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Abstract
Aims Continuous cropping leads to the decreasing of soil nutrients and microbial diversity. This study
aims to explore the effects of chitosan application on soil nutrient, enzyme activity, root exudates, and
bacterial diversity in cotton �eld.

Methods Topsoils were collected from four treatments (continuous cotton cropping (Ct), continuous
cotton cropping with chitosan application (CtC), rotation (Rt) (cotton-corn-wheat), and rotation with
chitosan application (RtC)) to determine the effects of chitosan on soil nutrients, enzyme activity, root
exudates, and bacterial diversity under different cultivation patterns. The structure and functions of
bacterial communities were analyzed using Illumina MiSeq sequencing and PICRUSt approach.

Results Root exudates in CtC, Rt, and RtC treatments were higher than that in Ct treatment, while soil
nutrients were lower. Soil enzyme activities were higher in Rt treatment than in Ct treatment, while only
catalase activity was higher in CtC treatment. The abundance of Actinomycetes, Proteobacteria,
Chloro�exi, and Bacteroidetes in Rt and CtC treatments, Firmicutes in Rt treatment, and
Gemmatimonadetes in CtC treatment were higher than those in Ct treatment. PICRUSt analysis showed
that the abundance of functional genes for soil microbial metabolism, environmental information
processing, and organismal systems were higher in Rt, CtC, and RtC treatments than in Ct treatment, while
that of genes for genetic information processing, cellular processes, and human diseases were slightly
higher.

Conclusions Chitosan application in cotton �elds under different cultivation patterns could improve
nutrient availability in continuous-cropping soils by reducing root exudates and improving soil bacterial
community diversity, to reduce continuous cropping obstacles.

Introduction
Xinjiang Province is the largest cotton production area in China and occupies an important position in
agricultural production. Driven by the unique light and heat resources and high economic bene�ts of
cotton, continuous cotton cropping is very common in Xinjiang Province (Lu et al. 2018). The long-term
continuous cropping has led to the deterioration of soil fertility (Liu et al. 2005), the aggravation of cotton
diseases and insect pests (Zhang et al. 2010), the reduction of yield and quality that restrict the
sustainable and healthy development of the local cotton industry, which has been called as “continuous
cropping obstacle” (Cao et al. 2016).

Continuous cropping obstacle is the result of the comprehensive action of "crop, soil, and
microorganisms". It is closely related to soil microbial community structure, crop nutrient absorption, root
allelochemicals metabolism, etc. (Zhang et al. 2010; Meng et al. 2012). Many studies have shown that
the accumulation of root exudates in soil under long-term continuous cropping changes the root-zone soil
environment, resulting in soil nutrient imbalance, decline of microbial diversity, and aggravation of crop
diseases and pests (Xiao et al. 2012), which are directly related to the occurrence of soil diseases (Wu et
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al. 2019). Crop rotation could promote soil nutrient balance, improve soil physicochemical properties, and
reduce the occurrence of continuous cropping obstacles (Asuming-Brempong et al. 2008; Qin et al. 2017).
In addition, microbial diversity and community structure are affected by root exudates. Root exudates of
different crops accumulate in the soil during rotations, which could enrich the nutrient source of soil
microorganisms and promote the diversity of rhizosphere microbial community (Hu et al. 2018). Tan et al
(2016) have found that crop rotation could improve soil physicochemical properties, enzyme activity, and
α diversity of bacterial community in rhizosphere soil, reduce cotton root exudates (p-Hydroxybenzoic
acid, vanillin, and ferulic acid), and increase the abundance of some bene�cial functional bacteria
(actinomycetes, bacteroides, and planktomycetes). Li et al (2015) have found that long-term continuous
cotton cropping could decrease soil enzyme activity and microbial diversity, while crop rotation could
improve soil catalase and sucrase activities and microbial community structure diversity.

Reducing continuous cropping obstacles by using exogenous modi�ers has been widely recognized and
applied in agriculture at present (Mazzola et al. 2012; Jaiswal et al. 2014). Chitosan, a new irritant, could
regulate crop growth for its good antibacterial properties against a variety of plant pathogens (Meng et al.
2010). The unique chelation, redox, and adsorption properties of chitosan could reduce the diffusion of
root exudates into soil (Amborabé et al. 2008; Zakrzewska et al., 2005; Vaara 2008), and stimulate crop
defense mechanism through inducing crop antibacterial activity. It has been found that chitosan could
induce the increase of catalase activity to inhibit the growth of pathogens in soil, and play an important
role in improving plant stress and disease resistance and regulating microbial diversity (Karthikeyan et al.
2005; Ma et al. 2005). In addition, chitosan could also activate available nutrients, increase the number of
bacteria and the bacteria/fungi ratio, and maintain the ecological balance of soil microorganisms in
continuous-cropping soils (Wang et al. 2016).

