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Introduction: Codonopsis pilosula is widely sought-after in China as a substitute

for the more expensive ginseng. Continuous cropping of C. pilosula supports a

vibrant health-supplement industry but requires significant inputs of fertilizers

which increase production costs and degrade the environment.

Methods: Here, three environmentally-friendly natural fertilizers, including

biochar, bacterial fertilizer, and vermicompost, were used at different

concentrations (undiluted, diluted 10 times, diluted 50 times) to determine

their efficacy in seed germination and growth physiology of C. pilosula in

continuous cropping.

Results: The results showed that biochar, bacterial fertilizer, and vermicompost

with different concentrations of leachate could all increase the germination rate,

germination potential and germination index of C. pilosula seeds treated with

inter-root soil leachate of continuous C. pilosula; increase the activity of

antioxidant enzymes (superoxide dismutase and peroxidase) in C. pilosula

seedlings under the stress of inter-root soil leachate of continuous C. pilosula,

reduce the over-accumulation of malondialdehyde (MDA) content, and increase

the resistance of C. pilosula seedlings. After transplanting, superoxide dismutase

(SOD) activity increased by an average of 16.1%. Peroxidase (POD) levels showed

an average increase of 16.4%. Additionally, there was a significant reduction in the

MDA content, with an average decrease of 50%, and the content of osmotic-

regulating substances (free proline content and soluble protein content)

exhibited a significant increase.

Discussion: In conclusion, biochar, bacterial manure, and vermicompost have

the potential to overcome the challenges of extensive fertilizer use in continuous

cropping of C. pilosula.
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1 Introduction

The Chinese herbal medicine Codonopsis pilosula has been

recognized for its ability to strengthen the spleen and lungs,

nourish the blood, generate fluids, and supplement human diet. It

has been listed in the catalog of medicinal food, and its market

demand has shown a rising trend in 2018 (Huang et al., 2021).

Gansu Province in China is the main production area of C. pilosula,

and the main cultivated species is Codonopsis pilosula Nannf. var.

modesta (Nannf.) L.T. Shen (National Pharmacopoeia

Committee, 2020).

Obstacles to continuous cropping are defined as the abnormal

growth and development of crops caused by continuous cultivation

of the same crop or related crops in the same field. Currently,

China’s grain crops, oilseed crops, vegetables, melons, fruits, and

other cash crops, along with a majority of medicinal plants, are

grown in a continuous cropping system which often fails various

degrees of continuous cropping obstacles due to poor quality of soil,

soil degradation, and nutrient depletion (Liu et al., 2010; Durre

et al., 2023). As a result, there has been a significant decline in both

yield and quality of crops. Continuous cropping obstacle can

significantly reduce the yield of Asparagus officinalis and a 15%

reduction in yield and deterioration in the quality of rice (Shi et al.,

2018; Yin et al., 2019). Grapes grown in a continuous cropping

system exhibit decreased plant growth and higher incidence of

disease (Shi et al., 2018; Yin et al., 2019).

Medicinal plants may be more affected than vegetable and fruit

crops. Studies indicate that affects more than 70% of plant roots,

and this limits the growth of Panax quinquefolius, Panax

notoginseng, and Radix ginseng as succession plants. After nearly

a year of continuous Radix ginseng and Panax quinquefolius

growth, seedling survival plummeted to 30%. Panax notoginseng

perished in severe circumstances of continuous cropping, due to its

tractability and specificity of growth. In general, Panax notoginseng

can only be replanted every 10 years (Guo et al., 2006; Jian et al.,

2008; Zhao et al., 2014).

Chemosensitizers, which cause the continuous cropping

obstacle to develop, are typically distributed in plant reproductive

and some nutrient organs. They can be released into the

environment via a number of different pathways, including

exudation with root secretions (Deng et al., 2017; Jouni et al.,

2023; Nwe et al., 2023). The germination and seedling growth may

be hindered by autotoxic chemicals found in soil extracts (He et al.,

2018). In a study by Zhao et al. (Zhao et al., 2023), the root

secretions of Salvia miltiorrhiza under continuous cropping

exhibited inhibitory and toxic effects on the germination and

growth of Salvia miltiorrhiza seeds.

Similar to other crops, continuous cropping of C. pilosula is

linked to growth slowness, yield decrease, quality degradation, and

pest and disease severity (Hosseinzadeh et al., 2018). The primary

field manifestations of continuous cropping impediment in

C. pilosula are dead seedlings, reduced seedling growth,

occurrence of various pests and diseases, and incidence of root

rot disease that can reach more than 30% (Wu et al., 2013; Yan et al.,

2019). Because the root rot pathogen can spread through soil and

seedlings, the prevalence of root rot in C. pilosula is on the rise
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(Zhang and Wang, 2019). Although there is a preliminary

understanding of the causes of C. pilosula continuous cropping

obstacle, its abatement is still in the exploratory stage (Guo et al.,

2012; Ren et al., 2022) due to the complexity of the causes

and mechanisms.

Numerous preliminary studies addressed the effectiveness of

organic fertilizers in mitigating the challenges posed by continuous

cropping in various crops. For example, Zhou et al. (2021) and Li F.

G. et al. (2019) demonstrated that both organic fertilizer and silica-

calcium-potassium-magnesium fertilizer can mitigate the

continuous cropping obstacle of C. tangshen by enhancing

photosynthetic metabolism and regulating the soil biochemical

environment promoting higher yields. Biochar is a carbon-rich

material produced through the thermal decomposition of biomass

under conditions of limited oxygen availability. When mixed into

agricultural soils, biochar can be used as a fertilizer to promote soil

fertility and plant growth by providing and retaining nutrients in

agroecosystems (Lin et al., 2023; Liu et al., 2024). Jin Wook Kim

(Kim et al., 2022) applied bacterial fertilizer treatment to cucumber

and the results showed that cucumber applied with bacterial

fertilizer was better than the control in plant height, stem

thickness, number of leaves and yield, indicating that bacterial

fertilizer was able to stimulate plant growth. Vermicompost also

contains many bacteria, actinomycetes, as well as a large number of

amino acids, enzymes and bio-hormones and other biologically

active substances, which can accelerate the transformation of

nutrients and facilitate plant growth (Zhao et al., 2017).

Additionally, the use of microbial fertilizer has been shown to

enhance the quality of C. tangshen. However, limited research has

been conducted on the issue of continuous cropping in C. pilosula.

We aimed to investigate the effects of environmentally friendly

biochar, bacterial fertilizer, and vermicompost as soil amendments

on seed germination and seedling physiology of C. pilosula under C.

pilosula continuous cropping obstacles. Additionally, we examined

the impact of these three fertilizers on the growth of continuously

cropped C. pilosula in the field. Assuming that these three fertilizers

have some degree of mitigating effect on continuous C. pilosula, the

study will provide new insights into pollution-free production of C.

pilosula and sustainable soil utilization (Hosseinzadeh et al., 2016;

Zhao et al., 2017; Liu et al., 2020).
2 Materials and methods

2.1 Test materials

The seeds and seedlings of C. pilosula were obtained from

Lichuan Town Liuhe Herbal Cooperative in Tanchang County,

Gansu Province, China. The seeds of C. pilosula had an average

thousand grain weight of (9.70 ± 0.35) g, a germination rate of more

than 96%, seedlings were annual, uniform in size, free from diseases,

pests and mechanical damage, with an average root length of (14.53

± 0.56) cm, and a root thickness of (3.62 ± 0.84) mm.

