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ABSTRACT 
 

Sugarcane-duck symbiosis (SDS) is an ecological breeding production method wherein meat ducks are 

released in sugarcane (Saccharum officinarum L.) fields during the middle and late stages of sugarcane 

growth. The effects of SDS on sugarcane rhizobacterial diversity remain poorly understood. We conducted 

field experiments with sugarcane monoculture (SC) and SDS and performed genetic analyses on the 

rhizobacterial communities based on 16S rRNA across different growth stages of sugarcane. The effects of 

soil physicochemical factors on the bacterial community structure were analyzed via redundancy analysis. 

We found that soil organic matter (SOM), total N (TN), nitrate N (NN), and ammonium N (AN) contents 

of sugarcane rhizosphere soils increased during different growth periods in SDS. During the perennial root 

stages, the Shannon-, Ace-, and Chao1 indices increased, whereas the available P (AP) content decreased. 

The soil pH was more balanced and its effect on the soil bacterial community was insignificant. The 

dominant sugarcane rhizosphere flora were Actinobacteria, Proteobacteria, Chloroflexi, Acidobacteria, 

Firmicutes, norank_f__norank_o__Gaiellales, Sphingomonas, norank_f__Roseiflexaceae, Bacillus, and 

norank_f__Xanthobacteraceae, but with significant inter-annual variations. Redundancy analysis showed 

that SOM, TN, NN, AN, AP, catalase (CAT) and invertase (INV) activity were closely associated with the 

diversity of the soil bacterial communities, and TN and INV activity were the main drivers of sugarcane 

rhizobacterial communities in the SDS groups. In conclusion, SDS improves the fertilizer supply capacity 

and soil quality of sugarcane soils by regulating major soil nutrient content, available nutrients, and 

microbial diversity. This study provides a theoretical basis for scientifically managing SDS and the 

screening of biocontrol bacteria. 
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INTRODUCTION 
 

Sugarcane (Saccharum officinarum L.) is the most important sugar crop and plays an important role in 

sustaining the stability of the Chinese sugar supply (Verma et al., 2022). Recently, the traditional cultivation 

model based on sugarcane monoculture has led to a significant increase in the use of pesticides, fertilizers 

and chemical herbicides. This has resulted in decreased stability and sustainability of farmland ecosystems, 

and environmental problems such as contaminated soil, with reduced microbial diversity and sugarcane 

yields that have seriously hindered further development of the Chinese sugarcane industry. Therefore, 

balancing a high yield and quality of sugarcane with effective utilization of soil nutrients has become a hot 

topic of agricultural science in recent years. The integrated livestock-crop systems have the effect of 

improving soil structure and increasing soil fertility (Pontes et al., 2021). Sugarcane-duck symbiosis (SDS) 

is an ecological production method wherein ducks are released in a sugarcane field at the middle and late 
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growth stages of sugarcane (Ma et al., 2022a). This approach can utilize the ecological advantages of the 

mutual beneficial symbiosis between ducks and sugarcane, reduce the dependence on chemical fertilizers 

and pesticides, and decrease agricultural surface pollution. Sugarcane fields provide ducks with living space 

and high-quality animal and plant feed. In turn, meat ducks catch pests and remove weeds, and duck manure 

is returned to the field to moderate soil acidity and fertilize the ground, thus reducing the use of fertilizers 

and pesticides (Ma et al., 2022b). 

Soil bacteria are the most numerous and diverse group of soil microorganisms, accounting for 

approximately 70%-90% of the total soil microorganisms (Singh et al., 2023). Soil bacteria are the most 

active biotic factor in the cycling of matter and energy flow in soil ecosystems and play key roles in soil 

fertility, soil health, and plant growth and development (Yang et al., 2018). Many studies show that the 

livestock-crop system can improve the physical structure of the soil, increase permeability, reduce soil bulk 

weight, increase the soil organic matter (SOM), available N, available P (AP), available K, and other 

nutrients in shallow soil, and improve soil enzyme activity (Wei et al., 2019).  

Fine-scale studies were conducted to elucidate the effects of integrated rice farming models on soil 

physicochemical properties, enzyme activities, and microbial diversity (Guo et al., 2022). However, the 

effects of SDS as an ecological farming method on the sugarcane rhizobacterial community structure and 

interannual variability were investigated. In this study, physiochemical properties and rhizobacterial (16S 

rRNA) diversity of the soil at different sugarcane growth stages were compared between sugarcane 

monoculture (SC) and SDS cultivation conditions. This study provides a scientific basis for interpreting the 

effects of SDS on microbial diversity in sugarcane soils, laying a theoretical foundation for the development 

of specialized fungicides for sugarcane across different developmental stages.  

 

MATERIALS AND METHODS 
 

Plants and field experimental design 

The study area was selected based on the location of the ecological breeding base of mackerel ducks in 

Luohui Village (106°39' E, 22°27' N; 138.7 m a.s.l.), Guangxi, China. The area has a typical southern 

subtropical monsoon climate, with an annual temperature and rainfall of 22 °C and 1273.6 mm, respectively. 

The study area has 1547.1 h annual sunshine and is frost-free throughout the year. The experimental area 

had Ferralsols with deep layers, relatively flat terrain, good drainage and irrigation, soil pH 7.76, 19.93 g 

kg-1 soil organic matter (SOM), 11.56 g kg-1 organic C, 3.58 mg kg-1 available P, 32 mg kg-1 available K, 

and 14.96 cmol kg-1 cation exchange capacity. The sugarcane (Saccharum officinarum L.) ‘Guinanzhe 

146210’ was provided by the Guangxi South Subtropical Agricultural Scientific Research Institute 

(Chongzuo, China). This cultivar has the characteristics of resistance to fall, disease and insect, and lodging, 

which was suitable for sugarcane-duck symbiosis (SDS) cultivation mode. The duck test variety was Jinding 

(Anas platyrhynchos domestica), with a small size, high quality meat, and strong adaptability suitable for 

sugarcane-duck symbiosis (SDS) cultivation mode, which was hatched and bred by Longzhou Nongrun 

Agriculture Co. Ltd. (Chongzuo, China). 

