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Continuous cropping alters
rhizosphere microbial communities
and soil properties reducing
Curcuma Kwangsiensis yield

Yuan Huang®?, Kun-fa Gan'?, Wei Lin%2, Zhi-gang Yan'2, Shu-gen Wei'+?, Li-jun Shi%?*! &
Zhan-jiang Zhang?™*

Curcuma kwangsiensis is a medicinal plant endemic to China with significant economic and medicinal
value. In agricultural practice, it is typically harvested after one year of cultivation. However,
continuous cropping has severely constrained the development of the C. kwangsiensis industry. To
elucidate the effects of continuous cropping on the yield and rhizosphere soil environment, this study
systematically investigated the effects of continuous cropping on C. kwangsiensis yield, rhizosphere
soil physicochemical properties, enzyme activities, and microbial communities through field
experiments. The results showed that continuous cropping significantly reduced C. kwangsiensis yield
by 58.87%. It decreased soil pH while increasing the accumulation of soil nutrients including organic
carbon, total nitrogen, total phosphorus, total potassium, available phosphorus, available potassium,
and available nitrogen, but significantly decreased the activities of soil enzymes such as phosphatase,
urease and catalase. Moreover, continuous cropping enhanced both the abundance and diversity

of bacterial and microeukaryotic communities. It significantly increased the relative abundance of
Planctomycetota, which became the dominant bacterial phylum, while also significantly increasing the
relative abundances of the predominant microeukaryotic phyla Ciliophora and Cercozoa. Redundancy
analysis revealed that pH was the most important factor affecting microbial community composition.
Continuous cropping of C. kwangsiensis reduced soil pH, altered soil physicochemical properties and
enzyme activities, and restructured microbial communities. The bacterial co-occurrence networks
revealed a shift from a relatively compact and clustered structure at the initial stage to a larger and
more complex network with continuous cropping, characterized by higher interaction density but
reduced local clustering. The fungal networks shifted from a highly compact structure in YO to more
expanded but less cohesive architectures inY1 and Y2. SEM (Structural Equation Modeling) analysis
shows that during continuous cropping, soil enzyme activity was the key influencing factor, which was
closely related to microbial diversity and the availability of nitrogen and phosphorus, and there was

a positive feedback effect. These changes collectively explain the yield reduction in C. kwangsiensis,
providing a critical theoretical foundation for protecting its rhizosphere soil ecosystem and ensuring
sustainable cultivation practices.

Keywords Curcuma kwangsiensis, Continuous cropping, Rhizosphere soil, Soil physicochemical properties,
Microbial community

Curcuma kwangsiensis S. K. Lee et C. F. Liang is a natural species from south China, particularly in Guangxi,
that has been used since ancient times. C. kwangsiensis is listed in the Pharmacopoeia of the People’s Republic
of China'. Its bioactive compounds, such as curcuminoids and volatile oils, are widely used in the medicinal,
food and cosmetic industries®.. Moreover, its essential oils are considered as one of the most important
bioactive constituents of C. kwangsiensis and have been reported to elicit diverse biological effects owing to
their antioxidant, anti-inflammatory, antiviral and antitumor activities®. Given these significant economic and
medicinal values, C. kwangsiensis is increasingly cultivated under intensive cropping systems. However, this has
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led to the emergence of severe continuous cropping obstacles, which now threaten the sustainable industrial
development of this valuable medicinal plant®.

Continuous cropping can decrease the yield, quality and disease resistance of crops®. These obstacles to
continuous cropping are typically observed in agricultural crops®’. A total of 80-90% of medicinal plants are
rhizomes, and there are serious continuous cropping obstacles in crops, such as Panax notoginseng, Rehmannia
glutinosa, and Panax ginseng among others. Continuous cropping obstacles are attributed to a multitude of
factors®. It is widely acknowledged that the primary causes of continuous cropping obstacles include: (1)
deterioration of soil physicochemical properties, such as increased soil salinization and acidification, as well
as nutrient imbalance; (2) autotoxicity induced by biologically inhibitory substances and the aggravation of
soil-borne diseases; (3) alterations in the soil microbial community, characterized by an increase in harmful
microorganisms and a decrease in beneficial microorganisms. The rhizosphere soil is directly affected by plant
roots, and its microbial composition is closely related to the transformation and utilization of soil nutrients,
which directly affects the growth of crops.

Previous studies on Amorphophallus konjac and Vanilla planifolia have revealed that continuous cropping
can change the bacterial communities, which results in a decrease in the numbers of beneficial bacteria and an
increase in the numbers of deleterious ones”!°. Moreover, the results of other study showed that after 3 years
of continuous cropping of P. notoginseng, the diversity of bacteria decreased significantly. Compared with the
diseased plants, the healthy P. notoginseng plants had a higher bacterial diversity within the soil rhizosphere.
Furthermore, the bacterial community was most affected by the contents of phosphorus (P) and soil organic
carbon (SOC) and the pH as shown by a canonical correspondence analysis!!. In addition, a previous study
revealed that the number of bacterial species and the diversities of the bacterial communities in the soil
rhizospheres of goji berry (Lycium barbarum L.) and Sophora flavescens decreased significantly after continuous
cropping!>13.