We used Mumeituli bio-bacterial fertilizer (ETS (Tianjin)

Biotechnology Development Co., Ltd, with the effective live

bacteria number of 200 million/g, total N, P, K content of 6.31%,
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and organic matter content of 20%. There are a variety of beneficial

antibiotic strains such as Bacillus megaterium, Bacillus glabrata,

Bacillus amyloliquefaciens, Bacillus licheniformis, Mucor xylosus,

Botrytis cinerea and other beneficial antimicrobial strains, which

are concentrated and dried using a unique bio-fermentation

technology.), biochar-based fertilizer (Lize Environmental

Technology Co., Ltd., with 53.4% organic carbon, 10.4% total

nitrogen, 3.9% effective phosphorus, and 15.3% effective

potassium); and vermicompost (Drunken Flower Vermicompost

Organic Fertilizer Co., Ltd., with 6% N, P, K content, 40% organic

matter, 200,000/g ~ 200 million/g beneficial bacteria, and 18 kinds

of amino acids).
2.2 Study area

The study area is located in Lasha Village, Lichuan Town,

Tanchang County. It is an alpine and humid area with an altitude of

2390 m, annual rainfall of 450 mm, annual average temperature

of 10°C, annual solar radiation of 124.9 kcal/cm, frost-free period of

180 d, and annual sunshine hours of 2081.1 h. The climate is alpine

and arid, with plenty of sunshine, and plenty of rain in the spring

and autumn. Soil has a pH of 8.3, organic matter content of 12.6 g/

kg, fast-acting phosphorus of 23.7 mg/kg, nitrate nitrogen of 16.2

mg/kg, ammonium nitrogen of 12.8 mg/kg.
2.3 Experimental design

2.3.1 Effects of three fertilizer extracts on seed
germination and seedling resistance physiology
of C. pilosula in continuous cropping

The experiment was established as a two-factor randomized

block trial design, with two factors of fertilizer type and

concentration. Fertilizers included biochar, bacterial fertilizer, and

vermicompost; the concentrations were: undiluted, diluted 10

times, diluted 50 times, and distilled water treatment as the

control (Table 1).

2.3.2 Effects of three fertilizers on the resistance
physiology of transplanted C. pilosula

A two-factor randomized group experimental design was used

with two factors: cultivation method and fertilizer application. The

cultivation method included rotational stubble (R) and continuous

stubble (C), and fertilizer application included Mumeituli bio-
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bacterial fertilizer (J), biochar-based fertilizer (T), vermicompost

(Q), and control (CK), with 8 treatments in total and each treatment

replicated three times. All treatments were CCK, CJ, CT, CQ, RCK,

RJ, RT, RQ. The experimental site was stubble cultivated in the

previous year, with continuous stubble being land planted with C.

pilosula for 2 consecutive years, and rotational stubble with

Astragali radix, as the previous crop. The plot area was 5 m×3.5

m=17.5 m2, with a plot spacing of 40 cm and a non-treated buffer

around the experimental area, and the experimental plot was

cultivated with stubble in the previous year.

C. pilosula was transplanted on April 12. Bio-bacterial fertilizer

is used as Mumei Tuli compound microbial fertilizer (application

rate is 364.2 kg/acre); biochar-based fertilizer (application rate is

607 kg/acre); vermicompost is used as “Taiping No. 2 Aichi”, which

is sieved from cow dung after feeding for 1 month (application rate

is 607 kg/acre). All treatments were applied to the soil as a one-time

base fertilizer at the beginning of the planting period, and no

additional fertilizer was applied during the trial period. When the

soil in the field was dry, we needed to water in time and removed

weeds diligently to prevent grass shortage, reflecting regular

field management.
2.4 Measurement indexes and methods

2.4.1 Soil extract preparation
Preparation of the rhizosphere soil extract (Lin et al., 2022): air-

dried rhizosphere soil was sieved through a 20-mesh sieve, and

100 g was weighed into a 500 mL beaker, distilled water was added

to the total volume of 400 mL, and solution was sonicated for 1 h

and left overnight; then, the extract was filtered through a

filter paper.
2.4.2 Fertilizer extract preparation
Preparation of biochar extract (Guo et al., 2020): 10 g of biochar

sample was weighed and mixed with distilled water in a 100 mL

conical flask with a charcoal-to-water ratio of 1:5, shaken at 150 r/

min for 2 h at room temperature, vacuum filtered with a double

layer of medium speed filter paper; the charcoal residue was rinsed

with 20 mL of deionized water, and the filtrate was stock solution

(T0). The filtrate was diluted 10 (T10) and 50 times (T50)

when used.

Preparation of the Mumeituli bio-bacterial fertilizer extract (Li

et al., 2018): 10 g of bacterial fertilizer compound was weighed in a

250 mL triangular flask, 100 mL of sterile water was added, and the

flask was shaken for 30 min at room temperature at 200 r/min; the

solution was filtered through a filter paper to obtain the required

stock solution (J0). The extract was diluted 10 (J10) and 50 times

(J50) for use.

Preparation of vermicompost extract (Liu et al., 2017): the

vermicompost was fully air-dried and crushed, passed through a

20-mesh sieve, and a 20 g sample was weighed into a 250 mL conical

flask with 100 mL of deionized water, shaken for 30 min, and then

placed at room temperature for 24 h. The larger sized residue was

first filtered through gauze, and then the filtrate was filtered through
TABLE 1 Experimental treatments.

Treatments No
dilution

10
times
dilution

50
times
dilution

Bacterial
fertilizer

J0 J10 J50

Biochar T0 T10 T50

vermicompost Q0 Q10 Q50
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a double layer of medium-speed filter paper until it was free of

particles to obtain the desired vermicompost extract (Q0). The

extract was diluted 10 (Q10) and 50 times (Q50) for use.
2.4.3 Seed germination test
Seed germination test (Mackenzie and Naeth, 2019): full,

unbroken seeds of C. pilosula were selected. Seeds were soaked in

distilled water for 6 h before the test, then surface-sterilized with 5%

sodium hypochlorite solution for 15 min, and then rinsed several

times with sterile water. Petri dishes were lined with a double layer

of filter paper (both petri dishes and filter paper were autoclaved)

and the treated seeds were evenly arranged in 90 mm size petri

dishes with 50 seeds per dish. Three different concentrations of

extracts (no dilution, 10-fold dilution and 50-fold dilution) were

used in germination experiments, with three replications of each

treatment; distilled water was used as the control (CK). In each petri

dish, 2 mL of root soil extract and 2 mL of different dilutions of the

treatment solution were added to each dish, and the seeds were

incubated at 25°C for 15 d. During the incubation period, the petri

dishes were supplemented with 2 mL of distilled water every 2 d.

The seeds were observed and any changes recorded daily. The

germination rate, germination potential, and germination index of

the seeds were calculated based on total number of germinated

seeds and the number of seeds sprouted on the day of maximum

sprouting. The formula is as follows (Equations 1–3):

2.4.4 Measurement indexes and methods
1) Seed germination indicators:

Germination rate

= (total number of germinated seeds(15d)

÷ total number of seeds for testing)� 100% (1)

Germination potential

= (the number of seeds sprouted on the day of maximum sprouting

÷ total number of seeds for testing)� 100% 

(2)

Germination index (GI)

=o (Gt = Dt),Gt is the number of  germinated seeds on day

 t and Dt is the corresponding  number of  days to germination)

(3)

After 15 days of seed germination, SOD enzyme activity, POD

enzyme activity, MDA content, and total chlorophyll content of

whole seeding of C. pilosula were measured in random sampling.