 

Soil sample collection and analysis of physicochemical properties 

The field experiment was started in March 2021 using a randomized plot design with two treatments of 

sugarcane monoculture (SC) and SDS, three replicates for each treatment, and a total of six sugarcane plots, 

with approximately 1300 m2 for each plot, which were separated from each other by fences. The SC was 

planted in wide-narrow (1.8 × 0.6) rows. The planting density was 135 000 buds ha-1 and fertilizers were 

applied once before the planting of sugarcane or at the time of breaking the ridge of the lodging root, and 

the amount of fertilizers applied was 300.0 kg N ha-1, 120.0 kg P2O5 ha-1, and 255.0 kg K2O ha-1. The 

planting method, fertilizer application rate, pest and disease management, and related farming operations of 

the SDS are the same as those of the SC. For SDS, 5000 Jinding ducks (10 d old) were maintained in a 

greenhouse next to the sugarcane field for 10 d before they were released into the field. The ducks and 

sugarcane coexisted for 40 d at a density of one bird per square meter. Ducks were fed regularly, and the 
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dietary nutrition level met the requirements of the agricultural industry standard NY/T 2122-2012 (produced 

by Guigang Haida Feed Co., Ltd., China). For the SC condition, no ducks were released into the sugarcane 

field. Both model treatments were free of pesticides and chemical herbicides throughout the sugarcane 

growth period. 

A field orientation trial was conducted from August 2021 to December 2022, and the straw from the 

sugarcane harvest was returned to the field each year. Soil samples were collected on 12 September 2021: 

year-one elongation, SC new plant elongation (SCNE) and SDS new plant elongation (SDNE); 5 December 

2021: year-one maturity, SC new plant maturity (SCNM) and SDS new plant maturity (SDNM); 2 

September 2022: year-two elongation, SC perennial root elongation (SCPE) and SDS perennial root 

elongation (SDPE); and 25 November 2022: year-two maturity, SC perennial root maturity (SCPM) and 

SDS perennial root maturity (SDPM). The inter-root soil was collected from a depth of approximately 0 to 

20 cm in the soil layer of each plot according to the S-shaped “five-point sampling” method and the “root 

shaking” method (Wang et al., 2018). Fresh soil samples collected for each treatment were separately 

removed from impurities and divided into two sections. One portion of the soil sample was immediately 

wrapped in tin foil and transported back to the laboratory on dry ice before storing at -80 °C for bacterial 

diversity analysis. The other portion was placed in a sealed bag and used to determine the physiochemical 

properties of the soil. 

The physiochemical properties of the soil were determined according to NY/T 1121-2006 soil testing 

standards. Soil total N (TN) and total C were determined using an elemental analyzer (ECS4024, Costech 

Analytical Technologies Inc., Valencia, California, USA). Total P (TP) and available P (AP) levels were 

determined using the molybdenum antimony colorimetric method. Soil nitrate N (NN) and ammonium N 

(AN) contents were determined by leaching in a 2 mol L-1 KCl solution and using a flow analyzer (AA3; 

Bran+Luebbe, Norderstedt, Germany). Invertase (INV) activity was determined with a 3,5-dinitrosalicylic 

acid colorimetric assay and urease (URE) activity was assessed with an indophenol blue colorimetric assay 

according to the methods described by Gu et al. (2009). 3,5-Dinitrosalicylic acid was supplied by Sinopharm 

Chemical Reagent Co., Ltd. (Shanghai, China). Catalase (CAT) activity was determined using the method 

described by Trasar-Cepeda et al. (1999). 

 

DNA extraction, high-throughput sequencing, and analysis 

Total soil microbial DNA was extracted using the MPBio Soil DNA Extraction Kit (MoBio Laboratories 

Inc., Carlsbad, California, USA) according to the manufacturer’s instructions. The quantity and quality of 

the extracted DNA were assessed using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, 

Waltham, Massachusetts, USA) and 0.8% agarose gel electrophoresis, respectively. Polymerase chain 

reaction (PCR) amplification of the V3-V4 variable region of the bacterial 16S rRNA gene was performed 

using universal primers 338F (5′-ACTCCTACGGGGAGGCAGCAG-3′) and 806R (5′-

GGACTACHVGGGTWTCTAAT-3′). The library was constructed using the TruSeq PCR-Free Sample 

Prep Kit (FC-121-3001/3002), according to the manufacturer’s instructions, and high-throughput 

sequencing was performed using the Illumina MiSeq PE300 platform (San Diego, California, USA) by 

Shanghai Meiji Bio-medical Technology Co., Ltd. (Shanghai, China).  

Bioinformatic statistics were performed to generate operational taxonomic unit (OTU) tables, with chao-, 

Ace-, Shannon-, Simpson-, and Coverage indices (Edgar et al., 2011; Pitta et al., 2014). Graphing, principal 

coordinate analysis (PCoA), linear discriminant analysis Effect Size (LEfSe), and environmental factor 

correlation analysis were performed using online R language tools, all of which were completed on the 

online platform of Majorbio Cloud Platform.  

The experimental data were computationally organized and visualized using Excel 2021 and analyzed 

using one-way ANOVA using SPSS 22.0 (IBM, Armonk, New York, USA). The data were first tested for 

variance alignment and those with variance alignment were analyzed using two-way ANOVA and compared 

for the significance of differences between treatments using Duncan’s multiple comparison method. 

Differences with P < 0.05 were considered significant and those with P < 0.01 were considered highly 

significant. Data with uneven variance were log-transformed as log (x +1). 
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RESULTS 
 

Effect of SDS on physiochemical properties of sugarcane rhizosphere soils 

The physicochemical properties of sugarcane rhizosphere soils changed during different growth stages 

between the years after the introduction of ducks (Table 1). In the SDS rhizosphere soils, SOM, TN, pH, 

and INV activity at SDNM decreased by 5.65%, 11.80%, 20.30%, and 45.18%, respectively, compared to 

those of the SCNM rhizosphere soils, whereas CAT and URE activities increased by 34.04% and 22.59%, 

respectively. At the SDNE, TP, NN, AN, and AP increased by 9.91%, 75.42%, 16.01%, and 26.03%, 

respectively, whereas at the SDNM, they decreased by 16.81%, 194.98%, 141.10%, and 31.10%, 

respectively, compared to those of the SC sugarcane rhizosphere soils. In the SDS rhizosphere field soils, 

SOM, TN, NN, and AN in SDPM increased by an average of 9.28%, 4.87%, 98.95%, and 64.94%, whereas 

AP, pH, CAT and URE activity decreased by an average of 19.69%, 12.44%, and 16.94%, respectively, 

compared to those of the SCPM rhizosphere soils. During the SDPE period, TP, AN, URE and INV activity 

increased by 10.38%, 136.54%, 3.03%, and 12.13%, respectively, whereas during the SDPM period, they 

decreased by 4.99%, 6.67%, 59.52%, and 18.61%, respectively, compared to those of the SC sugarcane 

rhizosphere soils. These results demonstrated that SDS had a more significant effect on soil improvement 

in year two than in year one. Soil pH significantly decreased in SDS compared to that of SC. After year-one 

SDS, SOM and TN decreased, whereas CAT and URE activities increased compared to those of SC. After 

year-two SDS, SOM, TN, NN, and AN increased, whereas the AP content and CAT and URE activities 

decreased compared to those of SC. 