To explore the mechanism of chitosan application in reducing the continuous cropping obstacles in
cotton �elds under different cultivation patterns, the responses of cotton root exudates, rhizosphere soil
nutrients, and enzyme activities in the soil (0–20 cm) under 20-year continuous cotton cropping and the
soil under 20-year crop rotation (cotton, corn, and wheat) were analyzed, and the bacterial community
structure and functional diversity in cotton rhizosphere soil were also determined based on Illumina
miseq sequencing technology. We hypothesized that the application of chitosan might have a positive
impact on the abundance of rhizosphere bacterial community that related to cotton growth under
different cultivation patterns, This study could provide guidance for reducing the continuous cropping
obstacles of cotton and promote the healthy development of cotton industry through scienti�c and
reasonable measures.

Materials And Methods
The experiment was conducted at the Experimental Station of Agricultural College of Shihezi University,
Shihezi City, Xinjiang Uygur Autonomous Region, China (45°19′N, 86°3′E). This area (a.s.l. 428 m) has a
temperate continental climate, with an an annual sunshine duration of 2725-2820h, an active
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accumulated temperature ≥ 10 ℃ of 3595 ℃ ~ 3729 ℃, an annual precipitation of 125.0 ~ 207.7 mm,
and a frost free period of 168 ~ 171 days. The soil type is gray desert soil (Zhou et al. 2021).

Experimental design

The tested soils were obtained from a local long-term soil monitoring station. The topsoils (0–20 cm)
were collected from a �eld under 20-year continuous cropping (cotton) and a �eld under 20-year crop
rotation (cotton-corn-wheat) for pot experiment. The spacing between the two kinds of �eld was 100 m, to
ensure the comparability. The cotton variety used was Xinluzao 75.

Air-dried soil was sieved through a 2 mm mesh sieve and transferred into plastic pots. The diameter of
the pot mouth was 20 cm, the diameter of the pot bottom was 15 cm, and the height was 20 cm. About
5.5 kg soil was put into each pot. Four seeds were sown in each pot. When two true leaves appeared, two
seedlings with uniform growth were retained. A total of four treatments were set up, including: continuous
cropping (CT), continuous cropping with chitosan application (CTC), crop rotation (RT), and crop rotation
with chitosan application (RTC). Each treatment had ten replicates.

Chitosan (molecular weight: 327 kDa, degree of deacetylation ≥ 95%, viscosity: 100–200 mpa.s, N
content: 4.8%) was purchased from Macklin company, Shanghai, China. The concentration of chitosan
for experiments was 0.1 g·kg− 1 according to Cui et al (2015), Ma et al (2017), and the authors' previous
test (Wang et al. 2021). Fertilization was consistent with the local practice (Liao et al. 2017). Urea (N:
46%) of 360 kg·ha− 1, heavy superphosphate (P2O5: 46%) of 105 kg·ha− 1, and potassium sulfate (K2O:

50%) of 75 kg·ha− 1 were applied. All phosphorus and potassium fertilizer were basally applied through
mixing with the soils before sowing. Forty percent of nitrogen fertilizer was basally applied, and 60% was
applied with irrigation water and chitosan during cotton growth. A total of 0.55 g chitosan (1 L chitosan
solution) was applied with water for each pot in the whole growth period, and 10%, 10%, 20%, 30%, 20%,
and 10% were applied at the emergence stage, seedling stage, bud stage, initial �owering stage, full
�owering stage, and boll-forming stage of cotton, respectively. The cotton was drip irrigated for six times
in the whole growth period, to maintain the �eld water capacity at 70% ~ 80%.

Collection of soil samples

Soil samples were collected when cotton was harvested in October 2020. Ten plants with uniform growth
were selected from each treatment, and the roots were obtained. After that, the large soil and attached
soil were removed �rst, and the soil on the root hair was brushed to obtain the rhizosphere soil. The ten
rhizosphere soil was mixed as the rhizosphere soil of the treatment. Rhizosphere soils were put into
sterile self sealing bags, stored in ice box, and taken back to the laboratory. One part was stored in − 80
℃ refrigerator for subsequent determination of soil enzyme activity, root secretes, and microbial bacterial
community, and the other part was dried naturally for determination of soil physical and chemical
properties.

Determination items and methods
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Determination of physicochemical properties of rhizosphere soil

The PHS-P acidity meter (Leici, Shanghai, China) was used to determine rhizosphere soil pH, the BPH-
6600 conductivity meter (Bell, Dalian, China) was used to determine rhizosphere soil conductivity, and the
K9840-automatic Kjeldahl nitrogen analyzer (Qianjun, Shanghai, China) was used to determine the total
nitrogen content in rhizosphere soil. Potassium dichromate oxidation-volume method was used for the
determination of organic matter in rhizosphere soil, sodium bicarbonate extraction-molybdenum
antimony colorimetric method was used for the determination of available phosphorus in rhizosphere
soil, and atomic luminescence spectrophotometer method with ammonium acetate extraction was used
for the determination of available potassium in rhizosphere soil (Bao 2000).