Superoxide dismutase (SOD) activity was determined with the

nitrogen blue tetrazolium method, peroxidase (POD) activity with

the guaiacol method, malondialdehyde (MDA) content with the

thiobarbituric acid TBA colorimetric method, and total chlorophyll

content was determined using the acetone method (Zhang F.

et al., 2019).
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2) Physiological and biochemical indices:

Inside the experimental field, 20 C. pilosula whole seedlings

were randomly selected using the five-point sampling method and

their physiological parameters were measured on July 10, August

10, September 10, and October 10. The whole seedlings were

weighed on a balance, placed in a mortar, a small amount of

calcium carbonate and quartz sand were added, and an

appropriate amount of 80% acetone solution was added and

ground thoroughly to form a homogenous paste, which was then

subjected to subsequent operations. Superoxide dismutase (SOD)

activity was determined with the nitrogen blue tetrazolium method,

peroxidase (POD) activity with the guaiacol method, free proline

content with the acid ninhydrin colorimetric method, soluble

protein content with the Komas Brilliant Blue G-250 reagent

staining method, and malondialdehyde (MDA) content with the

thiobarbituric acid TBA colorimetric method (Zhang F. et al., 2019).
2.5 Statistical analysis

Data analysis of the trial was performed using Office 2016 and

IBM SPSS Statistics version 26.0 (IBM SPSS Inc., Chicago, USA)

statistical analysis software. One-way analysis of variance

(ANOVA) using SPSS 27.0 with LSD method of significance

test (p<0.05).
3 Results

3.1 Effects of three fertilizer extracts on
seed germination and seedling resistance
physiology in C. pilosula under
continuous cropping

3.1.1 Seed germination
All three fertilizer extracts significantly promoted the

germination of C. pilosula seeds. Among them, both bacterial

fertilizer and vermicompost at the 10-dilution concentration had

the most significant effect on promoting germination. Germination

potential increased by 30.6 and 47.9%, respectively, for bacterial

fertilizer and vermicompost compared to the control group. Biochar

at a 50-fold dilution also had a significant effect on germination;

increasing germination rate by 46.5% compared to the control

group. All treatments, except for the undiluted biochar, showed

significant differences in germination rate and potential compared

to the control group. The germination rate and potential of C.

pilosula seeds treated with T0 (control) were not significantly

different from the control group. However, the increase in

germination rate and potential in T10 was 14.3 and 12.7%,

respectively, and in T50, it was 23.5, and 31.0% compared to the

control group. The germination indices of C. pilosula seeds in all

three treatments were higher than those of the control group. The

most significant increase in germination rate and germination index

of C. pilosula seeds was observed in J10 and Q10, with increases of

24.5 and 26.5% for J10, and 31.0 and 47.9% for Q10, respectively

over those in CK. Thus, all three fertilizer extracts with different
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concentrations can alleviate the effects of continuous cropping

stress on the germination of C. pilosula seeds (Table 2).

3.1.2 Resistance physiology in
C. pilosula seedlings
3.1.2.1 SOD enzyme activity

The differences in SOD enzyme activities among the T0, Q0,

and Q50 treatments, and CK were not statistically significant;

however, SOD enzyme activities of the remaining treatments were

significantly higher than those of the CK seedlings (Figure 1).

Among them, the T10, T50, and J0 treatments exhibited the most

significant increases of 24.6, 23.6, and 21.0%, respectively. The SOD

enzyme activity among the three concentrations in the J treatment

were significantly higher than in the CK. The SOD enzyme activity

in seedlings decreased with increasing dilution concentration of the

fertilizer extracts. The T and J treatments were more effective than

the Q treatment in enhancing the SOD enzyme activity in C.

pilosula seedlings. Additionally, the SOD enzyme activity in all

treatments was higher than that in the CK group. These findings

indicate that all three fertilizer extracts, at different concentrations,

have the potential to enhance the antioxidant capacity in C.

pilosula seedlings.

3.1.2.2 POD enzyme activity

All treatments showed significant differences in POD compared

to the CK group, except for the T10 and T50 treatments, which were

not significantly different from the CK group. Specifically, the T0,

J10, J50, and Q10 treatments exhibited significant increases in POD

enzyme activity of 15.5, 27.5, 23.3, and 47.7%, respectively. On the

other hand, the J0, Q0, and Q50 treatments led to significant

decreases in POD enzyme activity of 49.2, 25.2, and 14.7%,

respectively. Notably, the effect of J treatment at concentrations

J10 and J50 showed the highest efficacy in enhancing POD enzyme

activity in C. pilosula seedlings. Among the Q-treated seedlings, the

Q10 treatment demonstrated the most significant increase in POD

enzyme activity compared to Q0 and Q50, surpassing the
Frontiers in Plant Science 05
effectiveness of other treatments (Figure 2). These results indicate

that all treatments, except for J0, Q0, and Q50, increased the POD

enzyme activity, thus enhancing the antioxidant capacity of C.

pilosula seedlings.

3.1.2.3 MDA content

There was no significant difference observed between the J10

and J50 treatments compared to the CK group. Among all the

treatments, the J10 treatment had the highest MDA content.

Further, the MDA content in C. pilosula seedlings increased in T

and Q treatments with increasing dilution of the solution. However,

it was significantly lower than the MDA content of the CK group.

Specifically, the reductions in MDA content in the T0, T10, T50,

Q0, Q10, and Q50 treatments were 69.5, 60.0, 42.0, 82.5, 78.1, and

73.6%, respectively. Overall, all treatments, except for J10 and J50,

effectively reduced the excessive accumulation of MDA in C.

pilosula seedlings under continuous cropping. Among them, the

three treatments corresponding to vermicompost exhibited the

most significant effects (Figure 3).

3.1.2.4 Total chlorophyll content

All treatments exhibited a significant difference in chlorophyll

content, except for the J0 treatment. The total chlorophyll content

in C. pilosula seedlings in both T and Q treatments was significantly

higher than in the CK group. The J0 treatment showed a

significantly higher chlorophyll content compared to the CK

group, while the J10 and J50 treatments exhibited significant

reductions of 14.6 and 10.6%, respectively, compared to the CK

group. Total chlorophyll content in the Q treatment was

significantly higher than that in the T, J, and CK treatments. Both

T and Q treatments exhibited higher chlorophyll content at a 10-

fold dilution. Among all the treatments, Q enhanced the total

chlorophyll content most, followed by T. Total chlorophyll

content in C. pilosula seedlings in J treatment was consistently

lower than in the CK group (Figure 4).
3.2 Physiological indexes of transplanted
C. pilosula

3.2.1 SOD enzyme activity
SOD enzyme activity in C. pilosula seedlings generally showed an

increasing trend in different treatments between July to August, with

a slight decrease in the CCK (continuous cropping CK) and RT

(rotational cropping CK) treatments. Subsequently, there was a

moderate increase in the CCK, CJ (continuous cropping J), and RT

treatments between August to September, while the other treatments

exhibited a decrease. During the harvest period from September to

October, the SOD enzyme activity in C. pilosula seedlings showed a

decreasing trend in all treatments. However, the SOD enzyme activity

in each treatment of rotational cropping was still higher than the

corresponding treatments in continuous cropping. The RT, RJ, and

RQ treatments exhibited significant differences not only compared to

RCK (rotational cropping CK), but also compared to CCK

(continuous cropping CK). All three treatments, including bacterial
TABLE 2 Effects of three extracts on seed germination in C. pilosula.