It has been shown that continuous cropping negatively impacts the microbial community structures in the
soil rhizosphere of a wide range of crops. However, studies on the continuous cropping of C. kwangsiensis have
mostly concentrated on disease and pest management, as well as the breeding of novel varieties'*. No relevant
studies have been reported, and the corresponding scientific questions remain unaddressed, including the
effects of continuous cropping on the yield of C. kwangsiensis, soil physicochemical properties, and microbial
community structure, as well as the interrelationships among these factors. Therefore, this study aims to: (1)
investigate the impact of two-year continuous cropping on the yield of C. kwangsiensis and the associated changes
in soil physicochemical properties; (2) characterize the structural and compositional shifts of the rhizosphere
microbial communities using high-throughput sequencing technologies; (3) most importantly, integrate these
datasets to unravel the complex interrelationships between soil characteristics and microbial communities,
and to identify the key factors responsible for yield decline. Achieving these objectives is critical not only for
elucidating the mechanistic basis of continuous cropping obstacles in this valuable medicinal plant, but also for
developing targeted strategies to mitigate these obstacles and enable sustainable cultivation.

Materials and methods

Plant materials

The formal identification of C. kwangsiensis was performed by Professor Peng Yude of Guangxi Medicinal Plants
of Botanical Garden. C. kwangsiensis is primarily propagated using rhizomes'. The planting procedure is as
follows: shallow pits (10-13 cm in depth) are dug; 0.5 kg of well-decomposed organic fertilizer is applied per pit
and mixed thoroughly with the soil; one rhizome is placed in each pit with the bud oriented upward; the pit is
backfilled with soil to level the surface, and then thoroughly irrigated.

Study area description

A sampling site was set up in Qinzhou City, Guangxi Zhuang Autonomous Region, in the southwest of Lingshan
County, China (22°17°40”N, 108°53’43”E), which is the Daodi production region of C. kwangsiensis. The
selected research region was 40 m above sea level, with an average yearly temperature of 27 °C and 1600 mm of
precipitation. The soil type was classified as laterite according to the FAO-UNESCO System of Soil Classification.

Experimental design and sample collection

The experiment began in 2022. C. kwangsiensis was planted in March and harvested on Novermber each year,
and planted for two consecutive years. The width of the ridg is 120 cm and the height is 20 cm. The ridge
distance was 30 cm, seedling spacing was 50 cm for two rows, length of the plot was 10 m. The area was 300 m?
and the each planting field was dicided into three sample plots. Management was the same as for the field. The
fertilization design was formulated on the basis of previous laboratory research'®. The amount of the fertilizer
applied was 80 kg/ha of compound fertilizer (N-P-K = 15:15:15), 20 kg/ha of micronutrient fertilizer and 20 kg/
ha of organic fertilizer. The fertilizer spread evenly on the plot, then turn into the soil. YO represents the soil
samples before C. kwangsiensis platation in March 2022. Y1 and Y2 represent the soil samples collected after
the first and second years of continuous monoculture of C. kwangsiensis plantation in Novermber 2022 and
Novermber 2023, respectively.

Nine rhizosphere soil samples were collected from the sample plot using an S-sampling method and mixed as
biological replicates. The soil rhizospheres of C. kwangsiensis plants were sampled using the method proposed by
Edwards et al.!. The whole root of C. kwangsiensis was completely excavated with a sampling shovel and placed
in sterile plastic bags after removing the topsoil, a 3-5 mm soil area around the C. kwangsiensis root (10-50 cm
below the topsoil) was collected for each sample of soil rhizosphere. These samples immediately placed on ice
for transport to the laboratory within a 5 h period. A portion of each sample was stored at 4°C for analysis of
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soil physicochemical properties and enzyme activities. The remaining samples were stored at -80°C for high-
throughput sequencing analysis.

Yield measurement

The rhizomes and roots of C. kwangsiensis serve as the primary medicinal organs. To evaluate the yield, five plants
were randomly sampled from each replicate plot of the Y1 and Y2 groups in November of each cultivation year
(totaling 15 plants per treatment). Following removal of the aboveground parts, the fresh weights of rhizomes
and roots were recorded and subsequently converted to yield per hectare (kg/ha).

Analysis of soil physicochemical properties and enzyme activities

Soil samples were air-dried and all soil chemical properties were determined based on their dry weights. The soil
pH was determined using suspensions of the soil samples in water at a ratio of 1:2.5 (w/v) with a Mettler Toledo
320 pH meter (Delta 320; Mettler-Toledo Instruments Ltd., Shanghai, China). The soil organic carbon (SOC)
was measured by using the K,Cr,0.-H,SO, oxidation-reduction titration. The total nitrogen (TN) and available
nitrogen (AN) concentration were determined by a FIAstar (FIAstar 5000 FOSS, Sweden Ltd.) according to
the Kjeldahl method which employed the alkali-hydrolytic diffusion technique. The total phosphorus (TP)
and available phosphorus (AP) were determined using the molybdenum antimony contrast method. Total
potassium (TK) and available potassium (AK) were determined by the flame spectrophotometric method. Soil
acid phosphatase (S_ACP), urease (S_UE), and catalase (S_CAT) activities were determined using commercial
assay kits (Suzhou Grace Biotechnology Co., Ltd., Jiangsu, China) following the manufacturer’s protocols.

