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Abstract

Long-term potato planting causes continuous cropping obstacles, and crop rotation is an effec-
tive way to solve this problem. This study aims to explore the effects of rye-potato rotation and con-
tinuous potato cropping on soil physical and chemical properties and microbial community structure.
In this study, soil samples were collected in five stages of rye-potato rotation and continuous potato
cropping to determine the physical and chemical properties and enzyme activities of the soil. High-
throughput sequencing was used to analyze the soil microbial community structure of the two cultiva-
tion methods. The results showed that the content of soil organic matter (OM) was significantly higher
in the rye-potato crop rotation (RC group) than the continuous cropping (SC group) at all five periods
(the before sowing (P = 0.016, percentage = 42.04%), seedling (P = 0.0003, percentage = 65.36%), flow-
ering (P = 0.044, percentage = 55.91%), maturity (P = 0.002, percentage = 66.85%), and after-harvest
(P = 0.033, percentage = 53.91%) periods). The alkaline nitrogen (AN) content in the RC group was
also significantly higher than the SC group during the five periods (before sowing: P = 0.003, seedling:
P =0.014, flowering: P = 0.003, maturity: P = 0.008, after-harvest: P = 0.031), and increased by 36.39%
at the seedling period and 42.29% at the after-harvest. The pH of the RC group was significantly higher
than the SC group during the four periods (before sowing: P = 0.008, seedling: P = 0.027, flowering:
P =0.0001, and after-harvest: P = 0.002), except for the maturity period. The high-throughput sequenc-
ing showed that the bacterial Shannon indices of the RC group were significantly (P = 0.000, P = 0.004,
P =0.003, P =0.001, P = 0.001) higher than those of the SC group during the five periods. The fungal
Shannon index of the RC group was significantly (P = 0.017, P = 0.014, P = 0.011) higher than the SC
group before sowing, seedling, and after harvest. Potentially beneficial bacterial phyla (Actinobacteria
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and Acidobacteria) were significantly enriched, while potentially pathogenic fungi such as Fusarium
and Alternaria were significantly decreased. Specifically, the relative abundance of Acidobacteria sig-
nificantly increased (P = 0.006, P = 0.020, P = 0.007, P = 0.019, P = 0.002 ) than the SC group during
the five periods. The relative abundance of Actinobacteria significantly increased (P = 0.018, P = 0.034,
P =0.031) during the flowering, maturity, and after-harvest periods. The relative abundance of the path-
ogenic fungi Fusarium in the RC group significantly (P = 0.007, P = 0.014, P = 0.002, P = 0.049,
P = 0.046) decreased compared to the SC group during the five periods. The relative abundance
of the pathogenic fungus Alternaria in the RC group significantly (P = 0.0006, P = 0.004, P = 0.040,
P =0.010, P = 0.003) decreased compared to the SC group during the five periods.

It can be shown that the community structure of bacteria and fungi significantly changes with rye-
potato crop rotation compared with continuous potato cropping. Rye-potato rotation could significantly
change the physical and chemical properties of the soil and the structure of the microbial community.
The beneficial bacteria Actinobacteria and Acidobacteria were significantly enriched, while the patho-
genic Fusarium and Alternaria were significantly decreased. This work preliminarily described the soil
physical and chemical properties and microbial community changes in rye-potato rotation, which pro-
vided a theoretical basis for solving the obstacles of continuous potato cropping.

Keywords: continuous potato cropping, rye-potato crop rotation, soil enzyme activity, microbial diversity,

microbial community composition

Introduction

Potatoes are recognized as the fourth major global food
crop [1]. It has a long planting history and comprises several
varieties. It is one of China’s most important economic
crops. Long-term continuous planting of potatoes has re-
sulted in a severe imbalance of soil microbial communi-
ties, a high incidence of soil-borne diseases, and a severe
decline in yield [2, 3].

Soil microorganisms play a key role in the ecosystem
[4] and are important factors related to soil quality [5],
soil fertility, and productivity [6]. Changes in soil micro-
organisms influence the absorption and transformation
of soil nutrients [7]. Therefore, the number and types of soil
microorganisms may affect plant growth, development,
and health [8, 9]. In recent years, several studies have shown
that continuous cropping has led to the imbalance and di-
versity of soil microbial communities [10, 11]. Continuous
cropping facilitates a significant increase in plant fungal
pathogens in soil while the abundance of beneficial bacteria
and actinomycetes decreases [12, 13]. Continuous plant-
ing of potatoes significantly reduces the diversity of soil
bacterial communities and the abundance of beneficial
bacteria [14, 15]. For example, the abundance of benefi-
cial fungi such as Chaetomium decreases, whereas that
of harmful fungi such as Verticillium, Fusarium, and Col-
letotrichum increases. It is essential enzyme activity for
bacterial activities.