Treatments
Germination

rate
Germination
potential

Germination
index

CK 65.33 ± 1.15e 47.33 ± 2.00d 50.87 ± 2.89d

T0 68.67 ± 2.31e 53.33 ± 4.16cd 60.36 ± 5.13abc

T10 74.67 ± 2.31d 62.00 ± 7.21abc 66.41 ± 7.53ab

T50 80.67 ± 1.18abc 69.33 ± 6.43a 68.77 ± 4.82a

J0 77.33 ± 2.15bcd 60.67 ± 4.62abc 56.92 ± 4.19cd

J10 81.33 ± 1.32ab 62.00 ± 8.00abc 62.45 ± 3.97abc

J50 74.00 ± 5.29d 64.00 ± 5.03ab 61.24 ± 6.55abc

Q0 76.67 ± 3.06cd 64.00 ± 4.00ab 62.60 ± 2.98abc

Q10 82.67 ± 5.03a 70.00 ± 2.00a 66.91 ± 2.55ab

Q50 79.33 ± 4.03abc 56.67 ± 7.57bc 57.68 ± 8.37bcd
different lowercase letters within columns indicate significant differences among treatments at
the 5% level (P < 0.05).
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fertilizer, biochar, and vermicompost, improved the SOD enzyme

activity in field-grown C. pilosula plants. Because an enhancement in

SOD enzyme activity helps to remove and reduce the damage from

the reactive oxygen species in plants, these treatments contributed to

improving the growth potential of continuously cropped C. pilosula

plants (Table 3).
3.2.2 POD enzyme activity
The overall trend in POD enzyme activity in C. pilosula leaves

showed an initial increase followed by a decrease. The most

significant changes in enzyme activities were observed in August

and September, with enzyme activities in September being

significantly higher than those in August for most treatments,

except for the RT (rotational cropping CK) treatment. Additionally,

in August, the POD enzyme activities were significantly higher
Frontiers in Plant Science 06
compared to July for all treatments, except for the RQ (rotational

cropping Q) treatment. The POD enzyme activities under rotational

cropping treatments were higher than those under continuous

cropping for all stages. In October, when the above-ground parts of

the plants started to wilt, the POD enzyme activities in C. pilosula

leaves for all treatments slightly decreased compared to September.

However, POD enzyme activities in the rotational cropping

treatments remained higher than those in the continuous cropping

treatments. There was no significant difference in enzyme activities

between the same fertilizer treatments applied to different cultivation

methods (Table 4).

3.2.3 MDA content
The effects of T, J, and Q treatments on the MDA content in C.

pilosula leaves varied and changed over time. In July, the MDA

content of C. pilosula leaves in all treatments, except for RCK

(continuous cropping CK) and RJ (rotational cropping J), was

higher in continuous cropping compared to rotational cropping.

In August, the MDA content showed a slight decrease in the RCK

and RJ treatments compared to July, while it increased in the

remaining treatments. The MDA content in plants in all

continuous cropping treatments was higher than that in

rotational cropping. RCK, RT, RJ, and RQ treatments, MDA was

significantly reduced by 31.8, 28.5, 41.6, and 31.8% respectively,

compared to the CCK, CT, CJ, and CQ treatments. The MDA

content in C. pilosula reached its peak in September, with the

highest value of 4.45 mmol/g in the CCK treatment, which was

significantly different from the other treatments in both cultivation

methods, and it was 2.28 times higher than in the RT treatment. In

October, the MDA content decreased for all treatments, except for

the RT treatment, which showed a slight increase (Table 5).

Considering four months of realizations, all three fertilizers

effectively prevented the excessive accumulation of MDA content

in C. pilosula. Specifically, the RT and RJ treatments appeared more

effective and consistent in their potential capacity to reduce lipid

peroxidation in plant cell membranes and mitigate damage to

the membranes.
3.2.4 Free proline content
The free proline content in C. pilosula plants showed an

increasing trend in July to October, with significant changes

mostly observed in September and October. The free proline

content in rotational cropping treatments was higher than that in

continuous cropping. In July, proline contents in continuous

cropping CJ were greater than in CCK, while those in CT and

CQ treatments were significantly lower than in CCK, with

reductions of 25.3 and 36.2%, respectively. The RJ (rotational

cropping J) and RQ (rotational cropping Q) treatments exhibited

significant increases of 21.2 and 46.7%, respectively, in free proline

content compared to the CCK treatment. In October, the free

proline content in C. pilosula was significantly greater in T under

both cultivation methods than in CCK but not RCK (rotational

cropping CK). The continuous cropping CQ treatment also showed

a significant difference in proline from CCK. The rotational

cropping treatments of RT, RJ, and RQ exhibited significantly
FIGURE 1

Effects of three extracts on SOD enzyme activity in C. pilosula seedlings.
FIGURE 2

Effects of three extracts on POD enzyme activity in C. pilosula
seedlings. Lower case letters indicate significant differences among
treatments at the P<0.05 level.
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higher free proline contents than RCK, with increases of 39.0, 23.4,

and 32.1%, respectively. All three fertilizers enhanced free proline

content in C. pilosula to different extents, with J (vermicompost)

and Q (biochar) showing more pronounced and stable

enhancements under both cultivation methods, while T (bacterial

fertilizer) performed better in later stages of growth (Table 6).
3.2.5 Soluble protein content
The soluble protein content in C. pilosula was consistently lower

in the continuous cropping treatment compared to the rotational

cropping treatment over the four-month period of study. In the

continuous cropping treatment, the soluble protein content increased

until September, after which it started to decrease. In contrast, the

rotational cropping treatment showed an increasing trend in soluble

protein content until August, followed by a slow decrease, although

the decrease was still greater than that observed in the continuous

cropping treatment. In October, the soluble protein content in both
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cultivation methods decreased compared to September. There were

no significant differences among the three fertilizers in either of the

cropping methods. However, all three fertilizers showed a significant

difference compared to CCK and RCK (Table 7). It is evident that all

three fertilizers were capable of enhancing the soluble protein content

in C. pilosula to varying extents, thereby mitigating the damage

caused by osmotic and nutrient dysregulation in C. pilosula under

continuous cropping stress.
4 Discussion and conclusions

Allelochemical, which are one of the causes of cropping obstacle,

are usually distributed in the nutrient organs and some reproductive

organs of plants and can be released into the environment through a

variety of pathways, including emission through root secretions (Sun

and He, 2019; Miao et al., 2021). Autotoxins contained in the inter-

root soil leachate of plants with a high incidence of cropping obstacle

can indeed impede the germination of seeds and the growth of

seedlings of their own or other plants (Deng et al., 2017). The aqueous

phase extract of biochar has a fraction of highly active substances that

are thermally stable and able to remain stable in aqueous solution for

a long period of time, and this fraction is the main component that

promotes seed germination (Gao et al., 2023). Mumeituli bio-

bacterial fertilizer and vermicompost contains a large number of

beneficial active flora, microbial activity secretion of certain

substances can also play a role in promoting the effect of C.

pilosula seed germination and seedling growth, in addition to

vermicompost contains a variety of amino acids and growth

hormones, which are able to alleviate the successive cropping of the

soil extracts of liquid stress on the inhibition of the germination of C.

pilosula seeds and seedling growth.

The germination of C. pilosula seeds under continuous

cropping was improved by biochar, bacterial fertilizer, and

vermicompost at different concentrations. Among these, the 10

times diluted extract of biofertilizer stimulated seed germination

most of the extracts tested and the other two concentrations.

Additionally, because biochar is only weakly alkaline, adding too

much would result in a high pH of the environment for seed

germination, which is harmful to seed germination (Liao et al.,

2014; Kolton et al., 2017; Tian et al., 2017). Except for individual

treatments, all three fertilizers had a positive effect on the increase in

antioxidant enzyme activity, osmoregulatory compounds, and total

chlorophyll content in continuous cropping of C. pilosula seedlings

under simulated stress in root soil extract. In comparison to the

other treatments, bacterial fertilizer diluted 10 and 50 times, and

vermicompost diluted 10 times significantly boosted POD enzyme

activity in C. pilosula seedlings. Biochar and vermicompost

treatments were found to be more effective than biofertilizer

treatments in reducing excessive accumulation of MDA and

increasing the chlorophyll content in C. pilosula seedlings. The

chlorophyll content in all C. pilosula seedlings treated with

biofertilizer was lower compared to the control group. This

suggests that the biofertilizer treatment negatively affected the

photosynthetic capacity of C. pilosula. Reduced chlorophyll levels
FIGURE 3

Effects of three extracts on MDA content in C. pilosula seedlings.
FIGURE 4

Effects of three extracts on total chlorophyll content in C.
pilosula seedlings.
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are often linked to inhibited plant growth and decreased grain yield

(Han et al., 2013; Du et al., 2021).

