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Abstract: Paris polyphylla var. yunnanensis, a medicinal plant that originated in Yunnan (China),
has been over-harvested in the wild population, resulting in its artificial cultivation. Given the
negative environmental impacts of the excessive use of phosphorus (P) fertilization, the application
of organophosphate-degrading bacteria (OPDB) is a sustainable approach for improving the P
use efficiency in Paris polyphylla var. yunnanensis production. The present work aimed to analyze
the effects of three organic phosphate-solubilizing bacteria of Bacillus on the yield and quality of
P. polyphylla var. yunnanensis and the P concentrations in the soil. All the inoculation treatments
distinctly increased the rhizome biomass, steroidal, and total saponin concentrations of the rhizomes
and the Olsen-P and organic P in the soil. The highest growth rate of rhizomes biomass, steroidal
saponins, available phosphorus, and total phosphorus content was seen in the S7 group, which was
inoculated with all three OPDB strains, showing increases of 134.58%, 132.56%, 51.64%, and 17.19%,
respectively. The highest total saponin content was found in the group inoculated with B. mycoides
and B. wiedmannii, which increased by 33.68%. Moreover, the highest organic P content was seen
in the group inoculated with B. wiedmannii and B. proteolyticus, which increased by 96.20%. In
addition, the rhizome biomass was significantly positively correlated with the saponin concentration,
together with the positive correlation between the Olsen-P and organic P and total P. It is concluded
that inoculation with organophosphate-degrading bacteria improved the biomass and medicinal
ingredients of the rhizome in P. polyphylla var. yunnanensis, coupled with increased soil P fertility,
with a mixture of the three bacteria performing best.

Keywords: active ingredients; biomass; organophosphate-degrading bacteria; P; Paris polyphylla
var. yunnanensis

1. Introduction

Paris polyphylla var. yunnanensis is a perennial herb in the genus Paris of the Liliaceae
family [1]. It is a native Yunnan Chinese herb, which is primarily used as a medicine
due to its antitumor, antipyretic, sedative, and analgesic effects [2–5]. The current sharp
increase in market demand for P. polyphylla var. yunnanensis has led to the over-harvesting
of wild plants. The low reproductive rate and slow growth of the rhizomes, the part used
medicinally, limits the development of a sustainable pharmaceutical industry [6]. Therefore,
artificial cultivation of P. polyphylla var. yunnanensis has emerged to achieve sustainable
harvesting and conserve wild populations.
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As an essential element of plant growth, development, and physiological activities [7],
phosphorus can not only enhance the synthesis and transport of carbohydrates, promote
protein synthesis, and accelerate fat metabolism, but also enhance the drought, cold, and
disease resistance of crops [8]. Soil available phosphorus (Olsen-P) is a form of phosphorus
that can be directly absorbed and utilized by plants. It can promote plant growth and
affect both soil enzyme activity and microbial content, and it is an important index of
soil fertility [9]. Due to immobilization, most P in the soil exists in the form of insoluble
compounds that plants are unable to absorb and use directly. Although the application
of P fertilizer can alleviate the P deficiency in plants, the application of large amounts of
fertilizer can cause a soil nutrient imbalance, reduced fertilizer efficiency, soil slumping,
and soil degradation through nutrient loss [10,11]. Therefore, it is urgent to find a suitable
fertilizer to replace phosphorus fertilizer, which can not only increase the available value of
P. polyphylla var. yunnanensis, but also protect the ecological environment reasonably.

It is documented that organophosphate-degrading bacteria play an important role
in the P acquisition of plants for the regulation of plant growth and development [12–15].
It has been found that the OPDB in the soil can mineralize organophosphate compounds
and convert insoluble compounds into elements that can be directly absorbed and uti-
lized by plants [16], thereby alleviating plant P deficiency. Furthermore, inoculation with
OPDB not only increases the P, copper, and iron acquisition in plants [12–14], but also
promotes the accumulation of biomass [17], thus playing a dual role in enhancing the
uptake and utilization of soil P and promoting plant growth [18]. The application effect
of organophosphate-degrading bacteria varies for different bacteria strains, plant condi-
tions, and soil types. It was more effective under glasshouse conditions than under field
conditions [17]. OPDBs solubilized Ca–P complexes more effectively in calcareous soils
than in alfisols [14]. Earlier studies on the interactions between OPDB and plants have
focused on wheat [19], maize [20], peanut [21], and other cash crops [22,23], while there
are relatively few studies on the OPDB–plant interactions in Chinese herb cultivation.
The effects of inoculating P. polyphylla var. yunnanensis with different OPDB species or
complex bacteria have not yet been studied. Therefore, it is important to explore the use
of organophosphorus fertilizers to obtain high-yielding, high-quality herbs during the
artificial cultivation of P. polyphylla var. yunnanensis.