 

 

Table 1. Physicochemical factors of sugarcane rhizosphere soil during different growth periods 

under the two planting methods. Lowercase letters in the same column indicate the variability in 

different growth periods in the same sugarcane field, whereas uppercase letters indicate the 

variability in the same growth period in different sugarcane fields (P < 0.05). SCNE: Sugarcane 

monoculture new plant elongation; SCNM: sugarcane monoculture new plant maturity; SCPE: 

sugarcane monoculture perennial root elongation; SCPM: sugarcane monoculture perennial root 

maturity; SDNE: sugarcane-duck symbiosis new plant elongation; SDNM: sugarcane-duck 

symbiosis new plant maturity; SDPE: sugarcane-duck symbiosis perennial root elongation; SDPM: 

sugarcane-duck symbiosis perennial root maturity. 
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Influence of SDS on soil bacterial community diversity 

A total of 1 280 979 valid sequences were obtained for the 24 samples from the SC and SDS fields. The 

coverage was greater than 0.94, indicating that the sequencing reached the required depth and covered all 

species. Using the 97% similarity level as the basis for division, 2713-3914 OTUs were obtained for each 

stage in SC and SDS (Table 2). The number of OTUs in SC and SDS increased with sugarcane growth, with 

a significant difference observed in SDS (P = 0.001). Analysis of the three α-diversity indices (Shannon, 

Ace, and Chao1) showed that both cultivation conditions showed an increasing trend of microbial diversity 

with sugarcane growth (P < 0.05). In contrast, the Simpson index showed a decreasing trend with sugarcane 

growth, and the difference was significant in SC (P < 0.05) but insignificant in SDS (P > 0.05). The Shannon-

, Ace-, and Chao1 indices were reduced by 1.89%, 9.60%, and 6.41%, respectively in the SDNM compared 

to that of SCNM. In SDS, the Shannon-, Ace-, and Chao1 indices of SDPE increased by 4.01%, 25.77%, 

and 14.82%, respectively (P < 0.05), whereas they decreased by 1.15%, 6.14%, and 6.07%, respectively (P 

> 0.05) in SDPM compared with those detected at the same stage in SC. 

 

 

Table 2. Statistical analysis of high-throughput sequencing data and α-diversity indices of the soil 

bacterial community. Lowercase letters in the same column indicate the variability in different 

growth periods in the same sugarcane field, whereas uppercase letters indicate the variability in the 

same growth period in different sugarcane fields (P < 0.05). SCNE: sugarcane monoculture new 

plant elongation; SCNM: sugarcane monoculture new plant maturity; SCPE: sugarcane 

monoculture perennial root elongation; SCPM: sugarcane monoculture perennial root maturity; 

SDNE: sugarcane-duck symbiosis new plant elongation; SDNM: sugarcane-duck symbiosis new 

plant maturity; SDPE: sugarcane-duck symbiosis perennial root elongation; SDPM: sugarcane-

duck symbiosis perennial root maturity; OUT: operational taxonomic unit. 

 
 

 

Changes in soil bacterial community structure and abundance in sugarcane rhizobacteria at different 

growth stages under SC and SDS cultivation 

The sequences obtained from the sugarcane rhizosphere soil at different growth stages in SC and SDS were 

classified into 36 phyla, 101 classes, 216 orders, 346 families, 630 genera, and 1225 species. Phyla with a 

relative abundance < 1% were categorized as “Others.” The dominant phyla were Actinobacteria (20.50%-

40.45%), Proteobacteria (16.94%-29.68%), Chloroflexi (11.75%-20.99%), Acidobacteriota (4.36%-

12.27%), and Firmicutes (2.79%-12.12%). The samples also contained Gemmatimonadota, Myxococcota, 

Bacteroidetes, Methylomirabilota, Patescibacteria, Planctomycetota, and Nitrospirota (Figure 1A). The 

relative abundance of the five dominant phyla significantly differed between the SC and SDS groups at each 
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stage (P < 0.05). Actinobacteria showed a downward trend during the sugarcane growth, whereas 

Proteobacteria and Acidobacteriota showed gradual increases in relative abundance along the sugarcane 

growth trajectory. The relative abundance of Chloroflexi in the SC field was higher than that in SDS. The 

relative abundance of Firmicutes in SC increased and then decreased with the sugarcane growth stage, which 

increased to the highest value in SCPE, whereas the relative abundance tended to increase with the growth 

stages in SDS. These differences were significant (P < 0.05). 

 

 

 
Figure 1. Composition of the rhizobacterial community at the phylum level (A) and the genus level 

(B) in different growth stages and cultivation conditions. SCNE: Sugarcane monoculture new plant 

elongation; SCNM: sugarcane monoculture new plant maturity; SCPE: sugarcane monoculture 

perennial root elongation; SCPM: sugarcane monoculture perennial root maturity; SDNE: 

sugarcane-duck symbiosis new plant elongation; SDNM: sugarcane-duck symbiosis new plant 

maturity; SDPE: sugarcane-duck symbiosis perennial root elongation; SDPM: sugarcane-duck 

symbiosis perennial root maturity. 

 

 

A total of 2 and 46 bacterial genera out of the 630 genera identified from the 24 samples had relative 

abundances greater than 0.5% and 0.1%, respectively (Figure 1B). The most abundant genera were 

norank_f__norank_o__Gaiellales, Sphingomonas, norank_f__Roseiflexaceae, Bacillus, 

norank_f__Xanthobacteraceae, norank_f__JG30-KF-CM45, Nocardioides, 

norank_f__norank_o__Vicinamibacterales, Gaiella, Bradyrhizobium, norank_f__Gemmatimonadaceae, 

norank_f__67-14, Acidothermus, norank_f__Vicinamibacteraceae, Streptomyces, norank_f__JG30-KF-

AS9, Terrabacter, norank_f__norank_o__norank_c__TK10, Arthrobacter, and Micromonospora. The sum 

of the relative abundance of these 20 bacterial genera accounted for over 35% of the total abundance of soil 

bacteria that were dominant throughout the sugarcane growth and development periods. 