Continuous cropping obstacles will lead to a decline in plant

growth, the plant is subjected to adversity stress, the level of

antioxidant enzyme activity in the plant, the accumulation of

osmoregulatory substances and the good or bad resistance of the

plant have a direct impact. The three fertilizers had a better regulating

effect on antioxidant enzyme activity, the accumulation of

malondialdehyde content and the content of osmoregulatory

substances in different stubble C. pilosula compared with the

control, because the improvement of soil physicochemical

properties by the three fertilizers facilitated the nutrient uptake by

C. pilosula plants, stimulated the growth of C. pilosula, improved C.

pilosula resistance, and helped C. pilosula to resist the stress of the

continuous cropping obstacles, which is in line with the studies by

Zhu Yihao (Zhu et al., 2017) and Li Zhen et al. (Li Z. et al., 2019). The

results of Zhu Yihao’s study showed that the application of biochar

could improve the antioxidant enzyme activity of lily, increase the

accumulation of osmoregulatory substances in lily, and improve the

resistance of lily. Li Zhen et al. showed that the addition of biochar

was able to improve the physiological indices of continuously

cropped Andrographis paniculata, bringing them close to those of
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the positive crop and shifting them in the direction of favoring plant

growth. Mumeituli bio-bacterial fertilizer has been applied more in

mitigating apple replanting diseases, and the application of

Mumeituli bio-bacterial fertilizer has resulted in robust apple

plants, developed root systems, and obvious promotion and

recovery effects on disease-affected and weakened plants (Yang et

al., 2020). Vermicompost (Feng et al., 2018) was found to be effective

in improving the growth and physiology of continuous cucumber and

continuous ginger (Yin et al., 2017), and was helpful in reducing the

persecution of plant growth due to continuous cropping obstacles.

Based on our findings, it remains a challenge to uncover the

mechanism of abatement effects of different soil conditioner on

continuous cropping of C. pilosula. A comprehensive investigation

on the effects of continuous cropping on medicinal plants would be

appropriate for a future study to fully understand the

underlying intricacies.

In addition, other important indicators of C. pilosula

succession, such as yield, aboveground biomass, disease index,

and nutritional quality. Our group has completed the

determination and the results are as follows: The extracts of three

fertilizers with different concentrations had a certain inhibitory

effect on two root rot pathogens (Fusarium oxysporum and
TABLE 3 Effects on SOD activity in C. pilosula.

Treatments
SOD enzyme activity (U/g FW)

July 10th August 10th September 10th October 10th

CCK 229.13 ± 25.47bc 227.83 ± 36.08cd 234.30 ± 18.35d 212.30 ± 13.64c

CT 262.78 ± 17.51ab 297.73 ± 12.48ab 289.97 ± 9.93b 240.78 ± 7.77b

CJ 169.58 ± 22.08c 201.94 ± 11.65d 271.84 ± 30.33bc 213.59 ± 6.73c

CQ 273.14 ± 15.69ab 295.15 ± 30.82ab 257.61 ± 8.97cd 208.41 ± 5.93c

RCK 257.61 ± 46.98ab 260.19 ± 19.42bc 243.37 ± 14.70d 216.18 ± 14.70c

RT 297.73 ± 60.95a 295.15 ± 25.47ab 324.92 ± 5.93a 278.32 ± 12.24a

RJ 269.26 ± 15.69ab 305.50 ± 15.69a 299.03 ± 13.88b 236.89 ± 10.27b

RQ 301.62 ± 32.95a 323.62 ± 22.24a 277.02 ± 11.86bc 269.26 ± 16.17a
Lower case letters within columns indicate significant differences among treatments at the P < 0.05 level.
TABLE 4 Effects of three kinds of fertilizers on POD activity in C. pilosula.

Treatments
POD enzyme activity (U/g FW)

July 10th August 10th September 10th October 10th

CCK 110.00 ± 12.70d 181.33 ± 11.15e 236.00 ± 23.46c 222.00 ± 51.03d

CT 236.33 ± 15.14c 290.00 ± 21.00c 361.33 ± 28.73b 364.00 ± 34.18b

CJ 122.67 ± 4.62d 205.33 ± 12.31de 391.33 ± 16.97b 343.33 ± 14.19bc

CQ 109.33 ± 43.88d 338.67 ± 9.24b 390.67 ± 9.45b 383.33 ± 11.02ab

RCK 143.33 ± 9.17d 245.33 ± 15.08cd 278.00 ± 17.44c 280.67 ± 15.77cd

RT 334.67 ± 16.03b 469.33 ± 8.08a 402.00 ± 11.14b 396.67 ± 20.28ab

RJ 246.67 ± 25.32c 426.67 ± 16.29a 506.67 ± 19.87a 428.00 ± 12.49ab

RQ 378.67 ± 11.02a 378.00 ± 12.00b 568.00 ± 18.00a 456.00 ± 12.00a
Lower case letters within columns indicate significant differences among treatments at the P < 0.05 level.
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Fusarium acuminatum) of C. pilosula. All of the three treatments

can promote the growth of the embryonic roots of the C. pilosula

seedlings inoculated with Fusarium acuminatum and the growth of

hypocotyls of the C. pilosula seedlings inoculated with Fusarium

oxysporum, and obviously improve the seed viability of the C.
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pilosula inoculated with two root rot pathogenic bacteria. All that

three fertilizer can improve the activities of sucrase, catalase, urease

and alkaline phosphatase in the rhizosphere soil of C. pilosula in

different crop rotation; The contents of soil organic matter, available

phosphorus, nitrate nitrogen and ammonium nitrogen were
TABLE 7 Effects of three fertilizers on soluble protein content in C. pilosula.

Treatments
Soluble protein content (mg/g)

July 10th August 10th September 10th October 10th

CCK 5.91 ± 0.12d 6.03 ± 0.25d 7.13 ± 0.49e 7.55 ± 0.15c

CT 6.93 ± 0.17c 7.40 ± 1.39cd 9.60 ± 0.33d 8.44 ± 0.79b

CJ 7.42 ± 0.25bc 8.21 ± 0.39cd 10.36 ± 0.07bc 8.50 ± 0.11b

CQ 7.87 ± 0.47b 8.92 ± 0.28bc 9.95 ± 0.25cd 8.56 ± 0.53b

RCK 7.32 ± 0.31bc 10.89 ± 1.53ab 9.84 ± 0.11cd 7.85 ± 0.13c

RT 8.07 ± 0.62b 11.37 ± 0.31a 10.67 ± 0.12b 8.99 ± 0.46ab

RJ 9.73 ± 0.65a 11.91 ± 0.43a 10.84 ± 0.11b 9.00 ± 0.34ab

RQ 9.88 ± 0.76a 12.45 ± 0.62a 11.38 ± 0.51a 9.49 ± 0.49a
Lower case letters within columns indicate significant differences among treatments at the P < 0.05 lever.
TABLE 5 Effects of three fertilizers on MDA content of C. pilosula.