In this study, P. polyphylla var. yunnanensis seedlings were inoculated with various
combinations of three dominant OPDB [24], and their effects on the yield and quality of
the P. polyphylla var. yunnanensis were measured through the biomass of the rhizomes, the
concentration of medicinal compounds, and the changes in the P forms in the soil, with the
aim of providing a theoretical basis for the development and application of biofertilizers
for Paris polyphylla var. yunnanensis.

2. Results
2.1. Changes in Rhizome Biomass

Inoculation with OPDB significantly (p < 0.05) increased the rhizome biomass of
P. polyphylla var. yunnanensis, with the greatest increases being seen in the S7 (Sample 7),
S6 (Sample 6), and S3 (Sample 3) groups (134.58%, 105.60%, and 102.83%, respectively)
compared to the CK group. The largest increase was seen in group S7, with a mixture of all
three bacteria. No significant differences were found in the drying rates of the rhizomes
(Figure 1).
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ences between treatments. Note: S1–S7 stand for Sample 1–Sample 7. 
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saponin concentrations showed that the treatment groups were all significantly higher 
than the CK group. The highest growth rate was 132.56% in the S7 group, followed by the 
S3 (118.10%) and S1 (109.42%) groups. The total saponin concentration in the rhizomes 
was significantly increased by the inoculation treatments, with the highest growth rate 
(33.68%) observed in the S4 group, followed by the S7 group. Overall, inoculation with all 
three treatments had the greatest effect on the saponin concentrations. 

Figure 1. Effects of inoculation with organophosphate-degrading bacteria (OPDB) on the fresh
weight (A), dry weight (B), and drying rate (C) of rhizomes of Paris polyphylla var. yunnanensis.
Data (means ± SD, n = 3) followed by different letters above the bars indicate significant (p < 0.05)
differences between treatments. Note: S1–S7 stand for Sample 1–Sample 7.

2.2. Changes in Steroidal Saponin Content
2.2.1. Changes in Steroidal Saponin Concentrations in the Rhizome

The changes in the steroidal saponin and total saponin concentrations in the rhizomes
of P. polyphylla var. yunnanensis after inoculation with OPDB are shown in Figure 2. The
concentrations (mg·g−1) of pseudoprotodioscin, polyphyllin VII, polyphyllin II, and poly-
phyllin I in the treated groups were significantly higher (p < 0.05) than in the CK group.
Polyphyllin H was significantly increased in all the treatment groups, except S2, and
dioscin was increased in all the treatment groups, except S4 and S6. Among them, the
pseudoprotodioscin, polyphyllin H, and dioscin concentrations in group S5 showed the
greatest increases (152.17%, 87.78%, and 159.46%, respectively). Moreover, polyphyllin VII
in group S3, polyphyllin II in group S7, and polyphyllin I in group S1 showed the greatest
increases (114.16%, 168.27%, and 245.70%, respectively). The sum of the steroidal saponin
concentrations showed that the treatment groups were all significantly higher than the CK
group. The highest growth rate was 132.56% in the S7 group, followed by the S3 (118.10%)
and S1 (109.42%) groups. The total saponin concentration in the rhizomes was significantly
increased by the inoculation treatments, with the highest growth rate (33.68%) observed in
the S4 group, followed by the S7 group. Overall, inoculation with all three treatments had
the greatest effect on the saponin concentrations.

2.2.2. Principal Component Analysis of the Six Steroidal Saponins

The results of the principal component evaluation are presented in Table 1. Two principal
components with eigenvalues greater than 1 were extracted. Principal component 1, with
an eigenvalue of 3.221 and a contribution margin of 53.68, mostly reflected information on
polyphyllin H and polyphyllin I. The eigenvalue of principal component 2 was 1.940, with a
contribution margin of 32.34, reflecting information on polyphyllin II and polyphyllin VII.

The principal component scores were calculated and ranked for the different inocula-
tion treatments, as shown in Table 2. In F1 (principal component 1), the highest score was
seen in the S5 treatment group, indicating that the S5 group was the most abundant in poly-
phyllin H and polyphyllin I. In F2 (principal component 2), the highest score was observed
in the S3 treatment group, indicating that the S3 group was the most abundant in Poly-
phyllin II and Polyphyllin VII. The highest overall score was seen in the S7 treatment group.
On the whole, the S7 treatment group was the most abundant in the six steroidal saponins
of P. polyphylla var. Yunnanensis. This analysis should aid in choosing the best treatment.