Determination of enzyme activity in rhizosphere soil

3,5-Dinitrosalicylic acid was used for colorimetric estimation to determine sucrase activity, indole phenol
colorimetry was used to determine urease activity, diphenyl disodium phosphate spectrophotometry was
used to determine alkaline phosphatase activity, volumetric method to determine catalase activity, and
Gallas River method to determine protease activity (Lu, 2000).

Determination of root exudates

High performance liquid chromatography (HPLC) method was used to detect p-Hydroxybenzoic acid,
vanillin, and ferulic acid in rhizosphere soil, which are closely related to the allelopathy of cotton. Fresh
soil (20 g) was transferred in a centrifuge tube, followed by the addition of 25 mL of 2 mol·L− 1 sodium
hydroxide solution and mixing. After shaking for 24 hours, the mixture was centrifuged and �ltered. The
supernatant was acidi�ed with 5 mol·L− 1 hydrochloric acid to a pH of 2.5, and humic acid was removed
by centrifugation two hours after. Then, the supernatant was extracted 5 times with ethyl acetate. The
extract was collected and evaporated to dryness under reduced pressure at 40 ℃. The residue was
dissolved in 2 mL of 80% chromatographic methanol for HPLC determination. The result was converted
according to the weight of the dried soil. High pressure liquid chromatograph (2695, Waters, US) was
used for the determination. The mobile phase was a mixture of 1% phosphoric acid aqueous solution and
methanol, the �ow rate was 1 mL·min− 1, the wavelength selected was 280 nm, and the column
temperature was 25 ℃. The sample were qualitatively determined by the retention time of the standard
chromatogram, and the peak area was used for quantitative analysis (Zhou et al. 2012; Yi et al. 2020).

Analysis of bacterial community composition in rhizosphere soil

E.Z.N.A.DNA kit (Omega Bio-tek, Norcross, GA, U.S.A) was used to extract microbial DNA from rhizosphere
soil samples. According to the instructions of the manufacturer, two primers of 338F (5'-
ACTCCTACGGGAGGCAGCAG-3') and 806R (5'- GGACTACHVGGGTWTCTAAT-3') were used for PCR
ampli�cation. The V3 region of bacterial 16S ribosomal RNA gene in the DNA was obtained by PCR
ampli�cation. The PCR reaction was made in triplicate at 95 ℃ for 3 min, in a mixture at a total volume
of 20 µL containing 4 µL 5×Fast Pfu Buffer, 2 µL 2.5 mM dNTPs, 0.4 µL Fast Pfu polymerase, and 10 ng
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template DNA. Then it was circulated 27 times under the conditions of 95 ℃ for 30 s, 55 ℃ for 30 s, and
72 ℃ for 45 s, and �nally extended for 10 min at 72 ℃. The PCR products were electrophoretic in 1%
agarose gel and puri�ed by AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, U.S.A)
according to the manufacturer's instructions. QuantiFluor™ -ST (Promega, USA) was used for
quanti�cation, miseq sequencing, and data analysis (Majorbio, Shanghai, China)

Data processing

SPSS Amos 21.0 (Amos IBM, USA), Excel 2016 (Microsoft, USA), and Origin 2018 (Origin Lab,
Massachusetts, USA) software were used to analyze and process the data, and the LSD method was
used to determine the signi�cant difference at P < 0.05.

Results
Effects of chitosan application on physicochemical properties of cotton rhizosphere soil under different
cultivation patterns

Cultivation patterns and chitosan application all had effects on the pH, electrical conductivity, and the
content of organic matter, total nitrogen, alkali hydrolyzable nitrogen, available potassium, and available
phosphorus in rhizosphere soil (Table 1). The nutrient content of rhizosphere soil in the Rt treatment was
higher than that in the Ct treatment. The pH and the content of organic matter, total nitrogen, alkali
hydrolyzable nitrogen, available potassium, and available phosphorus of rhizosphere soil in the Rt
treatment were 5.53%, 13.22%, 36.59%, 5.45%, 17.22%, and 7.99% higher than those in the Ct treatment,
respectively (P < 0.05), while the EC was lower (P > 0.05). The application of chitosan obviously increased
the nutrient content in the Ct treatment. The pH and the content of organic matter, total nitrogen, alkali
hydrolyzable nitrogen, available potassium, and available phosphorus in the CtC treatment were 10.40%,
6.41%, 13.75%, 2.77%, 7.09%, and 4.03% higher than those in the Ct treatment, respectively (P < 0.05),
while there were insigni�cant increases in the Rt treatment (P > 0.05).
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Table 1
Soil physicochemical properties in different treatments

