria and acti-
nomycetes) and promoted the decomposition and transformation of organic materials by
microorganisms, with positive effects on soil conditions. Additionally, the straw compost
increased stress response-related enzyme activities and the chloroplast content in rice, while
also modulating the expression of genes in metabolic pathways. These changes increased
the growth and yield of rice plants (Figure 8). In future studies, we will more precisely
analyze the molecular network underlying the regulatory effects of straw compost on rice
growth and development by integrating metabolome and microbiome analyses. Moreover,
rice mutants in which selected DEGs are silenced will be generated to further elucidate the
molecular mechanism through which straw compost affects rice growth.
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Figure 8. Possible model of the low-temperature fermented straw compost promoting Songjing 2 rice
growth and increased yield. The low-temperature fermented straw compost promoted the Songjing
2 rice growth and increased yield by regulating soil physicochemical properties and the microbial
abundance, as well as the physiological indices and genes expression of important signal pathway in
Songjing 2 rice.

5. Conclusions

In this study, the addition of low-temperature fermented straw compost significantly
improved soil physicochemical properties (e.g., pH, enzyme activity, and nutrient composi-
tion) and optimized the soil conditions for crop growth. The application of straw compost
also increased soil microbial diversity and promoted the decomposition and transformation
of organic matter, thereby improving the soil environment. The straw compost treatment
also increased the rice leaf chlorophyll content and enzyme activities related to stress re-
sponses, which positively affected rice stress resistance. In addition, the application of straw
compost influenced the expression of genes in rice metabolic pathways as well as pathways
mediating secondary metabolite synthesis and plant hormone signal transduction. In
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conclusion, the low-temperature fermented straw compost used in this study effectively
improved the soil environment, increased the important physiological indices of Songjing
2, and affected the expression of critical signaling pathway genes, thereby promoting rice
growth and increasing the grain yield. The study findings provide the theoretical basis for
the commercial application of low-temperature straw fermentation technology to improve
agricultural production.
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