DNA extraction and amplicon sequencing

The soil samples were sent to Biomarker Technologies Co., Ltd. (Beijing, China) for soil microbiome sequencing
analysis. Soil DNA was extracted using the TGuide S96 Magnetic Soil/Stool DNA Kit (Tiangen Biochemical
Technology Co., Ltd., Beijing, China) following the manufacturer’s protocol, and the DNA quality was
subsequently assessed. The DNA concentration was quantified using a microplate reader (GeneCompany
Limited, Synergy HTX), and the integrity was verified by electrophoresis on a 1.8% agarose gel (Beijing
Biomarker Technologies Co., Ltd.). The full-length 16 S rRNA gene was amplified using the primers 27 F
(5'-AGRGTTTGATYNTGGCTCAG-3") and 1492R (5'-TASGGHTACCTTGTTASGACTT-3")"7, while the full-
length 18 S rRNA gene was amplified using the primers Euk-A (5-AACCTGGTTGATCCTGCCAGT-3) and
Euk-B (5-GATCCTTCTGCAGGTTCACCTAC-3’). The sequencing procedures were performed as previously
described!8. Ultimately, sequencing was conducted using the Pacific Biosciences (PacBio) Sequel Ile platform.

Microbial co-occurrence network analysis

The microbial co-occurrence networks were analyzed using the CoNet app (Cytoscape v3.9.1) to characterize
their complexity and modularity. Robust correlations (Spearman’s [r| > 0.80, BH-adjusted p<0.05) between
OTUs were used to reconstruct networks, which were visualized and topologically characterized (e.g., nodes,
edges, average degree, modularity) with Gephi 0.9.3. Nodes represent OTUs, and edges signify significant
pairwise interactions.

Statistical analysis

Statistical analysis of the experimental data was performed using SPSS$26.0 software (SPSS Inc., United States).
Differences between two groups were assessed using an independent Student’s t-test, with significance denoted
by asterisks (*p<0.05, **p<0.01, **p<0.001). Differences among three or more independent groups were
evaluated by one-way analysis of variance (ANOVA). When the ANOVA result was significant (p<0.05),
post-hoc comparisons were conducted using the Waller-Duncan test, with significance indicated by different
lowercase letters (p <0.05). The bioinformatics analysis of this study was performed with the aid of the BMK
Cloud (Biomarker Technologies Co., Ltd., Beijing, China, http://www.biomarker.com.cn/biocloud). A structural
equation model (SEM) was constructed and analyzed using the plspm package in R (version 4.4.1) to assess the
relationships between soil microbial communities and physicochemical properties.

Results

C. kwangsiensis yield

The effects of continuous cropping on C. kwangsiensis yield are shown in Fig. 1. Compared with Y1, the Y2 group
showed a significant decrease in both the number of tuberous roots (Fig. 1A-B) and the weights of rhizomes and
roots (Fig. 1C). Notably, the yield of Y2 was significantly lower than that of Y1, showing a 58.87% reduction
(Fig. 1D). These results demonstrate severe yield limitation under continuous cropping regimes.

Soil physicochemical properties and enzyme activities

The soil physicochemical properties and enzyme activities showed significant variations among treatments
(Table 1). Specifically, soil pH in both Y1 and Y2 was significantly lower than in YO0, with Y2 exhibiting the
lowest pH value, indicating that continuous cropping intensified soil acidification. Concurrently, the contents of
key nutrients, including SOC, TN, TP, TK, AN, AP, and AK, were significantly elevated in the second year (Y2)
compared to YO and Y1, indicating a substantial accumulation of soil nutrients. In contrast, soil enzyme activities
(S_ACP, S_UE, S_CAT) exhibited a distinct pattern of an initial increase in Y1 followed by a sharp decline in Y2.
This pattern suggests that while short-term cropping (Y1) stimulates microbial activity and nutrient turnover,
extended continuous cropping (Y2) may lead to a degradation of soil microbial function, potentially disrupting
ecosystem processes and contributing to the observed obstacle.
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Fig. 1. Rhizomes and roots of C. kwangsiensis in Y1 (A) and Y2 (B). The weights of C. kwangsiensis rhizomes

and roots (C). The yield of C. kwangsiensis. (D). Y1 and Y2 represent planting years for 1 and 2 years,
respectively. *** indicates p <0.001.