 

Beta-diversity of sugarcane rhizobacterial communities at different growth stages 

Beta-diversity analysis was used to explore similarities or differences in community composition and to 

analyze species diversity among microbial communities in a comparative, between-groups analysis. 

Principal coordinate analysis (PCoA) is a method of beta-diversity analysis in which samples that cluster 

closer to each other are considered to have a more similar species composition, whereas more distant sample 

points represent a more significant difference in species composition between samples. There was a clear 

distance between the growth stages in the SC and SDS fields (Figure 2), indicating that the structure of the 

sugarcane rhizobacterial communities significantly changed after the introduction of meat ducks into the 
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sugarcane fields. The first and second coordinate axes explained 35.4% and 25.65% of the total variance, 

respectively. Significant intergroup differences were found between the bacterial communities of the SC 

and SDS at different growth stages (R2 = 0.963, P < 0.05). The proximity of SC and SDS samples on the 

principal coordinates plot was closer during the perennial root elongation period, suggesting a high 

similarity of bacterial communities. The remaining three growth stages showed some differences between 

SC and SDS, indicating that the bacterial communities changed and differentiated during sugarcane growth. 

 

 

 
Figure 2. Principal coordinate analysis plot of soil bacterial operational taxonomic units. SCNE: 

Sugarcane monoculture new plant elongation; SCNM: sugarcane monoculture new plant maturity; 

SCPE: sugarcane monoculture perennial root elongation; SCPM: sugarcane monoculture perennial 

root maturity; SDNE: sugarcane-duck symbiosis new plant elongation; SDNM: sugarcane-duck 

symbiosis new plant maturity; SDPE: sugarcane-duck symbiosis perennial root elongation; SDPM: 

sugarcane-duck symbiosis perennial root maturity. 

 

 

Changes in bacterial flora of sugarcane rhizosphere soil at different growth stages in SC and SDS 

Linear discriminant analysis of effect size (LEfSe) can be used to compare soil microbial communities and 

capture signature microbial species that significantly differ among treatments (Segata et al., 2011). When 

the linear discriminant analysis score was 4, a total of 12, 6, 8, 8, 17, 4, 4, and 6 OTUs were identified in 

the rhizosphere soils for SCNE, SCNM, SCPE, SCPM, SDNE, SDNM, SDPE, and SDPM, respectively 

(Figure 3). Among the SCNE samples, the identified OTUs included the phyla Actinobacteria and 

Chloroflexi, which included norank_f__Roseiflexaceae, Marmoricola, Gaiella, norank_f__JG30-KF-

CM45. The OTU identified for SCNM was Nitrolancea. The SCPE OTUs were mainly found in the phyla 

Proteobacteria and Firmicutes and included Bacillus and Bradyrhizobium. The OTUs for SCPM were in the 

genus norank_f__Vicinamibacteraceae. The OTUs of SDNE were mainly within the phyla Actinobacteria, 

Proteobacteria, and Firmicutes and included norank_f__JG30-KF-AS9, Sphingomonas, Acidothermus, and 

Chujaibacter. The OTUs for SDNM were mainly found in the phylum Actinobacteria and included 

Nocardia. The OTUs for SDPE were members of the genus norank_f__Xanthobacteraceae and those for 

SDPM were found in the genus norank_f__norank_o__Vicinamibacterales. These results demonstrate that 

the OTUs differed among the eight treatment groups. 

 

Association of rhizosphere community composition and soil physicochemical factors during different 

growth stages in SC and SDS 

The selected environmental factors (SOM, TN, TP, AP, NN, AN, pH, URE, INV, and CAT activity) were 

screened and those with a variance inflation factor (VIF) less than 10 were retained for subsequent analysis, 
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including SOM, TN, NN, AN, AP, CAT, and INV. Based on the initial RDA, axes 1 and 2 accounted for 

67.04% and 10.72% of the variance, respectively, with 77.76% of the total variance explained (Figure 4A). 

Actinobacteria were positively correlated with Chloroflexi and negatively correlated with Proteobacteria, 

Acidobacteria, and Firmicutes. Positive correlations were observed among Proteobacteria, Acidobacteria, 

and Firmicutes. Actinobacteriota positively correlated with INV (r = 0.7157, P < 0.001), CAT (r = 0.64, P 

< 0.001), AP (r = 0.5878, P < 0.01), and AN (r = 0.5435, P < 0.01), and negatively correlated with TN (r = 

-0.7574, P < 0.0001). Proteobacteria negatively correlated with SOM, NN, AP, CAT, and INV and 

positively correlated with other physicochemical factors, whereas the opposite was found for Chloroflexi. 

Acidobacteria were highly positively correlated with TN and negatively correlated with AP, INV, CAT, and 

AN. Firmicutes only showed a highly significant correlation with TN and was negatively correlated with 

INV, CAT, and AP. 

Axis 1 of the RDA-based plot at the genus level explained approximately 26.76% of the variance and 

axis 2 explained 22.02% of the variance, representing 48.78% of the total variance explained (Figure 4B). 

SOM, TN, NN, AN, AP, CAT, and INV were the major factors controlling the microbial communities. TN 

positively correlated with SOM and negatively correlated with NN, AN, AP, CAT, and INV. INV positively 

correlated with AP, AN, NN, SOM, and CAT and negatively correlated with TN. SOM positively correlated 

with TN, CAT, and INV and negatively correlated with AP, AN, and NN. Positive correlations were 

observed among the remaining environmental factors. The SCPM and SDPM showed a strong correlation 

with TN. The SDPE was closely associated with Bacillus and norank_f__Xanthobacteraceae, and SDNE 

was closely associated with AN and Sphingomonas. The SCPE was strongly associated with 

Bradyrhizobium. 

 

 

 
Figure 3. Linear discriminant analysis of effect size of sugarcane rhizobacterial communities under 

different growth periods in the two cropping models. The groups at the phylum, class, order, family, 

genus, and species levels are shown successively from inside to outside. Solid nodes represent the 

microbial groups that play important roles in SCNE, SCNM, SCPE, SCPM, SDNE, SDNM, SDPE, 

and SDPM. SCNE: Sugarcane monoculture new plant elongation; SCNM: sugarcane monoculture 

new plant maturity; SCPE: sugarcane monoculture perennial root elongation; SCPM: sugarcane 

monoculture perennial root maturity; SDNE: sugarcane-duck symbiosis new plant elongation; 

SDNM: sugarcane-duck symbiosis new plant maturity; SDPE: sugarcane-duck symbiosis perennial 

root elongation; SDPM: sugarcane-duck symbiosis perennial root maturity. 
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Figure 4. Redundancy analysis (RDA) at the phylum level (A) and the genus level (B). SCNE: 

Sugarcane monoculture new plant elongation; SCNM: sugarcane monoculture new plant maturity; 

SCPE: sugarcane monoculture perennial root elongation; SCPM: sugarcane monoculture 

perennial root maturity; SDNE: sugarcane-duck symbiosis new plant elongation; SDNM: 

sugarcane-duck symbiosis new plant maturity; SDPE: sugarcane-duck symbiosis perennial root 

elongation; SDPM: sugarcane-duck symbiosis perennial root maturity. 