Treatment pH Conductivity

(µs·cm− 1)

Organic
matter

(g·kg− 1)

Total

nitrogen

(g·kg− 1)

Nitrate

nitrogen

(mg·kg− 

1)

potassium

(mg·kg− 1)

Available
phosphorus

(mg·kg− 1)

Ct 7.02 ± 
0.34b

318 ± 
15.90a

17.72 ± 
0.61c

0.80 ± 
0.07c

37.20 ± 
0.04c

152.52 ± 
7.63c

28.03 ± 
0.80b

CtC 7.75 ± 
0.38a

310 ± 
15.50a

19.19 ± 
0.68b

0.89 ± 
0.08b

39.26 ± 
0.04b

161.34 ± 
8.17b

29.16 ± 
0.81a

Rt 7.83 ± 
0.39a

306 ± 
15.33a

21.79 ± 
0.74a

1.12 ± 
0.08a

41.28 ± 
0.04a

180.78 ± 
8.89a

30.27 ± 
0.81a

RtC 7.86 ± 
0.39a

309 ± 
15.45a

22.77 ± 
0.71a

1.17 ± 
0.08a

41.29 ± 
0.04a

181.17 ± 
9.06a

31.43 ± 
0.82a

Different lowercase letters in the same column indicate the signi�cant difference among different
treatments (P < 0.05)

Effects of chitosan application on enzyme activities in cotton rhizosphere soil under different cultivation
patterns

Cultivation patterns and chitosan application had effects on enzyme activities in rhizosphere soil
(Table 2). The activities of phosphatase, urease, sucrase, catalase and protease in rhizosphere soil in the
Rt treatment were 14.80%, 51.75%, 52.73%, 64.25%, and 49.90% higher than those in the Ct treatment,
respectively (P < 0.05). The activities of catalase in the CtC treatment was 38.34% higher than that in the
Ct treatment (P < 0.05), while there was no difference in the activities of phosphatase, urease, sucrase,
and protease (P > 0.05). The nutrient content of rhizosphere soil in the Rt treatment did not show a
signi�cant increase (P > 0.05).

Table 2
Enzyme activities in rhizosphere soil in different treatments

Treatment Phosphatase

µmol·(g·h)−1

Urease

µg·(g·h)−1

Sucrase

mg·(g·h)−1

Catalase

mL·(g·20 min)−1

Proteinase

µg·(g·h)−1

Ct 1.96 ± 0.09b 1.14 ± 0.06b 6.41 ± 0.32b 1.93 ± 0.10d 5.11 ± 0.26b

CtC 2.01 ± 0.09b 1.16 ± 0.07b 6.66 ± 0.33b 2.67 ± 0.13c 5.32 ± 0.28b

Rt 2.25 ± 0.11a 1.73 ± 0.09a 9.79 ± 0.49a 3.17 ± 0.16ab 7.66 ± 0.38a

RtC 2.34 ± 0.12a 1.83 ± 0.09a 10.09 ± 0.52a 3.21 ± 0.18a 7.69 ± 0.38a

Different lowercase letters in the same column indicate the signi�cant difference among different
reatments (P < 0.05)
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Effects of chitosan application on root exudates in cotton rhizosphere soil under different cultivation
patterns

Cultivation patterns and chitosan application had effects on the content of cotton root exudates in
rhizosphere soil. The content of cotton root exudates in the Rt and CtC treatments were lower than that in
the Ct treatment (Fig. 1). The contents of hydroxybenzoic acid, vanillin, and ferulic acid in the Rt
treatment were 32.31%, 47.93%, and 67.86% lower than those in the Ct treatment, respectively (P < 0.05).
The content of cotton root exudates in the CtC treatment were lower than those in the Ct treatment. The
contents of hydroxybenzoic acid, vanillin, and ferulic acid in the CtC treatment were 12.41%, 23.69%, and
36.98% lower than those in the Ct treatment, respectively (P < 0.05). The content of cotton root exudates
in rhizosphere soil in the Rt treatment did not show a signi�cant increase (P > 0.05). The response index
(RI) values in the CtC, Rt, and RtC treatments were negative, indicating that rotation and application of
chitosan could obviously inhibit the production of root exudates (P < 0.05).