Crop rotation is considered an effective way to mitigate
the adverse effects of continuous cropping [ 16]. It improves
the physical and chemical properties of soil and enhances
soil fertility [17, 18]. Crop rotation can also significant-
ly increase the abundance and diversity of soil micro-
bial communities [19]. For example, wheat-canola [20]
and corn-soybean [21] crop rotation significantly impacts

soil microbial communities, and the rotation of different
crops and cucumbers improves the uniformity of the soil
microbial community and the soil microecological envi-
ronment [22]. Although several studies have focused on
the effects of crop rotation on potato quality and disease
occurrence [23, 24], the effects of rye-potato rotation on po-
tato physical features, soil physical and chemical properties,
and microbial community structure have not been studied.
The aim was to study the effects of rye-potato rotation
on soil physical and chemical properties and soil microbial
community structure and to provide a theoretical basis for
reducing obstacles to continuous potato cropping.

Materials and Methods
Field Experiment

The experiment was conducted at the planting base
of Chunhua Potato Planting Co., Ltd., Erdaoqu Town-
ship, Wuyuan County, Zhangjiakou City, Hebei Prov-
ince, China. The latitude and longitude of the area are
114°50'-116°04'E, 41°14'—41°57'N, situated in the south-
ern margin of the Inner Mongolia Plateau. The soil type
is chestnut clay. The nitrogen content accounts for 0.5%
to 0.8% of dry matter, up to 2.2%, and the ash element
reaches 6% to 16%, mainly potassium and calcium.
Generally, the calcium layer of chestnut soil is deep
and thick, with a lime content of up to 10% to 30%,
with the highest being up to 40% and the lowest being
less than 5%. The soil is alkaline and light in texture.
The average elevation is 1,536 m, and the climate is
a temperate continental grassland climate. The average
temperature during the growth cycle is 9°C, and the an-
nual precipitation is 426 mm.
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Potatoes have been planted for six consecutive years
in the continuous experimental field. Rye and potatoes
have been planted in rotation for 6 years in the rye-potato
rotation field. Over the past six years, the use of pesticides,
fertilizers, plastic film mulching, and the amount of water
used for farming and irrigation have been the same in both
rye-potato rotation fields and potato continuous cropping.
Varieties of potatoes include Favorita (a virus-free potato
variety). In the continuous cropping field, the basic physi-
cal and chemical properties of the experimental field are
51.24 mg/kg of alkaline nitrogen, 42.47 mg/kg of avail-
able phosphorus, 290.00 mg/kg of available potassium,
10.99 g/kg of organic matter, and a pH of 6.12 (water:soil
2.5:1). In the crop rotation field, potatoes and rye were
rotated every other year. The basic physical and chemical
properties of the experimental field were 61.77 mg/kg alkali
nitrogen, 11.00 mg/kg available phosphorus, 82.57 mg/kg
available potassium, 15.61 g/kg organic matter, and a pH
of 7.14 (water:soil 2.5:1).

The field experiment adopted a random block design,
and three plots were set for continuous cropping and rota-
tion. The plot area was 5 x 5 = 25 m?, plant spacing was
20 cm, and row spacing was 60 cm (Fig. S1). The rest
of the conditions, including the application of pesticides,
chemical fertilizers, film mulching, tillage, and irrigation
water volume, are all in accordance with local customs,
and the measures for both groups are the same.

All the soil samples were collected in 2018. Sampling
was performed during five periods: before sowing (May
1st), seedling period (June 25th), flowering period (July
28), maturity period (August 25th), and after-harvest period
(September 15th). A five-point sampling method was used
for each period, and soil samples with a depth of 5-20 cm
were collected at five points before sowing and after har-
vesting. In the seedling, flowering, and maturity periods,
soil samples were collected from the potato root zone.
Soil samples were evenly mixed together into one sample,
collected into a Ziplocka bag, and stored directly frozen at
—80°C until DNA extraction [25].

Determination of Potato Physical Features

During the harvest, potatoes from the SC and RC groups
were collected using a five-point sampling method. Initially,
the soil on the surface of the potatoes was washed away with
clean water. Subsequently, a visual inspection method was
employed to observe the physical features of the potatoes,
including whether the skin was smooth and the potato buds
were deep or shallow [26].

Determination of Soil Physical
and Chemical Properties

Soil samples were air-dried and passed through a 2-mm
aperture sieve. Soil pH was determined with a compound
electrode (Mp521 Lab pH meter, Japan) at a soil:water ratio
of 1:2.5 (w/v; g-cm-3). Soil available phosphorus (AP)
and available potassium (AK) were determined, and soil
alkaline nitrogen was assessed using an alkaline hydrolysis

diffusion method [27, 28]. Soil organic matter (OM) was
determined using the oil bath heating-potassium dichro-
mate (K,Cr,07) volumetric method. Briefly, the tempera-
ture of the oil bath was 180°C, it was boiled for 5 min,
a 0.4 mol/L K,Cr,0,-H,SOy solution was used to oxidize
the organic matter in the soil, and the remaining K,Cr,04
was used in FeSO, for titration. Each soil sample was
measured in triplicate.