 

 

DISCUSSION 
 

Soil is the main carrier of crop growth, and its nutrient level directly affects the growth and development of 

crops at all stages. The combination of planting and breeding also affects the physicochemical properties of 

the soil (Pontes et al., 2021). In this study, the growth stages of sugarcane were selected for measurement 

since the elongation period represents the stage when the sugarcane plant grows the most vigorously, while 

maturity is the period when the soil condition is more stable. Soil pH is an indicator of the soil environment 

and primarily affects the stability of the soil environment (Zhao et al., 2014). This study showed that SDS 

cultivation caused the soil pH to fluctuate in the range of 5.6-7.0, effectively maintaining the balance of soil 

acidity and alkalinity and creating a favorable environment for sugarcane growth and development as well 

as soil microbial activities, which were consistent with those of Shen et al. (2013). Two years of SDS 

resulted in a better-maintained sugarcane soil with enhanced fertility. The SOM and NN showed a 

significant increase, which may be owing to the influence of duck feed and droppings and other inputs into 

the soil, effectively replenishing and improving the soil. In addition, meat duck forage for weeds, which 

reduces the weeds’ uptake of available N. Long-term disturbance accelerated the soil mineralization 

capacity, which is conducive to the accumulation of soil available N. This was consistent with the results of 

previous studies (Frei and Becker, 2010). We found that long-term SDS resulted in soil P deficiency. This 

slightly differed from the results of previous studies, owing to growth and nutrient uptake by sugarcane 

plants and the fixation of compounds such as Fe and Al oxides (Chen et al., 2012), or accelerated P release 

from duck activities. 

Soil enzyme activity is an important indicator of soil fertility and function and is widely involved in the 

cycling and metabolic activities of soil C, N, and P (Zi et al., 2018). The present study showed that CAT 

and URE activities were significantly lower in year-two SDS compared to SC. The trampling by ducks in 

SDS increased the soil compactness and soil bulk density, thereby changing the composition of the microbial 
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communities, which affects soil enzyme activities. This is in contrast to the findings of Pretty (2008), 

suggesting that the lack of moisture in sugarcane field planting may affect soil enzyme activities. Low soil 

pH also inhibits soil URE and CAT activities (Zhao et al., 2014), which in turn affects the productivity of 

sugarcane and its yield quality. 

Changes in crop cultivation practices can affect the soil bacterial diversity and community structure in 

complex farmland ecosystems (Nie et al., 2018). The present study showed that the rhizobacterial 

community diversity and richness of SDS were slightly poorer than those of SC during the same period. 

However, at the SDPE stage, the Shannon-, ACE-, and Chao1 indices were significantly improved compared 

with those at the SCPE stage. The reason may be that the SOM and soil nutrients in the year-one SDS soil 

had not yet shown a cumulative effect, which would affect the growth of the bacterial community, whereas 

the highly significant decrease in pH directly affected the activity of microorganisms (Zhao et al., 2014). In 

the year-two SDS, SOM and nutrients had significantly improved. However, the soil was tight and lacked 

air permeability, which in turn affected the colonization and growth of soil bacteria owing to the field 

activities of meat ducks and lack of mid-range ploughing and loosening agronomical measures (Huang et 

al., 2022). The microecosystems in the year-two SDS were more complex than those in the year-one SDS 

fields, with higher population diversity and richness indices. This may be because long-term inputs such as 

excreta and residual feed from meat ducks promote the accumulation of SOM, TN, NN, and AN in the soil 

(Osman et al., 2019), which creates conditions for the rapid growth of soil bacteria and simultaneously 

encourages exogenous bacteria to enrich bacterial diversity. 

The number of OTUs at the elongation stage was lower than that at the maturity stage for all 24 soil 

samples from the different treatment groups. A possible reason was that the nutrient demand of sugarcane 

in the elongation period was large and most of the nutrients in the rhizobacteria were rapidly transferred to 

the above-ground sugarcane, causing the soil microorganisms to be in a competitive disadvantageous 

position. In contrast, the maturity period is at the end of the sugarcane growth period, the nutrient demand 

is relatively small, and the above- and below-ground sugarcane synchronize accumulation, which is more 

conducive to the growth and reproduction of soil bacteria. The community composition of SDS was similar 

to that of SC in the perennial root extension stage. The more acidic environment deviated from the optimal 

pH range (6.5-7.5), and the activities of INV, URE, and CAT were very similar between SC and SDS, 

resulting in a convergence of the bacterial community structure. 

The soil bacterial community structure is susceptible to various factors such as soil type, cropping 

practices, cultivated crops, soil nutrients, and soil physical structural properties (Nie et al., 2018). At the 

phylum level, we found Actinobacteriota, Proteobacteria, Chloroflexi, Acidobacteriota, and Firmicutes as 

the dominant flora, which demonstrated their superb survivability in the agroecosystems in line with the 

results of previous studies (Radujkovic et al., 2018; Ma et al., 2022b). Both PCoA and LEfSe analysis 

showed significant differences in the compositional and distributional proportions of the dominant flora in 

different growth stages of SC and SDS, suggesting that SDS changed the composition of the sugarcane 

rhizosphere soil bacterial community to a certain extent. Previous studies showed that the abundance of 

flora belonging to the Actinobacteria phylum gradually decreased during sugarcane growth, while the 

abundance of flora such as Proteobacteria and Acidobacteria (which are more favorable for N fixation) 

gradually increased (Zhang et al., 2020). The decrease in the relative abundance of the Actinobacteria 

phylum observed in SDS would contribute to the accumulation of soil SOM, whereas the rapid increase 

in the Acidobacteria phylum would contribute to the decomposition of humus and maintenance of soil 

ecosystem health (Calleja-Cervantes et al., 2015). Lyu et al. (2023) reported that the Chloroflexi 

phylum was closely associated with continuous cropping, which increased the number of disease-

causing bacteria and inhibits the growth of above-ground plants. A higher proportion of Chloroflexi 

leads to a greater likelihood of crop degradation, which indirectly suggests that the abundance of the 

Chloroflexi phylum in the SDS model is lower than that in an SC condition and the crop growth 

advantage of Chloroflexi is superior to that of the SC. The gradual enrichment of Firmicutes seen in 

the SDS treatment can produce metabolites such as antibiotics, sugars, polyamines, and amino acids, 
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which promote crop osmotic regulation, further enhancing crop tolerance and resilience, mitigating 

biotic stress, and suppressing soil pathogens (Dubourg et al., 2013).   