Plants 2023, 12, 631 4 of 13Plants 2022, 11, x FOR PEER REVIEW 4 of 13 
 

 

 
Figure 2. Effects of inoculation with OPDB on the steroidal saponin and total saponin concentrations 
of Paris polyphylla var. yunnanensis. (A) pseudoprotodioscin; (B) polyphyllin VII; (C) polyphyllin H; 
(D) polyphyllin II; (E) dioscin; (F) polyphyllin I; (G) total content; and (H) total saponins. Data 
(means ± SD, n = 3) followed by different letters above the bars indicate significant (p < 0.05) differ-
ences between treatments. Note: S1–S7 stand for Sample 1–Sample 7. 

2.2.2. Principal Component Analysis of the Six Steroidal Saponins 
The results of the principal component evaluation are presented in Table 1. Two prin-

cipal components with eigenvalues greater than 1 were extracted. Principal component 1, 
with an eigenvalue of 3.221 and a contribution margin of 53.68, mostly reflected infor-
mation on polyphyllin H and polyphyllin I. The eigenvalue of principal component 2 was 
1.940, with a contribution margin of 32.34, reflecting information on polyphyllin II and 
polyphyllin VII.  

  

Figure 2. Effects of inoculation with OPDB on the steroidal saponin and total saponin concentrations
of Paris polyphylla var. yunnanensis. (A) pseudoprotodioscin; (B) polyphyllin VII; (C) polyphyllin H;
(D) polyphyllin II; (E) dioscin; (F) polyphyllin I; (G) total content; and (H) total saponins. Data
(means ± SD, n = 3) followed by different letters above the bars indicate significant (p < 0.05) differ-
ences between treatments. Note: S1–S7 stand for Sample 1–Sample 7.
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Table 1. Matrix of the principal component analysis of the steroidal saponins of P. polyphylla
var. yunnanensis.

Steroidal Saponins Principal Component 1 Principal Component 2

Pseudoprotodioscin 0.748 −0.638
Polyphyllin VII 0.507 0.714
Polyphyllin H 0.939 −0.110
Polyphyllin II 0.630 0.754

Dioscin 0.639 −0.640
Polyphyllin I 0.845 0.181
Eigenvalue 3.221 1.940

Contribution rate (%) 53.68 32.34
Cumulative contribution rate (%) 53.68 86.02

Table 2. Steroidal saponin principal component score of P. polyphylla var. Yunnanensis.

Treatment Group F1 Sorting F2 Sorting Fz Sorting

CK −2.515 8 −0.514 7 −1.763 8
S1 0.716 4 0.940 3 0.800 3
S2 −2.381 7 −0.256 6 −1.582 7
S3 1.439 3 1.183 1 1.343 2
S4 −1.033 6 0.601 4 −0.419 6
S5 1.881 1 −3.048 8 0.027 4
S6 0.070 5 −0.049 5 0.025 5
S7 1.824 2 1.143 2 1.568 1

Note: S1–S7 stand for Sample 1–Sample 7.

2.3. Changes in Concentrations of Different Soil P Forms

The changes in the total P, Olsen-P, and organic P content in the rhizospheric soil of
P. polyphylla var. yunnanensis after OPDB inoculation are shown in Figure 3. The inoculation
treatment significantly increased the concentrations of the total P, Olsen-P, and organic P in
the rhizospheric soil, with the highest increase in the total P and Olsen-P concentrations
being seen in group S7, with growth rates of 17.19% and 51.64%, respectively, and the
highest increase in the organic P concentrations being in group S6, with a growth rate
of 96.20%.
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Figure 3. Total P (TP), Olsen-P (AP), and organic P (OP) concentrations in the rhizospheric soils of
P. polyphylla var. yunnanensis. Data (means ± SD, n = 3) followed by different letters above the bars in-
dicate significant (p < 0.05) differences between treatments. Note: S1–S7 stand for Sample 1–Sample 7.
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In Figure 4, the ratios of the Olsen-P and organic P to the total P indicate that each
treatment group had a higher percentage of P than that observed in the non-inoculated CK
group. The highest percentage of Olsen-P was seen in the S7 group (16.61%) and the highest
percentage of organic P (15.99%) was seen in S6, although S7 had the greatest overall effect. In-
oculation with OPDB significantly increased the total P, Olsen-P, and organic P concentrations
in the rhizospheric soil of P. polyphylla var. yunnanensis, enhancing the conversion capacity of
the Olsen-P and thus improving the fertility of the rhizospheric soil.
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2.4. Correlation Analysis