Determination of Soil Biological Indicators

Soil enzymes were determined using kits for soil urease
activity detection, soil sucrase activity detection, and soil
acid phosphatase activity detection (Solarbio Technology
Co. Ltd., China), following the manufacturer’s instructions
[29]. The extraction of each soil sample was repeated three
times.

DNA Extraction

Total genomic DNA was extracted from the samples
using the CTAB method. DNA concentration and purity
were measured on a 1% agarose gel using the M5 Gel
Extraction Kit (Mei5 Biotechnology Co., Ltd). According
to the concentration, DNA was diluted to 1 ng/puL using
sterile water.

PCR Amplification and Sequencing

PCR amplification of the bacterial 16S rRNA
gene V3-V4 region was performed using the forward
primer 338F (5’-ACTCCTACGGGAGGCAGCA-3’)
and the reverse primer 806R (5’-GGACTACHVGGGT-
WTCTAAT-3"). For amplification of fungal IT sequenc-
es, the forward primer ITSS5F (5’-GGAAGTAAAA-
GTCGTAACAAGG-3’) and the reverse primer ITSIR
(5’-GCTGCGTTCTTCATCGATGC-3") were used. All
PCR reactions were conducted in 30-pL reactions with
15 pL of Phusion® High-Fidelity PCR Master Mix (Bio-
lab Technology Co., Ltd., China), 0.2 uM of the forward
and reverse primers, and about 10 ng of template DNA.
Thermal cycling consisted of an initial denaturation at
98°C for 1 min, followed by 30 cycles of denaturation
at 98°C for 10 s, annealing at 50°C for 30 s, elongation
at 72°C for 30 s, and a final 72°C for 5 min. Sequencing
libraries were generated using lon Plus Fragment Library
Kit 48 reactions (Thermo Fisher Scientific Co., Ltd.,
USA) following the manufacturer’s recommendations
[30]. Library quality was assessed on the Qubit@?2.0
Fluorometer (Thermo Fisher Scientific Co., Ltd., USA).
Finally, the library was sequenced on an Ion S5™ XL
platform, and 600-bp single-end reads were generated.

Statistical Analysis

Sequence analysis was performed using Uparse
(v7.0.1001, http://driveS.com/uparse/) [31]. Sequences with
> 97% similarity were assigned to the same OTU. Alpha
diversity was applied in analyzing the species diversity
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Fig. 1. Analysis of different planting methods on physical features of potato. (A) Rye-potato crop rotation; (B) Continuous potato crop-
ping.

of samples, and the Chao 1, Shannon, and Good-coverage
indices of our samples were calculated with QIIME (Ver-
sionl.7.0) and displayed with R software (Version. 2.15.3)
[32]. Beta diversity on both weighted and unweighted
unifrac was calculated by QIIME software (ver. 1.7.0).
The results for both groups were analyzed with a single fac-
tor ANOVA. Statistical analysis of the data was performed
in IBM SPSS 25.0 software, and statistical significance
was considered at P < 0.05. Origin Pro 2018 was used for

mapping.
Accession Numbers

The sequence data generated in this study were depos-
ited at NCBI as accession numbers PRINA667341 (bacte-
rial sequences) and 668640 (fungal sequences).

Results
Potato Physical Features

The potatoes in the rye-potato rotation crop (RC)
group field had smooth skin, small spots, and shallow buds
(Fig. 1A), whereas those in the continuous cropping field
(SC) group had many rough spots and deep buds (Fig.
1B). During the harvesting process, potatoes in the rota-
tion field were easier to collect than in the continuous
field, which may be related to changes in soil physical
and chemical properties in the rotation and continuous
cropping fields.

Soil Physical and Chemical Properties
and Soil Enzyme Activity

Table 1 shows that the content of soil organic mat-
ter (OM) was significantly higher in the RC group than

the SC group at all five periods (before sowing (P = 0.016,
percentage = 42.04%), seedling (P = 0.0003, percent-
age =65.36%), flowering (P =0.044, percentage = 55.91%),
maturity (P=0.002, percentage = 66.85%), and after-harvest
(P = 0.033, percentage = 53.91%) periods). The alkaline
nitrogen (AN) content in the RC group was also significantly
higher than the SC group during the five periods (before sow-
ing: P = 0.003, seedling: P = 0.014, flowering: P = 0.003,
maturity: P = 0.008, after-harvest: P =0.031), and increased
by 36.39% at the seedling period and 42.29% at after harvest.
The pH of the RC group was significantly higher than the SC
group during the four periods (before sowing: P = 0.008,
seedling: P=0.027, flowering: P=0.0001, and after-harvest:
P =0.002), except for the maturity period.