Treatments Yo Y1 Y2

pH 5.07+0.02a 4.67+£0.04b 4.07+0.06¢
SOC (g/kg) 13.13+£0.09b 13.86£0.60b 18.92+0.96a
TN (mg/kg) 1.34+0.04b 1.41+1.04b 1.99+0.02a

TP (ug/kg) 119.53+11.91¢c 178.01+15.82b 310.75+7.42a
TK (pg/kg) 11402.03+705.85ab | 9974.22+423.13b | 11724.12+914.35a
AN (mg/kg) 49.68 +1.94b 51.16+1.06b 74.70+7.75a
AP (ug/kg) 30.16+7.45¢ 52.95+4.37b 308.03 +6.59a
AK (pg/kg) 247.85+11.29b 298.24+9.24b 468.90 +6.64a
S_ACP (mg/g) | 112.70+£16.97b 203.16 £6.84a 108.05+15.72b
S_UE (mg/g) | 603.95+6.49ab 687.62+77.15a 498.09+57.92b
S_CAT (mg/g) | 127.02+£4.05¢ 497.73+20.10a 387.99 £6.49b

Table 1. Soil physicochemical properties and enzyme activities during continuous cropping of C. kwangsiensis.
Y0, Y1 and Y2 represent planting years for 0, 1 and 2 years, respectively. SOC, soil organic carbon; TN, total
nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus; AK,
available potassium; S_ACP, soil acid phosphatase; S_UE, soil urease; S_CAT, soil catalase. Data are mean + SE.
Different lowercase letters indicate significant differences (p <0.05).

Composition of the soil microbial community

The read lengths for 16 SrTRNA and 18 S rRNA sequencing were approximately 1,500 bp and 1,800 bp, respectively,
generating total data outputs of approximately 109,070 bp and 118,148 bp. After the filter reads for basic quality
control and the removal of single OTUs, 37,936 sequences were obtained from nine samples, including 785
OTUs (Fig. 2A). The lengths of high-quality sequences per sample ranged from 1439 to 1446 bp. The bacterial
OTUs were assigned to 23 phyla, 37 classes and 217 genera. The dominant phyla across all the samples were
Proteobacteria (26.89%), Verrucomicrobiota (18.34%), Acidobacteriota (16.72%), Chloroflexi (16.38%),
Bacteroidota (8.93%), Plantctomycetota (4.34%) and Actinobacteriota (2.90%) (Fig. 2C). After the reads were
filtered as described above, 71,297 sequences were obtained from nine samples, and the sequences were clustered
into 207 OTUs (Fig. 2B). The lengths of these high-quality sequences per sample ranged from 1,748 to 1,760 bp.
The microeukaryotic OTUs were assigned to 23 phyla, 57 classes and 166 genera. The dominant phyla were
Basidiomycota (37.49%), Streptophyta (25.60%), Ciliophora (12.97%), Cercozoa (4.29%), Platyhelminthes
(4.23%), Mucoromycota (3.41%), Nematoda (2.80%) and Arthropoda (2.79%) (Fig. 2D).

The continuous cropping of C. kwangsiensis induced the abundances of the bacterial and microeukaryotic
communities in the soil rhizosphere (Fig. 2). The relative abundances of the different phyla in Y0, Y1 and Y2
were compared (see Supplementary Table S1 online). As shown in Fig. 2C, YO resulted in a significantly higher
relative abundance of Chloroflexi, Actinobacteriota, Firmicutes and a significantly lower relative abundance of
Proteobacteria and Bacteroidota in the dominant bacterial phyla (p <0.05) compared with those of Y1 and Y2
(see Supplementary Table S1 online). Y2 resulted in a significantly higher relative abundance of Planctomycetota
as the dominant bacterial phylum (p <0.05) compared with Y0 and Y1 (see Supplementary Table S1 online).
Y1 resulted in a significantly higher relative abundance of Armatimonadota as the dominant bacterial phylum
(p<0.05) compared with YO and Y2. Although there were small differences between the other dominant
bacterial phyla, these differences were not significant (see Supplementary Table S1 online). The relative
abundances of Ciliophora and Cercozoa as the dominant microeukaryotic phyla were significantly higher in
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Fig. 2. Venn diagram of bacterial (A) and microeukaryote (B) OTUs for the soil samples. Relative abundance
of bacterial community (C) and microeukaryote community (D) at the phylum level. Relative abundance of
bacterial community (E) and microeukaryote community (F) at the genus level. YO, Y1, and Y2 represent
planting years of 0, 1, and 2 years, respectively. OTUs, operational taxonomic units.

Y2 when compared with those of YO and Y1. The relative abundances of Streptophyta and Mucoromycota as
the dominant microeukaryotic phyla were significantly higher in Y1 compared with those of Y0 and Y2. The
relative abundance of Basidiomycota in the dominant microeukaryotic phyla was significantly higher in YO
when compared with those of Y1 and Y2 (Fig. 2D; Supplementary Table S2 online).