At the genus level, the cultivation conditions significantly affected the abundance of 

norank_f__norank_o__Gaiellales, Sphingomonas, norank_f__Roseiflexaceae, Bacillus, 

norank_f__Xanthobacteraceae, norank_f__JG30-KF-CM45, Nocardioides, 

norank_f__norank_o__Vicinamibacterales, Gaiella, and Bradyrhizobium in the rhizosphere soils of sugarcane, 

with norank_f__norank_o__Gaiellales and Sphingomonas having the highest abundance in the year-one SDS. 

Norank_f__norank_o__Gaiellales is considered a soil probiotic and is mainly involved in C and N metabolism 

with a N fixation function, which also has a key role in inhibiting soil root rot (Tao et al., 2020). Sphingomonas 

can decompose soil phenolics and polysaccharides with acid-producing and peroxidase enzymes. Sphingomonas 

is an oligotrophic bacterium with P-solubilizing and N-fixing functions (Hu et al., 2016). The results of LEfSe 

analysis showed that SDNE was significantly enriched with norank_f__JG30-KF-AS9, Sphingomonas, 

Acidothermus, and Chujaibacter. The abundance of norank_f__JG30-KF-AS9 was increased (Ma et al., 2022b), 

which was more than SC. Acidothermus has a high cellulose decomposition capacity, which can increase the 

SOM content (Lin et al., 2022), and Sphingomonas belonged to the beneficial bacteria of the SDS. The SDNM 

was enriched with Nocardioides, a genus of bacteria that solubilizes P, produces Fe, and fixes N (Wang et al., 

2011). The SDPE showed a significantly increased abundance of norank_f__Xanthobacteraceae, which is a key 

component in the relationship between rhizosphere metabolites and soil microorganisms (Wang et al., 2023). 

Furthermore, SDPE was enriched in Bacillus, a genus mainly involved in the decomposition of carbohydrates, 

improving soil fertility, ameliorating the soil, suppressing pathogenic microorganisms, and alleviating continuous 

cropping disorder (Rajer et al., 2017). This suggests that Bacillus is a beneficial bacterial group in the early stages 

of SDS perennial root growth. SDPM was significantly enriched in norank_f__norank_o__Vicinamibacterales 

in the phylum Acidobacteria. This suggests that SDS can slow the decline of beneficial microbial communities 

triggered by continuous cropping and maintain the AP content in soil. 

In this study, the soil bacterial community structure was closely related to SOM, TN, NN, AN, AP, CAT, 

and INV. The TN content and INV activity were identified as the most important drivers of the soil bacterial 

community, which is in general agreement with the results of previous studies (Cao et al., 2021). Soil 

nutrients are an energy source for soil microorganisms but also depend on the soil microorganisms for 

supplementation by transformation and decomposition; therefore, there is a complex relationship between 

microorganisms and soil nutrients. Furthermore, the patterns of different combinations of planting and 

feeding treatments on the structure of the sugarcane rhizobacterial community in this study were only short-

term effects and these results still need to be clarified by long-term localization experiments on specific 

microbial taxa and their roles in sugarcane growth promotion. 

 

CONCLUSIONS 
 

In conclusion, this study showed that soil organic matter (SOM), total N (TN), nitrate N (NN), available N 

(AN), and available P (AP) contents in the soil were nutrient indicators with high contributions to the 

composition of soil bacterial communities. In contrast, the soil pH was more balanced throughout the 

experimental period and its effect on the soil bacterial community was nonsignificant. The dominant phylum 

Actinobacteria was highly significantly positively correlated with catalase (CAT) and invertase (INV) 

activities. The soil bacterial community composition was more fixed at the phylum level during the different 

growth stages in sugarcane-duck symbiosis (SDS) and sugarcane monoculture (SC), but the abundance of 

different species varied considerably between treatments and growth stages. The SDS significantly affected 

soil fertility, enzyme activity, and soil bacterial community structure and diversity in the sugarcane fields. 

The SOM, TN, NN, AN, AP, CAT, and INV were closely associated with the diversity of the soil bacterial 

communities, and TN and INV were the main driving factors. The SDS influences the fertilizer supply 

capacity and soil quality of sugarcane soils by regulating major soil nutrient content, available nutrients, 

and microbial diversity. This study provides a theoretical basis for the scientific management of SDS and 

the screening of biocontrol bacteria. 



CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 84(3) June 2024 - www.chileanjar.cl 402 

Author contribution 

Conceptualization: Y-Z.H., W-Q.M. Methodology: D-J.B. Formal analysis: Q-S.W. Investigation: W-Q.M., D-J.B. 

Resources: L-Q.T. Data curation: Q.G. Writing-original draft: W-Q.M. Writing-review & editing: Y-Z.H. 

Visualization: J-L.W. Supervision: Y-Z.H. Project administration: L-Q.T. Funding acquisition: W-Q.M. All co-authors 

reviewed the final version and approved the manuscript before submission. 

 

Acknowledgements 

This work was supported by the Guangxi Natural Science Foundation (2020GXNSFAA297023) and the Guangxi 

Science and Technology Base and Talents Special Project (Guike AD20297135). In addition, we are grateful to 

Longzhou Nongrun Agriculture Co. Ltd. for providing the experimental site. We thank the reviewers and editors for 

their constructive comments on this manuscript. We also thank Editage (www.editage.cn) for English language editing 

and Majorbio Cloud Platform for interactive analysis of microbial diversity. 

 

References  

Calleja-Cervantes, M.E., Menéndez, S., Fernández-González, A.J., Irigoyen, I., Cibriáin-Sabalza, J.F., Toro, N., et al. 

2015. Changes in soil nutrient content and bacterial community after 12 years of organic amendment application 

to a vineyard. European Journal of Soil Science 66(4):802-812. doi:10.1111/ejss.12261. 

Cao, Y.S., He, Z.L., Zhu, T.B., Zhao, F.L. 2021. Organic-C quality as a key driver of microbial nitrogen immobilization 

in soil: a meta-analysis. Geoderma 383:114784. doi:10.1016/j.geoderma.2020.114784. 