Fig. 2 shows the soil enzyme activity at each period.
Compared with the SC group, soil alkaline phosphatase
activity in the RC group significantly (P =0.000, P =0.001,
P=0.0003, P=0.002, P =0.003) increased during sowing,
seedling, flowering, maturity, and after-harvest periods.
Alkaline phosphatase activity was the highest at the seed-
ling and flowering periods, which increased by 1.23-fold
and 1.13-fold, respectively. Soil sucrase significantly in-
creased by 1.63-fold, 3.58-fold, and 1.09-fold in the seed-
ling, flowering, and maturity periods, respectively. Soil
urease significantly (P = 0.000, P = 0.000, P = 0.024)
increased by 78%, 38%, and 15% during the seedling
period, maturity period, and after-harvest periods. Soil
sucrase and alkaline phosphatase in the RC group were
at their highest during the seedling and flowering periods.

Soil Microbial Diversity

The rarefaction curve of each sample for the high-
throughput sequencing was close to the saturation plateau
(Fig. S2), indicating that the sequencing library had reached
saturation and that the results truly reflected the sample
conditions. The sequencing results for bacteria are shown
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Table 1. Physical and chemical properties of soil.

Group o OM AK AP AN
(g/kg) (mg/kg) (mg/kg) (mg/kg)
SCB 6.12+0.03b 10.99+0.43b 290.00+7.62a 42.47+1.33a 51.24+0.92b
RCB 7.14+0.08a 15.61+0.43a 82.57+1.76b 11.00£0.64b 61.77+1.23a
SCS 5.59+0.04b 11.26+1.53b 374.83+5.54a 62.95+2.34a 63.40+0.86b
RCS 6.14+0.05a 18.62+0.80a 164.50+9.90b 28.16+0.10b 86.47+0.97a
SCF 5.53+0.20b 9.98+0.46b 226.50+6.42a 51.59+0.79a 60.68+0.83b
RCF 6.98+0.17a 15.56+0.60a 146.83+8.96b 18.08+0.66b 78.47+0.49
SCM 5.98+0.13a 11.010.24b 264.50+7.56a 44.23+1.30a 64.70+0.91b
RCM 6.28+0.15a 18.37+0.96a 155.33+6.79b 24.65+0.89b 68.37+0.79
SCA 6.04+0.1b 10.35+0.80b 234.50+13.66a 48.08+2.08a 44.57+0.84b
RCA 6.55+0.10a 15.93+1.18a 131.17+11.15b 23.21+1.65b 63.42+0.59%

Notes: SCB, SCS, SCF, SCM, and SCA represent before sowing, seedling, flowering, maturity, and after-harvest periods of continuous potato cropping,
respectively. RCB, RCS, RCF, RCM, and RCA represent before sowing, seedling, flowering, maturity, and after-harvest periods of the rye-potato crop
rotation, respectively. Abbreviations: OM, Organic matter; AN, alkaline nitrogen; AP, Available P; AK, Available K. Data are the mean+standard error
(n= 3) and within each column; different letters indicate significant differences (P < 0.05).
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Fig. 2. Analysis of different planting methods on soil enzyme activity. (A) Soil sucrase activity; (B) Soil alkaline phosphatase activity; (C)
Soil urease activity. RC and SC represent rye-potato crop rotation and continuous potato cropping, respectively. B, S, F, M, and A repre-
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(P< 0.05).

in Table 2. The coverage of all samples was > 97.6%,
and the effective read range for each sample was 75,706—
86,874. The OTU of each sample ranged from 2,411 to
3,676. The Shannon indices of the RC group were sig-
nificantly (P = 0.000, P = 0.004, P = 0.003, P = 0.001,
P =0.001) higher than those of the SC group before sowing,
seedling, flowering, maturity, and after-harvest periods.
The Chao 1 indices of the RC group were significantly
(P =0.022, P = 0.036, P = 0.019, P = 0.042) higher
than the SC group at before sowing, seedling, flowering,
and after-harvest periods. These results showed that the RC
group improved bacterial diversity.

The sequencing coverage of fungi in all samples was >
99.4% (Table 3). The effective read range for each sample
was 80,080-80,709. The OTUs of each sample ranged
from 1,357 to 1,620. The Shannon index of the RC group
was significantly (P =0.017, P =0.014, P =0.011) higher
than the SC group in the periods before sowing, seedling,
and after-harvest. Chaol in the RC group in the whole sam-
pling period was also higher than the SC group. There were
significant (P = 0.009, P = 0.046, P = 0.0369) differences
among the seedling, flowering periods, and after-harvest
periods. The results showed that the RC group increased
soil fungal diversity.
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Table 2. Diversity of soil bacterial communities.