At the genus level, HSB_OF53_F07, Candidatus Xiphinematobacter, Acetobacter, C. Solibacter and
Bradyrhizobium were the dominant bacterial genera, while Galerina, Liatris and Gymnopus were found to be
dominant among the microeukaryotic genera (Fig. 2E-F). The proportions of genera, including HSB_OF53_
F07, C. Xiphinematobacter, Galerina and Gymnopus, significantly decreased with the prevalence of continuous
cropping (p<0.05) (see Supplementary Table S3 online). However, the proportions of genera, including
Tepidisphaera, ADurb.Bin063_1, Occallatibacter, Burkholderia_Caballeronia_Paraburkholderia, Gonostomum,
Urostyla, Platyophrya and Oxytricha, increased dramatically (p < 0.05). In addition, the proportions of Acetobacter
and Liatris first increased and then decreased (see Supplementary Table S4 online).

The soil microbial diversity

As shown in Fig. 3, the coverage rate>96% for all the samples indicated that the depth of sequencing met
the needs of the experiment. Except for the Simpson index of the bacteria, the other indices of bacteria and
microeukaryotes were significantly higher for Y2 than for Y1 and YO (p <0.05). These findings demonstrate
that the diversity of bacteria and microeukaryotes was comparatively high in the Y2 as a result of continuous
cropping.

The relationships between the multiple samples could be explained using a principal coordinate analysis
(PCoA). The fact that each sample had three replicates and was grouped together suggests that this analysis
accurately replicated the architecture of the bacterial and microeukaryotic communities (Fig. 4). A comparison
of the three soil samples showed that the rate of contribution of the first principal component of the bacterial
community to the sample difference was 51.44%, and that of the second principal component was 23.83%
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Fig. 4. Principal coordinates analysis (PCoA) of the bacterial (A) and microeukaryotic (B) community
similarity in rhizosphere soil of Curcuma kwangsiensis. Y0, Y1, and Y2 represent planting years of 0, 1, and 2
years, respectively.

(Fig. 4A). The values for the microeukaryotic community were 50.20% and 30.72%, respectively (Fig. 4B).
Based on the direction of the abscissa, the composition of the bacterial and microeukaryotic communities in
YO could be distinguished from those of Y1 and Y2. With the increase in the time of continuous cropping, the
distance between rhizosphere soil samples from different times became increasingly distant, which showed that
with the increase of continuous cropping years, the bacterial and microeukaryotic community structure in the
rhizosphere soil was disrupted by the continuous cropping of C. kwangsiensis.

Bacteria and microeukaryotic contributed to discrepancies in the community composition

It was confirmed that the microbial community composition in the soil rhizosphere was altered during the
continuous cropping of C. kwangsiensis. A Linear discriminant analysis Effect size (LEfSe) was used to search
for biomarkers to identify species with significant differences in abundance between the groups. In this study,
an LEfSe analysis was used to analyze the data of the abundance of species of the microbial community in the
rhizosphere soil samples. A rank sum test was used to detect varying species in different groups and linear
discriminant analysis (LDA) scores. The default threshold on the logarithmic LDA score for discriminative
features was set to 4'°. The results confirmed that there was a significant enrichment of Planctomycetota at
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the phylum level of bacteria and a significant decrease in Chloroflexi with the continuous cropping of C.
kwangsiensis. At the genus level, GI2_WMSPI, Granulicella, BacC_u_018, C. Xiphinermayobacter, Acidophil
silvibacterium, HSB_OF53_F07, and G12_WMSP1 decreased, and Occallayibacter, Mucilaginibacter, Ellin516,
Tepidisphaera and Occallaibacter increased (Fig. 5A). For the microeukaryotic phyla, Basidiomycota decreased,
and Platyhelminthes increased. The genera Gonosyomum, Bodomorpha and Colpoda increased, while Gymnopus,
Galerina and Dicranopteris decreased (Fig. 5B).

Effects of environmental factors on the microbial community

The results of a redundancy analysis (RDA) on the top 10 bacterial and microeukaryotic phyla and environmental
factors of the three fields are shown in Fig. 6. Axis-1 and axis-2 represented 94.76% and 97.27% of the total
variation in the bacteria and microeukaryotes, respectively. The RDA plot at the phylum level of microbial
community indicated that the pH was the most important factor for the bacterial and microeukaryotic
communities. The effects of soil properties on the bacterial and microeukaryotic community structure were
as follows: pH>SOC>AK>AN>S_ACP. The results showed that the pH was the strongest predictors of the
microbial community composition in the rhizosphere soil of continuous cropping C. kwangsiensis.

In addition, the results of a Spearman correlation coefficient analysis are shown in Fig. 7. For the bacterial
community, the pH and S_ACP significantly positively correlated with Verrucomicrobiota, Chloroflexi,
Actinobacteriota, Myxococcota, Armatimonadota and Firmicutes. The pH and S_ACP significantly negatively
correlated with Proteobacteria, Acidobacteriota, Bacteroidota and Planctomycetota. The remaining indicators
were inversely correlated with the corresponding bacterial communities. A similar pattern was observed in
the microeukaryotic community. SOC and AK significantly positively correlated with Ciliophora, Cercozoa,
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Fig. 5. Linear discriminant analysis effect size (LEfSe) taxonomic cladogram identified significantly
discriminant bacterial (A) and microeukaryotic (B) taxa (LDA >4) in the rhizosphere soil of Curcuma
kwangsiensis. Y0, Y1, and Y2 represent planting years of 0, 1, and 2 years, respectively. LDA, linear
discriminant analysis.
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Fig. 6. Redundancy analysis of the 10 dominant bacterial (A) and microeukaryotic (B) phyla and soil

physiochemical properties. S-ACP: Phosphatase activity; SOC: soil organic carbon; AN: available nitrogen; AK:
available potassium. Y0, Y1, and Y2 represent planting years of 0, 1, and 2 years, respectively.