Effects of chitosan application on bacterial community in cotton rhizosphere soil under different
cultivation patterns

Effects of chitosan application on the number of OTUs in cotton rhizosphere soil under different
cultivation patterns

All sequences were clustered into operational taxonomic units (OTUs) taking 97% as the threshold, and a
total of 3678 OTUs were generated for the four treatments (Fig. 2). There were 1617 common OTUs for
the treatments, accounting for 43.96% of all OTUs. Between Ct and Rt treatment, the number of unique
OTUs in the Ct treatment was 754, and that in the Rt treatment was 507. Between Ct and CtC treatment,
the number of unique OTUs in the Ct treatment was 669, and that in the CtC treatment was 523. Between
Rt and RtC treatment, the number of unique OTUs in the Rt treatment was 509, and that in the RtC
treatment was 639. Therefore, crop rotation decreased the number of unique OTUs in the bacteria in
cotton rhizosphere soil compared with Ct treatment, and the application of chitosan under the cultivation
pattern of Ct also decreased the number of unique OTUs. Compared with rotation, chitosan application
under the cultivation pattern of Rt increased the number of unique OTUs in the bacteria in cotton
rhizosphere soil.

Effects of chitosan application on the diversity and richness of soil bacteria in cotton rhizosphere soil
under different cultivation patterns

The α diversity was determined to analyze the effects of application of chitosan on the diversity and
richness of rhizosphere soil bacteria under different cultivation patterns (Table 3). The indexes re�ecting
species diversity showed that the Shannon index in the Rt and CtC treatments were lower than that in the
Ct treatment, and there was no difference in Simpson index. The Shannon index in the RtC treatment was
higher than that in the Rt treatment, and there was no difference in Simpson index. The indexes re�ecting
species richness showed that the ACE and Chao1 indexes in the Rt and CtC treatments were lower than
those in the Ct treatment, and the coverage index in the RtC treatment was slightly higher than that in the
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Rt treatment. Compared with Ct treatment, CtC and Rt decreased the bacterial richness and species
number in rhizosphere soil, while RtC increased the bacterial richness and species number in rhizosphere
soil.

Table 3
Diversity indexes of rhizosphere soil bacteria in different treatments

  Diversity index   Richness index

Treatment Shannon Simpson   Ace Chao Coverage

Ct 6.662 ± 
0.33a

0.003 ± 
0.00a

  3220.811 ± 
161.04a

3196.547 ± 
159.83a

0.988 ± 
0.05a

CtC 6.544 ± 
0.32a

0.003 ± 
0.00a

  3127.506 ± 
156.38a

3166.403 ± 
158.32a

0.990 ± 
0.05a

Rt 6.241 ± 
0.31a

0.003 ± 
0.00a

  2990.431 ± 
149.52a

3014.315 ± 
150.72a

0.989 ± 
0.05a

RtC 6.580 ± 
0.32a

0.003 ± 
0.00a

  3162.953 ± 
158.15a

3218.018 ± 
160.90a

0.988 ± 
0.05a

Different lowercase letters in the same column indicate the signi�cant difference among different
treatments (P < 0.05)

Effects of chitosan application on the bacterial community structure in cotton rhizosphere soil under
different cultivation patterns

Twelve bacterial phyla with relative abundance greater than 1% were detected in rhizosphere soil (Fig. 3).
The dominant �ora with relative abundance greater than 10% for the four treatments were Actinobacteria
(16.92% − 26.71%), Proteobacteria (20.56% − 23.57%), and Chloro�exi (14.16% − 17.32%). The relative
abundance of Actinomycetes, Proteobacteria, Chloro�exi, Firmicutes, and Bacteroidetes in rhizosphere
soil in the Rt treatment were 42.01%, 0.92%, 13.49%, 34.87%, and 12.03% higher than those in the Ct
treatment, respectively, while that of Acidobacteria and Gemmatimonadetes were 51.07% and 33.80%
lower than those in the Ct treatment, respectively. The relative abundance of Actinobacteria,
Proteobacteria, Chloro�exi, Gemmatimonadetes, and Bacteroidea in the CtC treatment were 31.36%,
7.05%, 22.32%, 9.52%, and 5.69% higher than those in the Ct treatment, respectively, while that of
Acidobacteria, Firmicutes, and Planctomycetes were 24.02%, 59.02%, and 46.03% lower than those in the
Ct treatment, respectively. The relative abundance of Choro�exi and Planctomycetes in the RtC treatment
were lower than those in the Rt treatment. Therefore, the effects of chitosan application on the relative
abundance of dominant bacteria in rhizosphere soil were different that of cultivation patterns.