(Alpha diversity
Group Reads OTUs
Shannon (97%) Chaol (97%) Coverage (%)

SCB 83,682 2,619 8.11 (8.01, 8.17) 2,821 (2,632, 3,062) 98.1
RCB 78,511 3,437 9.80 (9.64,9.88) | 3,335 (3,239, 3,455) 98.3
SCS 86,874 2411 7.62 (7.44,7.91) 2,606 (2,463, 2,870) 98.2
RCS 79,295 2,936 8.56 (8.44, 8.65) 3,157 (2,972, 3,380) 98.1
SCF 82,040 2,770 8.58 (8.34, 8.87) 3,104 (2,850, 3,525) 98.0
RCF 86,001 3,663 9.63 (9.60, 9.66) 3,918 (3,886, 3,940) 97.6
SCM 80,379 3,128 9.08 (9.06, 9.18) 3,189 (2,969, 3,353) 98.0
RCM 77,225 3,217 9.65 (9.56, 9.75) 3,406 (3,222, 3,502) 98.4
SCA 75,706 2,881 8.65 (8.47, 8.84) 2,979 (2,663, 3,190) 98.2
RCA 78,646 3,676 9.76 (9.59,9.85) | 3,699 (3,335, 4,036) 98.0

Notes: SCB, SCS, SCF, SCM, and SCA represent before sowing, seedling, flowering, maturity, and after-harvest periods of continuous potato cropping,
respectively. RCB, RCS, RCF, RCM, and RCA represent before sowing, seedling, flowering, maturity, and after-harvest periods of the rye-potato crop
rotation, respectively. Reads: the optimized sequences; OTU, operational taxonomic unit. The numbers within parentheses are the lower and upper lim-

its in the statistical analysis of the corresponding data, respectively.

Table 3. Diversity of soil fungal communities.

Alpha diversity

Group Reads OTUs Shannon (97%) Chaol (97%) Co\f(f(:;oa)ge
SCB 80,080 1,543 6.76 (6.91,6.64) | 1,475 (1,438, 1,517) 99.5
RCB 80,217 1,488 7.33(7.19,7.57) 1,468 (1,386, 1,528) 99.6
SCS 80,229 1,357 6.65 (6.45, 6.79) 1,300 (1,232, 1,356) 99.5
RCS 80,174 1,555 7.42(7.32,7.72) 1,491 (1,456, 1,512) 99.5
SCF 80,154 1,477 5.82(5.07, 6.63) 1,415 (1,378, 1,440) 99.4
RCF 80,102 1,566 6.22 (5.45, 6.70) 1,515 (1,467, 1,568) 99.5
SCM 80,244 1,502 7.05 (6.14, 7.86) 1,452 (1,289, 1,549) 99.6
RCM 80,709 1,540 6.34 (5.48, 6.79) 1,484 (1,404, 1,529) 99.5
SCA 80,306 1,408 6.52 (6.20, 6.80) 1,337 (1,265, 1,424) 99.5
RCA 80,193 1,620 8.19 (7.54,8.51) 1,594 (1,447, 1,861) 99.5

Notes: SCB, SCS, SCF, SCM, and SCA represent the before sowing, seedling, flowering, maturity, and after-harvest periods of continuous potato crop-
ping, respectively. RCB, RCS, RCF, RCM, and RCA represent before sowing, seedling, flowering, maturity, and after-harvest periods of the rye-potato
crop rotation, respectively. Reads: the optimized sequences; OTU, operational taxonomic unit. The numbers within parentheses are the lower and upper

limits in the statistical analysis of the corresponding data, respectively.

Venn analysis showed that the number of bacterial
OTUs shared by each sampling period in the SC and RC
groups was 1,318 (Fig. 3A). Except for the flowering
and maturity periods, the unique OTU number of the RC
group was higher than the SC group. The number of shared
fungal OTUs in all periods was 607 (Fig. 3B). The number
of OTUs in the RC group was higher than that of the SC
group in all periods, which coincided with the changes in to-
tal OTUs. There were various numbers of shared and unique
OTUs among samples, suggesting that although the soil

microorganisms of continuous cropping and rotation had
similar species, these had different community structures.

Soil Microbial Composition

With continuous cropping and rotation of potatoes,
Proteobacteria, Bactercidetes, Actinobacteria, Firmicutes,
Acidobacteria, Gemmatimonadetes, Chloroflexi, uniden-
tified bacteria, Verrucomicrobia, and Fusobacteria were
the 10 predominant bacterial phyla (Fig. 4A). Compared
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with the SC group, the relative abundance of bacteria
in the phyla level of the RC group differed. The rela-
tive abundance of Acidobacteria significantly increased
(P =0.006, P=0.020, P =0.007, P =0.019, P = 0.002 )
in the five periods by 258.86%, 51.93%, 125.48%, 64.22%,
and 84.65%. The relative abundance of Actinobacteria in-
creased by 9.43%, 12.38%, 25.22%, 23.61%, and 35.83%
among these five periods, with significant differences
(P =10.018, P = 0.034, P = 0.031) among the flowering,

maturity, and after-harvest periods. The relative abundance
of Firmicutes significantly (P = 0.021) increased by 37.62%
during the maturity period. The relative abundance of Chlo-
roflexi significantly increased (P = 0.033, P = 0.019 ) by
38.63% and 65.16% during the seedling and after-harvest
periods respectively.