Chen, R.F., Zhang, F.L., Zhang, Q.M., Sun, Q.B., Dong, X.Y., Shen, R.F. 2012. Aluminium-phosphorus interactions 

in plants growing on acid soils: Does phosphorus always alleviate aluminium toxicity? Journal of the Science of 

Food and Agriculture 92(5):995-1000. doi:10.1002/jsfa.4566.  

Dubourg, G., Lagier, J.C., Armougom, F., Robert, C., Raoult, D. 2013. High-level colonisation of the human gut by 

Verrucomicrobia following broad-spectrum antibiotic treatment. International Journal of Antimicrobial Agents 

41(2):149-155. doi:10.1016/j.ijantimicag.2012.10.012.  

Edgar, R.C., Haas, B.J., Clemente, J.C., Quince, C., Knight, R. 2011. UCHIME improves sensitivity and speed of 

chimera detection. Bioinformatics 27(16):2194-2200. doi:10.1093/bioinformatics/btr381. 

Frei, M., Becker, K. 2010. Integrated rice-fish culture: Coupled production saves resources. Natural Resources Forum 

29(2):135-143. doi:10.1111/j.1477-8947.2005.00122.x.  

Gu, Y., Wang, P., Kong, C.H. 2009. Urease, invertase, dehydrogenase and polyphenoloxidase activities in paddy soil 

influenced by allelopathic rice variety. European Journal of Soil Biology 45(5-6):436-441. 

doi:10.1016/j.ejsobi.2009.06.003.  

Guo, L., Zhao, L.F., Ye, J.L., Ji, Z.J., Tang, J.J., Bai, K.Y., et al. 2022. Using aquatic animals as partners to increase 

yield and maintain soil nitrogen in the paddy ecosystems. eLife 11:e73869. doi:10.7554/eLife.73869. 

Hu, J.X., Yang, H., Long, X.H., Liu, Z.P., Rengel, Z. 2016. Pepino (Solanum muricatum) planting increased diversity 

and abundance of bacterial communities in karst area. Scientific Reports 6(1):21938. doi:10.1038/srep21938.  

Huang, G.Q., Kilic, A., Karady, M., Zhang, J., Mehra, P., Song, X.Y., et al. 2022. Ethylene inhibits rice root elongation 

in compacted soil via ABA- and auxin-mediated mechanisms. Proceedings of the National Academy of Sciences 

of the United States of America 119(30):e2201072119. doi:10.1073/PNAS.2201072119. 

Lin, Z.Z., Yang, C.W., Xia, B., Qiu, M.H., Peng, H., Jiang, X.S., et al. 2022. Succession of the microbial communities 

and metabolic functions in composting or deep burial processing of dead chickens. British Poultry Science 

64(2):185-194. doi:10.1080/00071668.2022.2130683.  

Lyu, F.J., Zhang, W.M., Wang, R.Q., Lyu, R.J., Lin, H.X., Zhang, Z.H., et al. 2023. Rhizosphere bacterial community 

composition was significantly affected by continuous cropping but not by sesame genotype. Rhizosphere 

27:100750. doi:10.1016/J.RHISPH.2023.100750. 

Ma, W.Q., Chen, J.Y., Wu, Q.S., Bi, D.J., Tang, L.Q., Liao, W.W., et al. 2022a. Effect of sugarcane-duck co-breeding 

mode on growth performance, slaughter performance and economic benefit of Jinding ducks under continuous 

heat conditions in summer. Heilongjiang Animal Science and Veterinary Medicine 11:60-64. 

doi:10.13881/j.cnki.hljxmsy.2021.11.0111. 

Ma, W.Q., Guo, Q., Bi, D.J., Tang, L.Q., Wei, C.Z., Li, Y.X., et al. 2022b. Effects of sugarcane-duck symbiosis on 

soil nutrients, enzyme activity and bacteria diversity of sugarcane in red soil. Journal of Southern Agriculture 

53(9):2415-2424. doi:10.3969/j.issn.2095-1191.2022.09.004. 

Nie, Y.X., Wang, M.C., Zhang, W., Zhuang, N., Hashidoko, Y., Shen, W.J. 2018. Ammonium nitrogen content is a 

dominant predictor of bacterial community composition in an acidic forest soil1 with exogenous nitrogen 

enrichment. Science of the Total Environment 624:407-415. doi:10.1016/j.scitotenv.2017.12.142.  

http://dx.doi.org/10.1073/PNAS.2201072119
https://scholar.cnki.net/home/search?sw=6&sw-input=Lyu%20Fengjuan
https://scholar.cnki.net/home/search?sw=6&sw-input=Zhang%20Wenmeng
https://scholar.cnki.net/home/search?sw=6&sw-input=Wang%20Ruiqing
https://scholar.cnki.net/home/search?sw=6&sw-input=Lyu%20Rujie
https://scholar.cnki.net/home/search?sw=6&sw-input=Lin%20Hongxin
https://scholar.cnki.net/home/search?sw=6&sw-input=Zhang%20Zhihua


CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 84(3) June 2024 - www.chileanjar.cl 403 

Osman, K.M., Badr, J., Orabi, A., Elbehiry, A., Saad, A., Ibrahim, M.D.S., et al. 2019. Poultry as a vector for emerging 

multidrug resistant Enterococcus spp. First report of vancomycin (van) and the chloramphenicol-florfenicol (cat-

fex-cfr) resistance genes from pigeon and duck faeces. Microbial Pathogenesis 128:195-205. 

doi:10.1016/j.micpath.2019.01.006.  

Pitta, D.W., Parmar, N., Patel, A.K., Indugu, N., Kumar, S., Prajapathi, K.B., et al. 2014. Bacterial diversity dynamics 

associated with different diets and different primer pairs in the rumen of Kankrej cattle. PLOS ONE 

9(11):e111710. doi:10.1371/journal.pone.0111710. 

Pontes, L.D.S., Porfírio-Da-Silva, V., Moletta, J.L., Telles T.S. 2021. Long-term profitability of crop-livestock systems, 

with and without trees. Agricultural Systems 192:103204. doi:10.1016/j.agsy.2021.103204. 

Pretty, J. 2008. Agricultural sustainability: concepts, principles and evidence. Philosophical Transactions of the Royal 

Society B: Biological Sciences 363:447-465. doi:10.1098/rstb.2007.2163. 