Treatments
MDA content (mmol/g)

July 10th August 10th September 10th October 10th

CCK 1.45 ± 0.31ab 2.14 ± 0.58ab 4.45 ± 0.08a 3.33 ± 0.44a

CT 1.89 ± 0.45a 2.49 ± 0.49a 3.42 ± 0.10c 2.47 ± 0.03bc

CJ 1.25 ± 0.02b 2.40 ± 0.19a 4.00 ± 0.07b 2.35 ± 0.02bc

CQ 1.32 ± 0.33b 1.77 ± 0.06c 3.28 ± 0.03c 1.77 ± 0.15de

RCK 1.48 ± 0.15ab 1.46 ± 0.07c 2.29 ± 0.05d 2.80 ± 0.36b

RT 1.04 ± 0.14b 1.53 ± 0.03c 1.95 ± 0.11f 2.14 ± 0.27cd

RJ 1.37 ± 0.27ab 1.25 ± 0.28c 2.12 ± 0.15e 1.54 ± 0.24e

RQ 1.14 ± 0.36b 1.46 ± 0.10bc 2.18 ± 0.05de 1.65 ± 0.09e
Lower case letters within columns indicate significant differences among treatments at the P < 0.05 level.
TABLE 6 Effects of three fertilizers on proline content in C. pilosula..

Treatments
Proline content (mg/g)

July 10th August 10th September 10th October 10th

CCK 36.13 ± 1.39c 43.91 ± 4.10c 49.32 ± 2.40d 61.17 ± 2.81e

CT 26.98 ± 2.43d 47.14 ± 1.74c 50.50 ± 7.21d 74.35 ± 0.82c

CJ 41.25 ± 2.61bc 49.57 ± 0.86bc 52.49 ± 1.19d 65.86 ± 1.38de

CQ 23.04 ± 2.68d 48.22 ± 2.23bc 54.73 ± 10.01cd 72.81 ± 1.80c

RCK 40.13 ± 3.96bc 45.11 ± 5.89c 58.13 ± 5.71cd 70.90 ± 3.80cd

RT 28.02 ± 0.67d 56.77 ± 4.28ab 64.70 ± 7.21bc 98.57 ± 2.57a

RJ 43.77 ± 0.75b 63.40 ± 0.37a 88.84 ± 6.04a 87.50 ± 4.71b

RQ 53.00 ± 9.51a 62.97 ± 10.31a 70.39 ± 2.44b 93.64 ± 4.92a
Lower case letters within columns indicate significant differences among treatments at the P < 0.05 lever.
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increased, and the diversity of soil microbial environment was

improved. All the three fertilizers were beneficial to the yield

increase and quality improvement of C. pilosula (Ma et al., 2024).

Data availability statement

The original contributions presented in the study are included

in the article/supplementary material. Further inquiries can be

directed to the corresponding authors.

Author contributions

ZY: Data curation, Writing – original draft. DQ: Funding

acquisition, Writing – review & editing. KJ: Funding acquisition,

Resources, Writing – review & editing. MD: Validation, Writing –

review & editing, Supervision, Visualization. HL: Supervision,

Validation, Visualization, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This

research was funded by the Doctoral Research Foundation Project
Frontiers in Plant Science 10
of Gansu Agricultural University (GAU-KYQD-2019-01) and

Research on the Mechanism of Continuous Cropping Barriers

and Mitigation Measures of Codonopsis pilosula (Project

Approval No. 31960395), National Natural Science Foundation

of China.
Conflict of interest

Author MD was employed by the company Guangdong Yifang

Pharmaceutical Co., Ltd.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
Deng, J. J., Zhang, Y. L., Hu, J. W., Jiao, J. G., Hu, F., Li, H. X., et al. (2017).
Autotoxicity of phthalate esters in tobacco root exudates: effects on seed germination
and seedling growth. Pedosphere 27 (06), 1073–1082. doi: 10.1016/S1002-0160(17)
60374-6

Du, M. X., Qiu, D. Y., Ren, F. Y., Wang, S. J., and Hu, F. D. (2021). Effects of
Intercropping Crops and Stubbles on Growth, Yield and Quality of Codonopsis
pilosula. Northwest J. Botany 41 (11), 1884–1892. doi: 10.7606/j.issn.1000-
4025.2021.11.1884

Durre, S., Zeenat, M., Humira, M., Mushtaq, H., Alqarawi, A. A., Park, Y., et al.
(2023). Role of microbial inoculants as bio fertilizers for improving crop productivity: A
review. Heliyon. 9 (6), 1–5. doi: 10.1016/j.heliyo.2023.e16134

Feng, T. T., Huang, H. C., Chen, F., Fan, J. D., and Wei, M. (2018). Effects of different
application amounts of vermicompost on agronomic trait, yield and quality of
continuous cropping cucumber. South. Agric. J. 49 (8), 1575–1580. doi: 10.3969/
j.issn.2095-1191.2018.08.16

Gao, J., Ge, S. H., Wang, H. L., Chen, L. L., Sun, L. M., He, T. Y., et al (2023). Biochar-
extracted liquor stimulates nitrogen related gene expression on improving nitrogen
utilization in rice seedling. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1131937

Guo, L. P., Huang, L. Q., Jiang, Y. X., and Lv, D. M. (2006). Soil environmental
degradation in medicinal plant cultivation and prevention strategies. Chin. J.
Traditional Chin. Med. 31 (09), 714–717.

Guo, W., Wang, L. S., Sun, B., Yu, H. J., Zhang, N., Gu, Y. Y., et al. (2020). Effects of
different biomass ash extracts on germination and seedling development of cucumber.
Heilongjiang Agric. Sci. 16, 46–49. doi: 10.11942/j.issn1002-2767. 2020.12.0046

Guo, F. X., Wu, Z. J., Chen, Y., Xi, Z. X., Zhang, X. H., Yao, L. R., et al. (2012). Effect of
Astragalus membranaceus var. mongholicus seed extracts on seed germination and seedling
growth of different Codonopsis pilosula caltiver. China J Chin Mat Med. 37 (22), 3375–3380.

Han, D. H., Zheng, X. F., Wang, E. J., Jin, L., Zhang, Y., and Dai, L. (2013). Effects of
different salt-alkaline stress on seed germination and seedling physiological
characteristics of Codonopsis pilosula. J Chin Mat Med. 36 (7), 1039–1043.

He, Y. S., Lu, C., Zhang, M. D., Duan, Y. Y., Zhou, W. X., and Cheng, T. Z. (2018).
Effect of aqueous infusion of Codonopsis tangshen root peri-soil on its seed germination
and physiological characteristics of seedlings. Chin. Medicinal Mater. 41 (11), 2503–
2506. doi: 10.13863/j.issn1001-4454.2018.11.003
Hosseinzadeh, S. R., Amiri, H., and Ismaili, A. (2016). Effect of vermicompost
fertilizer on photosynthetic characteristics of chickpea (Cicer arietinum) under drought
stress. Photosynthetica. 54, 87–92. doi: 10.1007/s11099-015-0162-x

Hosseinzadeh, S. R., Amiri, H., and Ismaili, A. (2018). Evaluation of photosynthesis,
physiological, and biochemical responses of chickpea (Cicer arietinum L.cv. Pirouz)
under water deficit stress and use of vermicompost fertilizer. J. Integr. Agr. 17, 2426–
2437. doi: 10.1016/S2095-3119(17)61874-4

Huang, H., Lv, J. W., Chen, Y., Wang, Q., and Liu, X. M. (2021). Management and
market overview of Chinese herbal health products in China. Chin. Herb. Med. 52 (03),
902–908. doi: 10.7501/j.issn.0253-2670.2021.03.035

Jian, Z. Y., Wang, W. Q., Meng, L., and Zhang, Z. L. (2008). Progress in the study of
the succession barrier in medicinal plants of the Panax quinquefolius. Chin. Modern
Traditional Chin. Med. 10 (06), 3–5. doi: 10.13313/j.issn.16734890.2008.06.001

Jouni, F., Juan, C. S. H., Brouchoud, C., Capowiez, Y., and Rault, M. (2023). Role of
soil texture and earthworm casts on the restoration of soil enzyme activities after
exposure to an organophosphorus insecticide. Appl. Soil Ecol. 187, 104840. doi:
10.1016/j.apsoil.2023.104840

Kim, J. W., Chul, K. S., Hong, Y. K., Oh, E. J., and Park, Y. H. (2022). Assessment of
Soil Enzyme Activities in TPH-Contaminated Soil after Soil Washing and Landfarming
Application. Korean J. Soil Sci. Fert. 55 (1), 13–19. doi: 10.7745/KJSSF.2022.55.1.013

Kolton, M., Ellen, R., Graber, Tsehansky, L., Elad, Y., Cytryn, E. (2017). Biochar-
stimulated plant performance is strongly linked to microbial diversity and metabolic
potential in the rhizosphere. New Phytol. 213, 1393–1404. doi: 10.1111/nph.14253

Li, Z., Chen, Y. S., Chen, R. Z., Yang, C. M., and Lin, M. Z. (2019). Effect of biochar
on the growth of continuous-crop Andrographis paniculate. Fujian Thermocrop Sci.
Technol. of Tropical Crops 44 (04), 21–27.