RDA analysis of bacterial community and environmental factors in rhizosphere soil

The RDA analysis showed that the contribution rate of the �rst sequence was 92.50%, and that of the
second sequence was 6.40%. The cumulative contribution rate was 98.90%. Therefore, it could explain
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the relationships between soil bacterial community and soil environmental factors (Fig. 4). The dominant
bacterial communities respond differently to the soil physicochemical properties. Actinomycetes and
Choro�exi with a high relative abundance were positively correlated with soil pH. Proteobacteria,
Bacteroides, and Gemmatimonadetes were positively correlated with soil enzymes, organic carbon, total
nitrogen, and available potassium. Acidobacteria and Verrucomicrobia were positively correlated with
cotton root exudates in rhizosphere soil. Unclassi�ed bacteria were positively correlated with soil EC.
Firmicutes, Cyanophyta, and Nitrospirae had little correlation with environmental factors. Further study
showed that the bacterial community composition of different treatments was correlated with
environmental factors. The bacterial community composition in the Ct treatment was positively
correlated with root exudates and EC, and negatively correlated with soil physicochemical properties
except EC and soil enzyme activity. The bacterial community composition in the Rt, CtC, and RtC
treatments were negatively correlated with the content of root exudates. Among them, RtC had a greater
effect on soil nutrient content, while Rt and CtC had a greater effect on soil enzyme activity.

Prediction of bacterial PICRUSt function in rhizosphere soil

To make clear the effects of chitosan application on the metabolic function of bacteria in rhizosphere soil
under different cultivation patterns, PICRUSt software was used to predict the functions (Fig. 5). The
predicted functional gene families were annotated into KEGG database, it was found that the functions of
gene sequences of all �ora with relative abundance > 1% in primary metabolic pathways annotated could
be divided into six categories: metabolism, environmental information processing, genetic information
processing, cellular processes, human diseases, and organismal systems, in which metabolism is the
most important function of rhizosphere soil bacteria, accounting for 60.60% − 62.75%. The abundance of
functional genes of metabolism, environmental information processing, and organismal systems in the
Rt, CtC, and RtC treatments were higher than those in the Ct treatment (P < 0.05), while that of functional
genes of cellular processes, genetic information processing, and human diseases showed an
insigni�cant increasing trend (P > 0.05).

According to the prediction of secondary functions (Fig. 6), there were 40 subfunctions for the genes of
rhizosphere soil bacteria for the four treatments, such as carbohydrate metabolism, amino acid
metabolism, membrane transport, signal transduction, and cofactor and vitamin metabolism among
which carbohydrate metabolism (13.09% ~ 13.27%), amino acid metabolism (12.51% ~ 12.76%), and
membrane transport (12.04% ~ 12.64%) were the main subfunctions. The abundance of genes of
cofactor and vitamin metabolism, nucleotide metabolism, folding, classi�cation and degradation,
bacteria-related infectious diseases, immune system, signal molecules, and interaction in the Rt treatment
decreased obviously (P < 0.05), while that of genes of carbohydrate metabolism, degradation and
metabolism of exogenous substances, metabolism of terpenoids and ketones, endocrine system, nervous
system and substance-dependent genes increased obviously (P < 0.05), compared with those in the Ct
treatment. The abundance of functional genes of carbohydrate metabolism, amino acid metabolism, lipid
metabolism, degradation and metabolism of exogenous substances in the CtC treatment increased
obviously (P < 0.05), while the abundance of functional genes of energy metabolism, cofactor and
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vitamin metabolism, nucleotide metabolism, translation, replication, and repair decreased obviously (P < 
0.05), compared with those in the Ct treatment. However, there was no difference in the subfunctions
among functional genes (P > 0.05).

Discussion
In recent years, many studies have con�rmed that cultivation patterns could effectively control the
occurrence of continuous cropping obstacles to a certain extent, and reasonable rotation could improve
soil physicochemical properties and nutrient balance (Asuming-Brempong et al. 2008; Qin et al. 2017). In
this study, the content of root cotton exudates (hydroxybenzoic acid, vanillin, and ferulic acid) in
rhizosphere soil under crop rotation decreased, and the pH value and the content of nutrients (organic
matter, total nitrogen, alkali hydrolyzable nitrogen, available potassium, and available phosphorus) of
rhizosphere soil increased, compared with those in the continuous-cropping soil. This may be due to that
the allelochemicals released from different crop in the rotation of cotton, corn, and wheat could produce
antagonistic effects (Fig. 7) (Zhuang et al. 2009). Besides, the reduced hydroxybenzoic acid, vanillin, and
ferulic acid could reduce the damage of toxic substances, improve the content of soil available nutrients
to a certain extent, and accelerate the release of alkali hydrolyzable nitrogen, available potassium, and
available phosphorus (Sun et al. 2019). As one of the important parameters for evaluating soil nutrients,
soil enzymes participate in the �xation and release of soil nutrients and various redox reactions (Bending
et al. 2002). In this study, the enzyme activities (phosphatase, urease, sucrase, catalase and protease) in
rhizosphere soil in the continuous-cropping soil were lower than those in the soil under crop rotation,
indicating that the high plant diversity in crop rotation could increase soil microbial diversity and soil
enzyme activities (Niu et al. 2018).