For fungi, Basidiomycota, Ascomycota, Mortierellomy-
cota, Mucoromycota, Chytridiomycota, Entomophthoro-
mycota, Rozellomycota, Olpidiomycota, Glomeromycota,
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and Aphelidiomycota were the predominant phyla across
all periods (Fig. 4B, Table S1). Among these, Ascomycota
has the highest abundance, followed by Basidiomycota.
It shows that in this experimental field, the main patho-
genic bacteria that can cause potato diseases are Ascomy-
cota and Basidiomycota. Compared with the SC group,
the relative abundance of Ascomycota in the RC group
significantly (P = 0.000, P = 0.000) decreased by 49.26%
and 21.24% in the maturity and after-harvest periods, re-
spectively, and peaked during the seedling period in the RC
group and the SC group, then subsequently decreased.
The relative abundance of Basidiomycota decreased by
47.97% in the seedling period but increased by 344.17%
in the maturity period.

To further elucidate the effects of the two cropping pat-
terns on soil microbial community structure at the genus
level, the composition of bacteria and fungi was analyzed

using heat maps and relative abundance maps (Fig. 5).
The relative abundance of the top 35 genera of bacteria
and fungi was analyzed by heat map, indicating signifi-
cant differences in the community composition of bacteria
and fungi genera between the SC and RC groups (Figs. SA
and B). The top 10 bacterial genera were Sphingomonas,
Bacteroides, Rhodanobacter, Faecalibacterium, unidenti-
fied_Bacteria, Pseudolabrys, Massilia, Chujaibacter, Ly-
sobacter, and unidentified Chitinophagaceae (Fig. 5C).
The relative abundance of Sphingomonas was highest in all
periods (11.69-34.60%), and its abundance in the seedling
period was the highest at 34.60% and 28.41% in the SC
and RC groups, respectively. Compared with the SC group,
the relative abundance of Lysobacter in the RC group dur-
ing the flowering and after-harvest periods significantly
(P =0.011, P = 0.024) increased by 54.20% and 30.11%,
respectively.
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For fungi, Fusarium, Mortierella, Sclerotinia, Tricho-
cladium, Alternaria, Plectosphaerella, Microthecium,
Cladophialophora, Rhizopus, and Tausonia were the top
10 genera (Fig. 5D). Compared with the SC group, the rela-
tive abundance of the pathogenic fungi Fusarium in the RC
group significantly (P = 0.007, P = 0.014, P = 0.002,
P =0.049, P =0.046) decreased in before sowing, seedling,
flowering, maturity and after-harvest periods. Compared
with the SC group, the relative abundance of the pathogenic
fungus Alternaria in the RC group significantly (P = 0.00006,
P =0.004, P = 0.040, P = 0.010, P = 0.003) decreased
in sowing, seedling, flowering, maturity, and after-harvest
periods. The relative abundance of Fusarium decreased by
72.90% during the flowering period and was higher in all
periods. The relative abundance of Alternaria in the RC
group decreased by 66.48-93.44% throughout the potato
planting period. Compared with the SC group, the relative
abundance of Mortierella in the RC group significantly
increased (P = 0.011, P = 0.003) by 37.90% and 65.36%
during the flowering and maturity periods, respectively.

Microbial Community Structure

To visualize the similarity and dissimilarity in bacterial
communities among soil samples, NMDS was performed
based on bacterial OTUs of the 16S rRNA gene amplicon
and fungal OTUs of the ITS rRNA gene amplicon sequenc-
ing using the Bray-Curtis metric (ANOSIM, bacteria: r =
0.8519, p= 0.01; fungi: r= 0.5657, p = 0.01). The bac-
terial samples from the SC and RC groups were distinct,
with obvious differences in community structure (Fig. 6a).
The fungal community was similar to that of bacteria (Fig.
6b), whereas the community structure was significantly

different. These results showed that, compared with con-
tinuous potato cropping, rye-potato crop rotation changes
the community structure of soil bacteria and fungi.

Discussion

Soil pH is one of the most important characteristics
of soil. It plays a key role in the growth of plants and ani-
mals. Continuous cropping of potatoes leads to soil acidi-
fication. Studies have shown that long-term continuous
cropping of various plants significantly reduces soil pH
[33]. This study found that, compared with continuous
cropping, rye-potato crop rotation significantly improved
soil pH (Table 1). Several pathogenic fungi, including Fu-
sarium and Pythium, adapt to slightly lower soil pH [34],
while high pH inhibits Fusarium wilt [35]. Rye-potato crop
rotation significantly improved soil OM and AN (Table 1).
Soil OM content is an important condition for evaluating
soil fertility levels and plays a crucial role in crop growth
and development. Soil nitrogen can promote the decompo-
sition of OM by soil microorganisms, and the high content
of soil OM and nitrogen can help increase the diversity
of the soil bacterial community [36, 37].