Li, F. G., Ma, L. C., Kong, Y., Kong, L., Li, G. X., and Zhou, J. (2019). Effect of
continuous cropping on soil nutrients, microbial structure and enzyme activity of
garlic. China Agric. Sci. Technol. Herald. 21 (1), 141–147. doi: 10.13304/j.nykjdb.
2017.0904

Li, H. Y., Yao, T., Han, H. W., Luo, H. Q., Lu, X. W., Yang, X. L., et al. (2018). Effect
of different carriers and bacterial fertilizer extracts on seed germination of
Nymphaea ‘Sultan’ grass. Grassl Turf. 38 (05), 28–34+42. doi: 10.13817/
j.cnki.cyycp.2018.05.005
frontiersin.org

https://doi.org/10.1016/S1002-0160(17)60374-6
https://doi.org/10.1016/S1002-0160(17)60374-6
https://doi.org/10.7606/j.issn.1000-4025.2021.11.1884
https://doi.org/10.7606/j.issn.1000-4025.2021.11.1884
https://doi.org/10.1016/j.heliyo.2023.e16134
https://doi.org/10.3969/j.issn.2095-1191.2018.08.16
https://doi.org/10.3969/j.issn.2095-1191.2018.08.16
https://doi.org/10.3389/fpls.2023.1131937
https://doi.org/10.11942/j.issn1002-2767. 2020.12.0046
https://doi.org/10.13863/j.issn1001-4454.2018.11.003
https://doi.org/10.1007/s11099-015-0162-x
https://doi.org/10.1016/S2095-3119(17)61874-4
https://doi.org/10.7501/j.issn.0253-2670.2021.03.035
https://doi.org/10.13313/j.issn.16734890.2008.06.001
https://doi.org/10.1016/j.apsoil.2023.104840
https://doi.org/10.7745/KJSSF.2022.55.1.013
https://doi.org/10.1111/nph.14253
https://doi.org/10.13304/j.nykjdb. 2017.0904
https://doi.org/10.13304/j.nykjdb. 2017.0904
https://doi.org/10.13817/j.cnki.cyycp.2018.05.005
https://doi.org/10.13817/j.cnki.cyycp.2018.05.005
https://doi.org/10.3389/fpls.2024.1376362
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Yang et al. 10.3389/fpls.2024.1376362
Liao, S. H., Pan, B., Li, H., Zhang, D., and Xing, B. S. (2014). Detecting free radicals in
biochar and determining their ability to inhibit the germination and growth of corn,
wheat and rice seedlings. Environ. Sci. Technol. 48 (15), 8581–8587. doi: 10.1021/
es404250a

Lin, C., Qiu, D. Y., Chen, Y., Shen, P. R., and Hu, F. D. (2022). Effects of inter-root
soil extracts of Codonopsis pilosula on its seed germination and seedling growth. Jiangsu
J. Agr. Sci. 38, 900–906. doi: 10.3969/j.issn.1000-4440.2022.04.005

Lin, M.X., Li, F. Y., Li, X. T., Rong, X. M., and Oh, K. (2023). Biochar-clay, biochar-
microorganism and biochar-enzyme composites for environmental remediation: a
review. Environ Chem Lett. 21 (3), 1837–62. doi: 10.1007/s10311-023-01582-6

Liu, Z. F., Liu, G. H., Fu, B. J., Wu, Y. Q., Hu, H. F., and Fu, S. L. (2010). Changes in
the soil microbial community with a pine plantation restoration in a dry valley of the
upper reaches of the Minjiang River, southwest China. Ecol. Complex. Sustain. 1195
(S1), E82–E95. doi: 10.1111/j.1749-6632.2009.05407.x

Liu, D. W., Han, W. H., Zhang, Y. J., Wu, F. Z., and Liu, T. (2017). Effect of
earthworm manure and leaching solution on the control of root-knot nematode of
tomato. Chin. J. Biol. Control. 33 (05), 686–691. doi: 10.16409/j.cnki.2095-
039x.2017.05.016

Liu, J., He, T. G., and Yang, Z. X. (2024). Insight into the mechanism of nano-TiO2-
doped biochar in mitigating cadmium mobility in soil-pak choi system. Sci. Total
Environ. 916, 169996. doi: 10.1016/j.scitotenv.2024.169996

Liu, C. Y., Zhou, L., Chen, D. L., and Chen, Y. A. (2020). Effect of biofertilizer on soil
fertility and aboveground parts of peach. J. Henan Agric. University 54 (04), 597–603.
doi: 10.16445/j.cnki.1000-2340.2020.04.006

Ma, L., Ma, S. Y., Chen, G. P., Li, P., Chai, Q., and Li, S. (2024). Mechanisms and
Mitigation Strategies for the Occurrence of Continuous Cropping Obstacles of
Legumes in China. Agronomy 14 (1), 104. doi: 10.3390/agronomy14010104

Mackenzie, D. D., and Naeth, M. A. (2019). Effect of plant-derived smoke water and
potassium nitrate on germination of understory boreal forest plants. Canadian J. Forest
Res. 49 (12), 1540–1547. doi: 10.1139/cjfr-2019-0016

Miao, Z. W., Qiu, D. Y., and Zhao, W. M. (2021). Effects of phosphorus on the yield
and quality of Angelica sinensis under mulched ridge cropping pattern. Lishizhen Med.
Materia Med. Res. 32 (01), 184–187. doi: 10.3969/j.issn.1008-0805.2021.01.57

National Pharmacopoeia Committee (2020). Pharmacopoeia of the People's Republic
of China (Beijing: China: Pharmaceutical Science and Technology Press), 281–282.

Nwe, T. Z., Maaroufi, N. I., Allan, E., Soliveres, S., and Kempel, A. (2023). Plant
attributes interact with fungal pathogens and nitrogen addition to drive soil enzymatic
activities and their temporal variation. Funct. Ecol. 37, 564–575. doi: 10.1111/1365-
2435.14280

Ren, F. Y., Qiu, D. Y., Shen, P. R., Du, M. X., Chen, Y., and Hu, F. D. (2022). Study on
the chemosensitizing effect of the root extract of Codonopsis pilosula. Lishizhen Med.
Materia Med. Res. 33 (08), 1982–1986. doi: 10.3969/j.issn.1008-0805.2022.08.56

Shi, C. R., Yu, S. L., Du, B. H., Yang, Z., Chen, N., Pan, L. J., et al. (2018).
Characteristics of changes in physical and chemical properties of continuous peanut
soil and its correlation with soil microorganisms. J. Peanut. 47 (4), 1–6,18.
doi: 10.14001/j.issn.1002-4093.2018.04.001
Frontiers in Plant Science 11
Sun, Z. K., and He, W. M. (2019). Autotoxicity of root exudates varies with species
identity and soil phosphorus. Ecotoxicology 28 (4), 429–434. doi: 10.1007/s10646-019-
02035-z