A B

o3 7 R | S, 7 / 2 1
% % N Yo e Ty e

&~

Fig. 7. Heatmap of the correlation between 10 dominant bacterial (A) and microeukaryotic (B) phyla and the
soil physiochemical properties. S_ACP: Phosphatase activity; SOC: soil organic carbon; AN: available nitrogen;
TN: total nitrogen; AP: available phosphorus; TP: total phosphorus; AK: available potassium.

Platyhelminthes and Arthropoda, while the SOC and AK significantly negatively correlated with Basidiomycota,
Streptophyta, Mucoromycota, Ascomycota and Chlorophyta.

Microbial co-occurrence network analysis

The co-occurrence network analysis of the microbial community is shown in Fig. 8. The bacterial co-occurrence
networks displayed clear differences across the three sampling stages. Network size and connectivity gradually
increased, with 363 nodes and 1378 edges in Y0, 434 nodes and 1505 edges in Y1, and reaching 596 nodes and
3305 edges in Y2. Both positive and negative associations became more abundant over time, indicating that
microbial interactions intensified and diversified. The average degree also increased from 7.59 (Y0) and 6.94
(Y1) to 11.09 (Y2), suggesting enhanced interconnectivity among taxa. In contrast, the clustering coeflicient
declined from 0.354 in YO to 0.310 in Y2, while average path length and diameter increased, reflecting that
the networks expanded in scale but became less locally aggregated. Overall, these results reveal a shift from
a relatively compact and clustered structure at the initial stage to a larger and more complex network at later
stages, characterized by higher interaction density but reduced local clustering.

The fungal co-occurrence networks showed marked structural variation across the three stages. In YO0, the
network was relatively small but extremely dense, comprising 66 nodes and 670 edges, with an average degree
of 20.30, a short path length (1.76), and a high clustering coefficient (0.725), indicating a compact and highly
interconnected community. By contrast, the Y1 and Y2 networks expanded in node number (134 and 130,
respectively) while maintaining similar edge counts (~700), resulting in reduced density (0.078-0.083) and
lower clustering compared with Y0. Both Y1 and Y2 exhibited longer average path lengths (2.93 and 2.78) and
larger diameters (7 and 6), suggesting looser connectivity and less tightly clustered associations. The balance of
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Fig. 8. Microbial co-occurrence network analysis. (A) Bacterial community and (D) microeukaryotic
community in the YO group; (B) Bacterial community and (E) microeukaryotic community in the Y1 group;
(C) Bacterial community and (F) microeukaryotic community in the Y2 group. YO0, Y1, and Y2 represent
planting years of 0, 1, and 2 years, respectively.
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Fig. 9. Structural equation model illustrating the relationships between pH, Enzymatic activity (CAT and
ACP), Microbial diversity, and AN, AK, AP, SOC in the continuous cropping of Curcuma kwangsiensis. Red
arrows indicate positive path coeflicients, and blue arrows indicate negative path coefficients. (***: p <0.001; **:
p<0.01; *: p<0.05).

positive and negative interactions remained stable across stages (~ 370 vs. ~320), indicating that cooperative and
competitive relationships co-occurred consistently. Overall, the fungal networks shifted from a highly compact
structure in YO to more expanded but less cohesive architectures in Y1 and Y2.

SEM analysis
The results of the structural equation model are shown in Fig. 9. The goodness-of-fit index was 0.81, indicating a
satisfactory overall fit of the model to the data. Enzymatic activity had a significant negative impact on Shannon
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diversity, suggesting that higher enzyme levels correspond to lower microbial diversity, potentially due to the
suppression of other microbial groups by dominant enzyme-producing taxa. Shannon diversity exhibited a
highly significant positive effect on SOC, implying that greater microbial diversity enhances the decomposition/
sequestration processes, thereby increasing SOC content. This model elucidates the complex relationships among
soil pH, enzymatic activity, microbial diversity, and the availability of soil carbon, nitrogen, phosphorus, and
potassium: (1) enzymatic activity served as a key mediator, significantly influencing microbial diversity and the
availability of nitrogen and phosphorus; (2) microbial diversity was identified as a core driver of SOC, playing a
critical regulatory role in the soil carbon pool; (3) significant interactions were observed among soil nutrients,
particularly the negative effects of SOC on AK and of AP on AK, reflecting trade-offs in soil nutrient supply.