Rye-potato rotation significantly increased soil al-
kaline phosphatase activity, which was 1.23-fold higher
than that of potato continuous cropping at the seedling
stage. The activity of soil sucrase also increased signifi-
cantly, which was 3.58-fold higher than that of continu-
ous cropping fields at the flowering stage (Fig. 2). This
is similar to previous findings that watermelon-wheat
[38] and potato-legume [39] crop rotations improve soil
enzyme activities. The level of soil enzyme activity is
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an important indicator of soil health. The soil enzyme
system is the most active part of the soil that can activate
soil OM and transform it into inorganic matter that can
be absorbed by plants. It plays an important role in soil
nutrient cycling and plant nutrient transformation and is
considered a major feature that contributes to overall soil
quality and microbial activity [40].

Compared with continuous cropping, rye-potato crop
rotation significantly increased the diversity of bacteria
and fungi (Tables 2 and 3). Soil microbial diversity is a key
factor affecting soil health and quality, and agricultural
treatment influences soil microbial diversity [41, 42]. This
is consistent with previous findings that tomato-rice [43]
and corn-American ginseng [44] crop rotations increase
bacterial diversity, but this is in contrast to the result that
a wheat-canola crop rotation reduces fungal diversity. Soil
microbial communities play a central role in promoting
the decomposition of OM and nutrient cycling, especially
the abundant bacterial communities, which are indispen-
sable to soil ecology [45]. Changes in the diversity of soil
microbial communities are largely affected by soil envi-
ronmental factors [46]. Soil microorganisms are impor-
tant in inhibiting soil-borne diseases and inducing plant
resistance [47]. Understanding the species and distribution
of soil microorganisms is essential for controlling plant
diseases.

This study showed that rye-potato crop rotation could
improve the abundance of Actinobacteria and Acidobacte-
ria in all periods, and the relative abundance of Firmicutes
significantly increased in the maturity period (Fig. 4A).
Similar results were observed with maize-peanut inter-
cropping [48]. The relative abundance of Chloroflexi
increased during the maturity and after-harvest periods.
Acidobacteria and Chloroflexi can decompose carbon
and participate in the organic carbon cycle [49]. Accord-
ingly, the high abundance of Acidobacteria and Chloro-
flexi caused by rye-potato crop rotation may be due to
higher soil OM content. The abundance of Actinobacteria
is one of the key factors in the generation of bacteriostatic
effects in soil [50, 51]. It is a bacteria that can inhibit soil
diseases, including potato common scab [52], tobacco
bacterial wilt [53], and banana Fusarium wilt [54]. Ba-
sidiomycota and Ascomycota were the predominant fungi
in the soil (Fig. 4B), which is similar to the results of pre-
vious studies [55, 56]. Ascomycota comprises several
plant pathogens [57]. The abundance of Ascomycota with
rye-potato crop rotation significantly decreased by 49.26%
and 21.24% at the maturity and after-harvest periods,
respectively, compared with continuous cropping. Lyso-
bacter imparts an inhibitory effect on plant diseases [58].
Fusarium and Alternaria in soil can cause Fusarium wilt
and the early blight of potatoes. Rye-potato crop rotation
significantly reduced the abundance of Fusarium and Al-
ternaria at each period, while the relative abundance
of Mortierella significantly increased during the maturity
and flowering periods (Fig. 5D). This is similar to the find-
ings of other scholars. They found that watermelon-wheat
rotation reduced the incidence of Fusarium wilt. In ad-
dition, Mortierella is enriched in disease-free soil [59],

and some strains have been shown to produce antifungal
and antibacterial metabolites [60].

Changes in soil microbial community structure are very
important for continuous potato cropping obstacles. The anal-
ysis of soil microbial community structure shows (Fig. 6)
that for the continuous cropping of potatoes, rye-potato crop
rotation can significantly change the community structure
of soil bacteria and fungi. This is consistent with the research
results of previous scholars, namely that tomato-rice crop rota-
tion significantly affects the community structure of bacteria
and fungi [61]. This indicates that rye-potato rotation can
improve the structure of soil microbial communities.