Crop rotation could change the rhizosphere soil microbial community structure and regulate crop
population composition and ontogeny through rhizosphere soil microbial feedback (Bakker et al., 2012;
Olanrewajuet al. 2019). In this study, the bacterial community diversity (Shannon and Simpson indexes)
in the soil under crop rotation increased, while the richness (Chao1, Ace, and Coverage index) decreased,
compared with those in the continuous cropping soil, which may be caused by the decrease in the
proportion of dominant bacteria phyla. The increases of acid bacteria, nitrospira and other bacteria in
continuous cropping soil is mainly related to the large use of nitrogen fertilizer in local cotton planting
(Hong et al. 2019). Crop rotation also promoted the enrichment of Actinomycetes, Bacteroidetes,
Proteobacteria, Planctomycetes, Chloro�exi, and Verrucomicrobia in cotton rhizosphere soil. Study has
shown that Verrucomicrobia could decompose organic matter to improve the stress resistance of plants
(Banerjee et al. 2016). Planctomycetes plays an important role in the nutrient absorption of plants,
especially the utilization of carbon and nitrogen sources (Bhattacharyya et al., 2017). In addition, crop
rotation increased the number of some functional bacteria, such as Planctomyces, Gemmata,
Flavisolibacter, Luteolibacter, etc. This is similar to the research results of Edward et al (2015) on rice, Niu
et al (2017) on corn, and Zhang et al (2021) on wheat. It indicates that crop rotation could provide a
suitable living environment for bene�cial bacteria in cotton rhizosphere soil through the changing of
crops (Coskun et al. 2017). Therefore, crop rotation could bring the change of the bacterial �ora, which
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has a positive effect on the growth of cotton. The redundancy analysis of rhizosphere soil bacterial
community, nutrients, enzyme activities, and root exudates showed that soil nutrients and enzyme
activities were positively correlated with most bacterial genera and negatively correlated with only a few
bacterial genera. Rhizosphere soil with excellent physicochemical properties could provide suitable living
environment, su�cient food sources, and environmental gradients for microorganisms, which promotes
microbial growth and reproduction and the diversity of soil microorganisms (Yu et al. 2011). Root
exudates were negatively correlated with most bacteria and positively correlated with acid bacteria such
as Acidobacteria, indicating that long-term continuous cotton cropping promoted the accumulation of
root exudates and the reproduction of pathogenic bacteria, while reduced the diversity of bene�cial
bacteria, leading to the transformation of soil microbial community in cotton rhizosphere from bacterial
type to fungal type (Liu et al. 2009). However, it may be toxic to the growth of cotton.

Previous study has shown that adding exogenous modi�ers could alleviate continuous cropping
obstacles (Jaiswal et al. 2014). Relevant reports have con�rmed that chitosan could not only improve the
stress resistance of crops, the reproduction of bene�cial microorganisms, and soil environment, but also
inhibit the growth of a variety of bacterial pathogens (Amborabé et al. 2008; Zakrzewska et al. 2005). In
this study, the application of chitosan in the continuous cropping soil obviously reduced the content of
root exudates and improved the nutrient status of cotton rhizosphere soil, but the effect on soil enzymes
did not show a similar law. Except catalase, the effects on other enzymes were not obvious, which might
be due to that the interaction between positively charged chitosan molecules and negatively charged
pathogen surfaces destroyed cell structure and caused damage to pathogens (Fig. 7). Catalase plays an
important role in this pathway (Meng et al. 2010), which could explain why the catalase activity, playing a
role in the defense of crops against pathogens, increased in the CtC treatment in this study. The
application of chitosan could improve the diversity, evenness, and richness of bacteria in continuous
cropping soil, promote the accumulation of bene�cial bacteria such as Actinomycetes, Bacteroidetes,
Proteobacteria, Planctomycetes, and Chloro�exi, and inhibit the reproduction of Acidobacteria and
Firmicutes. Therefore, chitosan could improve antibacterial capacity against plant pathogens through
changing the structure of soil bacterial community, increase the number and activity of soil enzymes
mainly produced by soil microorganisms, and improve the soil enzyme system. It may be a reason for
chitosan in alleviating the continuous cropping obstacles (Meng et al. 2009).