Discussion

Effects of continuous cropping on the yield and physicochemical properties of the soil
ehizosphere of C. kwangsiensis

The prospect of growing a single crop on the same piece of land for 3 years or more will lower crop production
and is commonly understood to be a continuous cropping obstacle’’. Nevertheless, the reasons behind this
practice remain incompletely understood because crops differ from one another?!. Traditional continuous
monocultures will cause a number of issues, including the accumulation of autotoxic chemicals, disruption of
the soil microbial communities, and the deterioration of the physical and chemical qualities of the soil, as well
as a decrease in the activities of soil biological enzymes??. These will eventually lead to the decline of crop yields
and the quality of plants, and it can also reduce their resistance to disease.

The continuous cropping of C. kwangsiensis has been shown to severely decrease its yield in this study.
This general phenomenon has also been found to occur in other Chinese traditional medicinal plants, such as
Panax notoginseng, Chinese aconite (Aconitum carmichaeli) and Rehmannia glutinosa'®?*?*. With the increase
in continuous cropping years, many of the essential components needed by crops will be reduced in the soil,
while the elements that are not absorbed by crops will be enhanced, which will cause an imbalance in the soil
nutrients®. In this study, the levels of SOC, TP, TK, AN, AP, and AK in the soil increased, while the activities
of S_CAT, S_ACP and S_UE in the soil increased at first and then decreased with the increase in continuous
cropping years. Similarly, an earlier study demonstrated the increased levels of certain elements during the
continuous cropping periods, such as those of P and K during the continuous cropping of Chinese goldthread
(Coptis chinensis)®. This study found a considerable reduction in pH, which is one of the soil physicochemical
qualities that is widely acknowledged as essential to the sustainability of crops. This is most likely to be related to
the diminished capacity of soil to assimilate the exchange in cations following the continuous cropping process.
A decrease in pH also indicates soil acidification, which is one of the primary causes of continuous cropping
obstacles. This observation is consistent with findings from other studies, which reported that continuous
cropping of Pogostemon cablin and Codonopsis pilosula significantly reduced soil pH2%’.

Effects of continuous cropping on the microbial diversity in the soil rhizosphere of C.
kwangsiensis

The dynamic balance of the microbial community, a crucial component of soil ecology, is essential to the growth
of C. kwangsiensis. Here, the microbial community structure and diversity of three soil samples was examined, as
well as the variation in rhizosphere microorganisms in the soils with the different continuous years. The essential
basis to control the distribution of the soil microbial community during the C. kwangsiensis planting process was
provided by clarification of the effects of continuous cropping on the species and the relative abundance of soil
microorganisms.

After years of continuous cropping, the management strategy remained mostly unchanged, which caused
the soil environment to shift in one direction. The number of deleterious microorganisms increased, while the
number of beneficial microorganisms decreased yearly, thus, ultimately destroying the level of healthy soil?%. This
study found that the alpha-diversity of bacteria and microeukaryotes was Y2 > Y1 > Y0. Wang et al. showed that
the continuous cropping obstacles of many crops were related to changes in the microbial community structure
and composition in the soil’. The results of this study showed that continuous cropping had a considerable
impact on the diversity and organization of the soil microbial communities in the three soil samples. A study
found that the Arbuscular Mycorrhizal Fungi (AMFs) can serve as a biological indicator of improved soil fertility,
whereas an increase in the prevalence of fungi in the soil is a sign of deteriorating soil fertility*. Another study
found that the continuous cropping of soybean (Glycine max) led to variation in the soil microbial community,
which was also observed in this study>.

At the phylum level, a total of five dominant phyla were identified (relative abundance > 8%), and the relative
abundance of these in the three soil samples differed significantly (p < 0.05). Significantly greater relative
abundances of Chloroflexi, Firmicutes and Actinobacteriota were observed in YO when compared with Y1 and
Y2. The material transformation and decomposition of plant residues facilitated by Chloroflexi were essential
for the circulation of materials in the soil since they promoted nutrient circulation and preserved the ecological
balance of the soil. Firmicutes consists of a broad spectrum of biocontrol bacteria®!. The proportions of HSB-
OF53-F07 significantly decreased with the continuous cropping (p < 0.05), and HSB-OF53-F07 was proved
to promte plant growth?2. It was hypothesized that the prevalence of soilborne disease that occurred after the
continuous cropping of C. kwangsiensis was owing to the abundance of biocontrol bacteria in Y1 and Y2. For
example, many actinomycetes serve as biocontrol organisms that can prevent numerous soilborne diseases of C.
kwangsiensis. These can produce secondary metabolites to inhibit the growth of pathogenic bacteria and induce
C. kwangsiensis to produce defensive enzymes to enhance its resistance to bacterial pathogens®. It has been
hypothesized that the continuous planting of C. kwangsiensis can lead to a decrease in the relative abundance of
these species, which will lead to an imbalance in the microecology of the soil*. Proteobacteria are beneficial for
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soil health, regulating rhizosphere pH and promoting microbial diversity®. They also play crucial roles in soil
nitrogen cycling and disease suppression?”. Compared to the Y1 group, the reduced abundance of Proteobacteria
in the Y2 group may impair key soil functions such as organic matter decomposition and nitrogen cycling,
as many Proteobacteria are involved in nitrification and denitrification processes. The decline in beneficial
Proteobacteria (e.g., antibiotic-producing Pseudomonas species) could diminish the natural biocontrol capacity
of the soil, thereby facilitating the proliferation of soil-borne pathogens. In contrast, the increased abundance of
Planctomycetota may reflect a shift in resource availability. Some Planctomycetota are known for their unique
anaerobic ammonium oxidation capabilities®®, suggesting an alteration in the nitrogen cycle under continuous
cropping stress.