Conclusion

Rye-potato crop rotation increases soil pH, OM, and soil
alkaline phosphatase and sucrase activity, increasing the di-
versity of bacteria and fungi. This elucidated the effects
of continuous cropping and rotation on potato soil physical
and chemical properties and microbial community struc-
ture, thereby providing a theoretical basis for resolving
obstacles related to continuous potato cropping.
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(A) (B)

Potato continuous cropping field Rye-potato rotation field

Fig. S1. Field experiment situation. (A) Potato continuous cropping field; (B) Rye-potato rotation field.
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Fig. S2. Rarefaction curves of soil samples. (A) Bacteria; (B) Fungi. SCB, SCS, SCF, SCM, and SCA represent before sowing, seedling,
flowering, maturity, and after-harvest periods of continuous potato cropping, respectively. RCB, RCS, RCF, RCM, and RCA represent
before sowing, seedling, flowering, maturity, and after-harvest periods of rye-potato crop rotation, respectively.
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Table S1. The abundance of the top 10 phylum levels.
Tax- Basidi- | Asco- .Mor- Mucoro- thtrid- Entomoph- Rozello- | Olpidi- Glom- ‘A‘p he-
onomy | omycota | mycota tierello- mycota iomy- thoromy- mycota | omycota eromy- | lidiomy- | Others
mycota cota cota cota cota

SCB1 0.035 0.377 0.124 0.004 0.043 0.000 0.000 0.000 0.000 0.000 0.416
SCB2 0.038 0.390 0.092 0.003 0.005 0.000 0.000 0.000 0.000 0.000 0.471
SCB3 0.050 0.313 0.129 0.019 0.014 0.000 0.000 0.000 0.000 0.000 0.475
SCS1 0.078 0.486 0.081 0.004 0.009 0.000 0.000 0.000 0.000 0.000 0.342
SCS2 0.144 0.317 0.120 0.005 0.034 0.000 0.000 0.000 0.000 0.000 0.380
SCS3 0.065 0.405 0.034 0.002 0.003 0.000 0.003 0.000 0.000 0.000 0.488
SCF1 0.062 0.211 0.059 0.001 0.036 0.000 0.000 0.000 0.000 0.000 0.629
SCF2 0.033 0.082 0.032 0.001 0.005 0.000 0.002 0.000 0.000 0.000 0.845
SCF3 0.028 0.544 0.041 0.001 0.003 0.000 0.000 0.000 0.002 0.000 0.381
SCM1 0.046 0.253 0.096 0.005 0.001 0.000 0.001 0.000 0.000 0.000 0.598
SCM2 | 0.042 0.259 0.085 0.004 0.027 0.000 0.000 0.000 0.000 0.000 0.583
SCM3 0.108 0.365 0.136 0.002 0.035 0.014 0.004 0.000 0.000 0.000 0.335
SCAL 0.049 0.277 0.105 0.030 0.015 0.000 0.001 0.000 0.000 0.000 0.523
SCA2 0.046 0.450 0.145 0.004 0.005 0.000 0.001 0.000 0.000 0.000 0.348
SCA3 0.074 0.402 0.139 0.004 0.013 0.005 0.002 0.000 0.000 0.000 0.362
RCBI1 0.054 0.484 0.037 0.006 0.003 0.000 0.011 0.000 0.001 0.001 0.402
RCB2 0.063 0.355 0.057 0.013 0.006 0.000 0.006 0.000 0.001 0.000 0.499
RCB3 0.028 0.191 0.242 0.003 0.007 0.000 0.001 0.002 0.002 0.000 0.523
RCS1 0.050 0.457 0.064 0.003 0.037 0.000 0.008 0.000 0.000 0.000 0.381
RCS2 0.032 0.459 0.102 0.010 0.014 0.000 0.003 0.000 0.000 0.000 0.382
RCS3 0.068 0.308 0.085 0.006 0.001 0.000 0.004 0.000 0.000 0.000 0.526
RCF1 0.033 0.509 0.073 0.015 0.010 0.000 0.000 0.000 0.002 0.000 0.357
RCF2 0.011 0.157 0.053 0.017 0.007 0.001 0.000 0.000 0.000 0.000 0.755
RCF3 0.048 0.510 0.056 0.009 0.006 0.003 0.002 0.003 0.001 0.000 0.363
RCM1 0.055 0.129 0.397 0.104 0.004 0.000 0.001 0.002 0.002 0.000 0.306
RCM2 | 0.088 0.220 0.129 0.034 0.010 0.000 0.001 0.000 0.001 0.000 0.516
RCM3 | 0.726 0.096 0.024 0.001 0.002 0.000 0.000 0.000 0.001 0.000 0.149
RCALI 0.041 0.250 0.070 0.002 0.051 0.000 0.001 0.000 0.000 0.000 0.585
RCA2 0.041 0.320 0.103 0.011 0.011 0.002 0.006 0.000 0.001 0.000 0.505
RCA3 0.060 0.319 0.081 0.004 0.004 0.001 0.002 0.000 0.001 0.000 0.528
SUM 2.296 9.892 2.991 0.325 0.423 0.028 0.063 0.009 0.018 0.002 13.954

Notes: SCB, SCS, SCF, SCM, and SCA represent the before sowing, seedling, flowering, maturity, and after-harvest periods of continuous potato crop-
ping, respectively. RCB, RCS, RCF, RCM, and RCA represent before sowing, seedling, flowering, maturity, and after-harvest periods of the rye-potato
crop rotation, respectively.