PICRUSt analysis linked microbial changes and biological functions through annotating into KEGG
database (Sun et al. 2006). This study found that the genes of rhizosphere soil bacteria of the four
treatments had 40 subfunctions, such as carbohydrate metabolism, amino acid metabolism, membrane
transport, signal transduction, cofactor and vitamin metabolism, and so on, indicating that the functions
are very rich. Among them, metabolism (60.60% − 62.75%) was the main function of the functional genes
that maintains the survival of bacteria by ingesting carbohydrates, amino acids, energy, and vitamins,
which was consistent with the results of Du et al (2019) and Yang et al (2020). It was found that the
metabolic function of rhizosphere soil in the Rt, CtC, and RtC treatments were higher than that in the Ct
treatment, which was mainly re�ected in carbohydrate metabolism, degradation and metabolism of
exogenous substances, and metabolism of terpenoids and polyketones. This is related to the content of
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soil bene�cial bacteria. Soil microorganisms promote crop growth and increase yield through metabolic
activities. The relative abundance of Firmicutes and Bacteroides in the Rt and CtC treatments were higher
than those in the Ct treatment, which was due to that Proteobacteria, Gemmatimonadetes, and
Planctomycetes could antagonize plant pathogens through metabolism to produce antibiotics or plant
auxins, and promote crop growth (Berendsen et al. 2012; Lakshmanan et al. 2014; Song et al. 2014).
Under crop rotation, the nutrient source for soil microorganisms in the rhizosphere increases, and the C
and N continue to improve with the increase of microorganisms (Wen et al. 2016), which promote the
metabolism of carbohydrates, exogenous substances, terpenoids, and polyketones, and improve the
abundance of functional genes. Moreover, it was found that carbohydrate metabolism, amino acid
metabolism, and membrane transport accounted for a high proportion in the secondary functional layer
related to metabolism. Carbohydrates produced during photosynthesis are consumed by other
organisms, which regulates the metabolic formation, decomposition, and mutual transformation of
carbohydrates in organisms (Sun et al. 2020). Amino acid metabolism decomposes amino acid into α-
Ketoacids, amines, and carbon dioxide through deamination, transamination, combined deamination, and
decarboxylation. Amino acid metabolism is closely related to plant nitrogen cycle (Yang et al. 2020).
However, this study found that the application of chitosan had no effect on the functional bacteria in
rhizosphere soil under crop rotation. The speci�c mechanism needs to be further explored.

Conclusion
Long-term continuous cotton cropping led to the imbalance of soil microbial community structure and the
decline of soil quality, while crop rotation and application of chitosan could reduce the content of root
exudates, improve rhizosphere soil nutrients, enzyme activities, and the relative abundance of dominant
�ora, and reduce the diversity of harmful bacteria. In addition, crop rotation and application of chitosan
could increase the relative abundance of functional genes of metabolism, organismal systems, and
environmental information processing in soil microorganisms (P < 0.05), and the relative abundance of
functional genes of cellular processes, genetic information processing, and human diseases had an
inapparent increase (P > 0.05). Therefore, the application of chitosan could be used as a technical means
to effectively reduce the continuous cropping obstacles of cotton under different cultivation patterns, and
improve the utilization cycle of soil resources. However, the mechanism still needs to be further studied.
Soil microbial communities include bacteria, fungi, and actinomycetes, which are closely related to each
other. In the further experiment, we will continue to explore the relationship between environmental
factors and rhizosphere soil fungi and bacteria, to systematically predict microbial functions and
understand the distribution law of microorganisms.
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Figure 1

Soil phenolic acid content and its response index in different treatments. Ct: cotton continuous crop; CtC:
cotton continuous crop with chitosan application; Rt: cotton-corn-wheat rotation; RtC: crop rotation with
chitosan application. Positive response index (RI) value indicates that the value is greater than that in the
control, while negative value indicates that the value is lower than that in the control. The absolute value
of RI value indicates the level of the impact
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Figure 2

Venn diagram of rhizosphere soil bacteria OTUs in different treatments. Different colors represent
different subgroups (or samples). The numbers in the overlapping part represent the number of species
shared by multiple subgroups, and the numbers in non-overlapping parts represent the number of species
speci�c to the corresponding subgroup. The �gure below shows the bar chart of the total number of
species in each subgroup at selected taxonomic levels
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Figure 3

Composition and abundance of rhizosphere soil bacterial community at phylum level in different
treatments
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Figure 4

RDA analysis of rhizosphere soil bacteria diversity and environmental factors in different treatments. The
purple line represents the nutrient index, the green line represents the enzyme activity, and the red line
represents the root exudates. Five-pointed star, triangle, square, and four-pointed star represent Ct, CtC, Rt,
and RtC, respectively

Figure 5
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Abundance of KEGG functional genes of rhizosphere soil bacteria in different treatments (primary
functional layer). Different lowercase letters represent signi�cant differences among different treatments
(P<0.05)

Figure 6

Heat map of functional diversity of rhizosphere soil bacteria in different treatments
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Figure 7

Distribution of root exudates and microbial community under crop rotation (Rt) and continuous cropping
with chitosan application treatment (CtC)