Radujkovic, D., Verbruggen, E., Sigurdsson, B.D., Leblans, N.I.W., Janssens, I.A., Vicca, S., et al. 2018. Prolonged 

exposure does not increase soil microbial community compositional response to warming along geothermal 

gradients. FEMS Microbiology Ecology 94(2). doi:10.1093/femsec/fix174. 

Rajer, F.U., Wu, H.J., Xie, Y.L., Xie, S.S., Raza, W., Tahir, H.A.S., et al. 2017. Volatile organic compounds produced 

by a soil-isolate, Bacillus subtilis FA26 induce adverse ultra-structural changes to the cells of Clavibacter 

michiganensis ssp. sepedonicus, the causal agent of bacterial ring rot of potato. Microbiology 163(4):523-530. 

doi:10.1099/mic.0.000451. 

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W.S., et al. 2011. Metagenomic biomarker 

discovery and explanation. Genome Biology 12(6):R60. doi:10.1186/gb-2011-12-6-r60.  

Shen, C.C., Xiong, J.B., Zhang, H.Y., Feng, Y., Lin, X., Li, X., et al. 2013. Soil pH drives the spatial distribution of 

bacterial communities along elevation on Changbai Mountain. Soil Biology & Biochemistry 57:204-211. 

doi:10.1016/j.soilbio.2012.07.013.  

Singh, S., Singh, S., Lukas, S.B., Machado, S., Nouri, A., Calderon, F., et al. 2023. Long-term agro-management 

strategies shape soil bacterial community structure in dryland wheat systems. Scientific Reports 13(1):13929-

13929. doi:10.1038/S41598-023-41216-Z.  

Tao, C.Y., Li, R., Xiong, W., Shen, Z.Z., Liu, S.S., Wang, B.B., et al. 2020. Bio-organic fertilizers stimulate indigenous soil 

Pseudomona populations to enhance plant disease suppression. Microbiome 8(1):137. doi:10.21203/rs.3.rs-18216/v1. 

Trasar-Cepeda, C., Camiña, F., Leirós, M.C., Gil-Sotres, F. 1999. An improved method to measure catalase activity in 

soils. Soil Biology & Biochemistry 31(3):483-485. doi:10.1016/s0038-0717(98)00153-9.  

Verma, K.K., Song, X.P., Yadav, G., Degu, H.D., Parvaiz, A., Singh, M., et al. 2022. Impact of agroclimatic variables 

on proteogenomics in sugar cane (Saccharum spp.) plant productivity. ACS Omega 27(7):22997-23008. 

doi:10.1021/ACSOMEGA.2C01395. 

Wang, Q., Xiong, D., Zhao, P., Yu, X., Tu, B., Wang, G.J. 2011. Effect of applying an arsenic resistant and plant 

growth promoting rhizobacterium to enhance soil arsenic phytoremediation by Populus deltoides LH05⁃17. 

Journal of Applied Microbiology 111(5):1065⁃1074. doi:10.1111/j.1365-2672.2011.05142.x.  

Wang, Y.Z., Zhang, H.F., Zhang, Y.P., Fei, J.C., Rong, X.M., Peng, J.W., et al. 2023. Crop rotation-driven changes in 

rhizosphere metabolite profiles regulate soil microbial diversity and functional capacity. Agriculture, Ecosystems 

& Environment 358:108716. doi:10.1016/J.AGEE.2023.108716.  

Wang, C., Zheng, M.M., Hu, A.Y., Zhu, C.Q., Shen, R.F. 2018. Diazotroph abundance and community composition 

in an acidic soil in response to aluminum-tolerant and aluminum-sensitive maize (Zea mays L.) cultivars under 

two nitrogen fertilizer forms. Plant and Soil 424:463-478. doi:10.1007/s11104-017-3550-0. 

Wei, H., Bai, W.J., Zhang, J.E., Chen, R., Xiang, H.M., Quan, G.M. 2019. Integrated rice-duck farming decreases soil 

seed bank and weed density in a paddy field. Agronomy 9(5):259. doi:10.3390/agronomy9050259. 

Yang, Y., Dou, Y.X., An, S.S. 2018. Testing association between soil bacterial diversity and soil carbon storage on the 

Loess Plateau. Science of the Total Environment 626:48-58. doi:10.1016/j.scitotenv.2018.01.081. 

Zhang, S.T., Jiang, Q.P., Liu, X.J., Liu, L.H., Ding, W. 2020. Plant growth promoting rhizobacteria alleviate aluminum 

toxicity and ginger bacterial wilt in acidic continuous cropping soil. Frontiers in Microbiology 11:569512. 

doi:10.3389/FMICB.2020.569512.  

Zhao, J., Zhang, R.F., Xue, C., Xun, W.B., Sun, L., Xu, Y.C., et al. 2014. Pyrosequencing reveals contrasting soil 

bacterial diversity and community structure of two main winter wheat cropping systems in China. Microbial 

Ecology 67(2):443-453. doi:10.1007/s00248-013-0322-0. 

Zi, H.B., Hu, L., Wang, C.T., Wang, G.X., Wu, P.F., Lerdau, M., et al. 2018. Responses of soil bacterial community 

and enzyme activity to experimental warming of an alpine meadow. European Journal of Soil Science 69(3):429-

438. doi:10.1111/ejss.12547. 

https://scholar.cnki.net/home/search?sw=6&sw-input=Singh%20Shikha
https://scholar.cnki.net/home/search?sw=6&sw-input=Singh%20Surendra
https://scholar.cnki.net/home/search?sw=6&sw-input=Lukas%20Scott%20B.
https://scholar.cnki.net/home/search?sw=6&sw-input=Machado%20Stephen
https://scholar.cnki.net/home/search?sw=6&sw-input=Nouri%20Amin
https://scholar.cnki.net/home/search?sw=6&sw-input=Calderon%20Francisco
https://scholar.cnki.net/home/search?sw=6&sw-input=Wang%20Yizhe
https://scholar.cnki.net/home/search?sw=6&sw-input=Zhang%20Hanfeng
https://scholar.cnki.net/home/search?sw=6&sw-input=Zhang%20Yuping
https://scholar.cnki.net/home/search?sw=6&sw-input=Fei%20Jiangchi
https://scholar.cnki.net/home/search?sw=6&sw-input=Xiangmin%20Rong
https://scholar.cnki.net/home/search?sw=6&sw-input=Peng%20Jianwei
https://scholar.cnki.net/home/search?sw=6&sw-input=Luo%20Gongwen
http://dx.doi.org/10.1016/J.AGEE.2023.108716
http://dx.doi.org/10.3389/FMICB.2020.569512