Basidiomycetes is the primary fungal group in the soil and serves to maintain the stability of soil
microecology®’. Therefore, we deduced that the decrease in the relative abundance of Basidiomycota was a
reason for the occurrence of soilborne diseases of C. kwangsiensis. The relative abundances of Ciliophora and
Cercozoa were higher in Y2. Thus, these organisms may contain a pathogen that can cause a soilborne disease
of C. kwangsiensis.

By using LDA of effect size in a LEfSe study, significant differences were observed between the bacterial and
microeukaryotic communities obtained from the three samples. The number of Chloroflexi in Y2 decreased
significantly, while that of Planctomycetota was significantly enriched. These results were consistent with the
analysis of relative abundance. The PCoA showed that the consistent cultivation of C. kwangsiensis altered the
bacterial and microeukaryotic community structures of the soil. The results indicated that the three replicates
of each sample were grouped together, and the bacterial and microeukaryotic communities in the three samples
had significantly distinct compositions and structures.

The correlation between specific microbial communities and soil physicochemical properties can provide
information on how the microbial community composition affects the cycling of soil nutrients. In this study, the
results of the RDA showed that the pH was the most important factor that affected the microbial community
structure. The soil pH is closely related to the availability of nutrients to microorganisms>®. Bacteria can effectively
use amino acids and carbohydrates and have a wider metabolic capacity at higher pH values®. A decrease in the
pH will lead to a decrease in bacterial diversity because most bacterial groups have poor tolerance to growth’.
In contrast, many deleterious fungi thrive in a low pH environment*’. In addition, the bacterial community
members Proteobacteria, Bacteroidota and Planctomycetota significantly negatively correlated with the pH,
while Chloroflexi, Actinobacteria and Firmicutes significantly positively correlated with the pH. Basidiomycota
and Chlorophyta significantly positively correlated with the pH, while Ciliophora and Cercozoa significantly
negatively correlated with the pH. These results further supported the results of microbial community succession.
Therefore, the changes in soil physicochemical properties caused by continuous cropping may be the primary
factor that drives the success of microbial community and may also be one of the primary reasons that hinders
the continuous cropping of C. kwangsiensis.

This study represents the first report on continuous cropping obstacles in C. kwangsiensis. Continuous
cropping of C. kwangsiensis for two years significantly reduced its yield. It is therefore worthwhile to further
investigate the effects of three years, four years, or even longer continuous cropping, in order to comprehensively
analyze the impact of both short-term and long-term monoculture on the yield of C. kwangsiensis and to elucidate
the underlying mechanisms. Furthermore, as this study was conducted as a field trial, subsequent research will
incorporate pot or micro-plot experiments to enable accelerated validation and enhance the reliability of the
conclusions. Based on the research outcomes, including those related to soil physicochemical properties and
microbial communities, further studies will be undertaken to explore strategies for mitigating or eliminating
continuous cropping obstacles in C. kwangsiensis.

Conclusion

This study revealed that continuous cropping reduced the yield of C. kwangsiensis while decreasing soil pH
and significantly increasing the levels of SOC, TN, TP, TK, AN, AP, and AK in the rhizosphere soil. However,
the activities of soil enzymes including S_ACP, S_UE, and S_CAT were significantly inhibited. In comparison
to Y1 and YO, the composition, structure, and diversity of bacterial and microeukaryotic communities in Y2
became more diverse. RDA analysis showed that pH was the most significant factor affecting bacterial and
microeukaryotic communities at the phylum level. Proteobacteria, Bacteroidota, and Planctomycetota were
significantly negatively correlated with pH, while Chloroflexi, Firmicutes, and Actinobacteriota were positively
correlated with pH. Basidiomycota showed a significant positive correlation with pH, whereas Ciliophora and
Cercozoa were significantly negatively correlated. Consequentially, continuous cropping of C. kwangsiensis
reduced soil pH, altered the physicochemical properties and enzyme activities of rhizosphere soil, and disrupted
the original soil microecological balance, which may be one of the important reasons for the yield decline under
continuous cropping. The outcomes discussed above establish a theoretical foundation for the conservation
and enhancement of the soil ecological environment, as well as the future sustainable development of the C.
kwangsiensis industry.

Data availability
The original contributions presented in this study are included in the article. Further inquiries can be directed
to the corresponding authors.
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