Tian, S. S., Tan, Z. X., Kasiuliene, A., and Ai, P. (2017). Transformation mechanism
of nutrient elements in the process of biochar preparation for returning biochar to soil.
Chin J Chem Eng. 25 (4), 477–486. doi: 10.1016/j.cjche.2016.09.009

Wu, C. C., Li, C., Wei, M. L., Yuan, Y. P., and Zhang, D. M. (2013). Effect of
continuous soil leaching solution on seed germination and seedling growth of
cucumber. J. Hebei Sci. Technol. Teacher's College. 27 (02), 23–25. doi: 10.3969/
J.ISSN.1672-7983.2013.02.005

Yan, Y. N., Liu, M. Y., Zhou, X. Z., Lin, Z. Q., Zhang, W. Q., Xu, R., et al. (2019).
Study on the barriers of continuous soil leaching solution of okra on tomato growth.
Chin. J. Ecol. Agric. (Chinese English). 27 (01), 81–91. doi: 10.13930/j.cnki.cjea.180495

Yang, W. L., Gong, T., Wang, J. W., Li, G. J., Liu, Y. Y., Zhen, J., et al. (2020). Effects of
Compound Microbial Fertilizer on Soil Characteristics and Yield of Wheat (Triticum
aestivum L.). J. Soil Sci. Plant Nutr. 20 (4), 2740–2748. doi: 10.1007/s42729-020-00340-
9

Yin, E., Wang, M. Y., Wu, J., Song, C. W., Li, L., and Zhang, N. N. (2017). Effect of
vermicompost ang AMF on continuous ginger cultivation. Shaoguan Coll. J. 38 (09), 65–70.

Yin, Y. L., Zhou, J. S., Tang, Y. P., and Luo, S. C. (2019). Advances in the study of
autotoxins substances in asparagus succession barriers. Ecol. Sci. 38 (05), 204–209.
doi: 10.14108/j.cnki.1008-8873.2019.05.027

Zhang, F. J., Chen, Y., Yang, L., Li, J., Zhang, X. L., Fan, S. Y., et al. (2019). Effects of
applying biomass charcoal and quicklime on the growth of successive pepper crops. J.
Nucl. Agriculture 33 (6), 1240–1247. doi: 10.11869/j.issn.100-8551.2019.06.1240

Zhang, N., and Wang, D. M. (2019). Experiments of different chemical treatments on
root rot control of continuous cropping of Codonopsis pilosula. Inf. Agric. Sci. Technol.
12, 29–30. doi: 10.15979/j.cnki.cn62-1057/s.2019.12.011

Zhao, X., Wang, J. W., Wang, S. Q., and Xing, G. X. (2014). Successive straw biochar
application as a strategy to sequester carbon and improve fertility: A pot experiment
with two rice/wheat rotations in paddy soil. Plant Soil 378 (1-2), 279–294. doi: 10.1007/
s11104-014-2025-9

Zhao, H. T., Li, T. P., Zhang, Y., Hu, J., Bai, Y. C., Shan, Y. H., et al. (2017). Effects of
vermicompost amendment as a basal fertilizer on soil properties and cucumber yield
and quality under continuous cropping conditions in a greenhouse. J. Soil. Sediment 17
(12), 2718–2730. doi: 10.1007/s11368-017-1744-y

Zhao, X. Y., Elcin, E., He, L. Z., Vithanage, M., Zhang, X. K., Wang, J., et al. (2023).
Using biochar for the treatment of continuous cropping obstacle of herbal remedies: A
review. Appl. Soil Ecol. 193. doi: 10.1016/j.apsoil.2023.105127

Zhou, W. X., Liu, C. J., He, Y. S., Wu, H. T., Duan, Y. Y., Wei, H. Y., et al. (2021).
Effects of three amendments on the growth and soil biochemical properties of
successive crop of Codonopsis tangshen. J. Agric. Resour. Environ. 38 (01), 43–52.
doi: 10.13254/j. jare.2020.0201

Zhu, Y. H., Zhu, Y. L., Cao, X., and Lv, F. T. (2017). Effect of biochar on physiological
characteristics of Lilium brownii var. viridulum Baker. Northern Horticulture 07), 92–
98. doi: 10.11937/bfyy.201707021
frontiersin.org

https://doi.org/10.1021/es404250a
https://doi.org/10.1021/es404250a
https://doi.org/10.3969/j.issn.1000-4440.2022.04.005
https://doi.org/10.1007/s10311-023-01582-6
https://doi.org/10.1111/j.1749-6632.2009.05407.x
https://doi.org/10.16409/j.cnki.2095-039x.2017.05.016
https://doi.org/10.16409/j.cnki.2095-039x.2017.05.016
https://doi.org/10.1016/j.scitotenv.2024.169996
https://doi.org/10.16445/j.cnki.1000-2340.2020.04.006
https://doi.org/10.3390/agronomy14010104
https://doi.org/10.1139/cjfr-2019-0016
https://doi.org/10.3969/j.issn.1008-0805.2021.01.57
https://doi.org/10.1111/1365-2435.14280
https://doi.org/10.1111/1365-2435.14280
https://doi.org/10.3969/j.issn.1008-0805.2022.08.56
https://doi.org/10.14001/j.issn.1002-4093.2018.04.001
https://doi.org/10.1007/s10646-019-02035-z
https://doi.org/10.1007/s10646-019-02035-z
https://doi.org/10.1016/j.cjche.2016.09.009
https://doi.org/10.3969/J.ISSN.1672-7983.2013.02.005
https://doi.org/10.3969/J.ISSN.1672-7983.2013.02.005
https://doi.org/10.13930/j.cnki.cjea.180495
https://doi.org/10.1007/s42729-020-00340-9
https://doi.org/10.1007/s42729-020-00340-9
https://doi.org/10.14108/j.cnki.1008-8873.2019.05.027
https://doi.org/10.11869/j.issn.100-8551.2019.06.1240
https://doi.org/10.15979/j.cnki.cn62-1057/s.2019.12.011
https://doi.org/10.1007/s11104-014-2025-9
https://doi.org/10.1007/s11104-014-2025-9
https://doi.org/10.1007/s11368-017-1744-y
https://doi.org/10.1016/j.apsoil.2023.105127
https://doi.org/10.13254/j. jare.2020.0201
https://doi.org/10.11937/bfyy.201707021
https://doi.org/10.3389/fpls.2024.1376362
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Abatement effects of different soil amendments on continuous cropping of Codonopsis pilosula
	1 Introduction
	2 Materials and methods
	2.1 Test materials
	2.2 Study area
	2.3 Experimental design
	2.3.1 Effects of three fertilizer extracts on seed germination and seedling resistance physiology of C. pilosula in continuous cropping
	2.3.2 Effects of three fertilizers on the resistance physiology of transplanted C. pilosula

	2.4 Measurement indexes and methods
	2.4.1 Soil extract preparation
	2.4.2 Fertilizer extract preparation
	2.4.3 Seed germination test
	2.4.4 Measurement indexes and methods

	2.5 Statistical analysis

	3 Results
	3.1 Effects of three fertilizer extracts on seed germination and seedling resistance physiology in C. pilosula under continuous cropping
	3.1.1 Seed germination
	3.1.2 Resistance physiology in C. pilosula seedlings
	3.1.2.1 SOD enzyme activity
	3.1.2.2 POD enzyme activity
	3.1.2.3 MDA content
	3.1.2.4 Total chlorophyll content


	3.2 Physiological indexes of transplanted C. pilosula
	3.2.1 SOD enzyme activity
	3.2.2 POD enzyme activity
	3.2.3 MDA content
	3.2.4 Free proline content
	3.2.5 Soluble protein content


	4 Discussion and conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