The results of the correlation analysis of the biomass, steroidal saponin, and total
saponin in the rhizomes of P. polyphylla var. yunnanensis, as well as the organic P, Olsen-P,
and total P concentrations of the rhizospheric soil, are presented in Table 3. Biomass was
significantly positively correlated (p < 0.05) with the polyphyllin VII and Olsen-P content
and highly significantly correlated (p < 0.01) with the polyphyllin II content; pseudoproto-
dioscin was significantly correlated with the polyphyllin H and dioscin content; and the
Olsen-P and total P concentrations showed highly significant positive correlation.
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Table 3. Correlation analysis of the biomass, saponin, and P in Paris polyphylla var. yunnanensis.

Indicators Biomass Pseudoprotodioscin Polyphyllin VII Polyphyllin H Polyphyllin II Dioscin Polyphyllin I Total Saponins Organic P Olsen-P Total P

Biomass 1.000
Pseudoprotodioscin 0.219 1.000

Polyphyllin VII 0.732 * −0.123 1.000
Polyphyllin H 0.673 0.788 * 0.461 1.000
Polyphyllin II 0.837 ** 0.005 0.788 * 0.465 1.000

Dioscin −0.044 0.821 * 0.015 0.628 −0.104 1.000
Polyphyllin I 0.584 0.539 0.331 0.672 0.742 * 0.324 1.000

Total Saponins 0.702 −0.142 0.709 * 0.361 0.649 −0.319 0.279 1.000
Organic P 0.437 0.487 −0.018 0.345 0.100 0.218 0.141 0.008 1.000
Effective P 0.737 * 0598 0.388 0.695 0.600 0.316 0.666 0.481 0.721 * 1.000

Total P 0.655 0.627 0.314 0.754 * 0.418 0.284 0.540 0.623 0.558 0.890 ** 1.000
* indicates significant correlation between the two (p < 0.05). ** indicates very significant correlation between the two (p < 0.01).
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3. Discussion

The rhizome of P. polyphylla var. yunnanensis is rich in steroidal saponins, and a
quantitative analysis of the rhizome biomass in P. polyphylla var. yunnanensis can indirectly
reveal the yield of the medicinal materials of P. polyphylla var. yunnanensis [25]. The
active medicinal ingredients in the rhizomes of P. polyphylla var. yunnanensis are primarily
steroidal saponins that have anti-inflammatory and anti-tumor effects [26–31]. The 2020
edition of the Chinese Pharmacopoeia includes polyphyllin I, II, and VII as quality control
indicators [2], and studies have also shown that polyphyllin H has hemostatic effects [32],
dioscin has strong immunomodulatory effects [33–35], and pseudoprotodioscin can reduce
the gene expression regarding the synthesis of cholesterol and triglycerides [36]. In addition,
Gao et al. [37] showed that the saponins of polyphyllin can scavenge reactive oxygen
species and significantly inhibit lipid peroxidation. In this study, the effects of inoculation
with different OPDB on the biomass, steroidal saponin concentration, and total saponin
concentration of the rhizomes of P. polyphylla var. yunnanensis varied, although each
treated group had significantly better results than the non-inoculated CK group, supporting
the hypothesis that inoculation with OPDB could improve the utilization of soil P by
P. polyphylla var. yunnanensis. The S7 treatment group with all the three OPDB showed the
most significant effects. The results of the correlation analysis showed that the biomass,
steroidal saponin, and total saponin content were significantly correlated with each other,
indicating that the biomass and saponin concentration in the rhizomes interact to improve
the yield and quality of the medicinal components of P. polyphylla var. yunnanensis. The
results of the principal component analysis of the six steroidal saponins showed that the
score coefficients of saponins H, I, and II were high; therefore, these three saponins could be
used as quality control indices for P. polyphylla var. yunnanensis, which is consistent with the
findings of Gu et al. [38]. The principal component analysis showed that the six steroidal
saponins in the rhizomes were most abundant in the S7 group, which is consistent with
the results of studies on the biomass and total saponin content of the rhizomes, indicating
again that the simultaneous inoculation of the three bacteria had the best effect.

The rhizosphere phosphorus-solubilizing bacteria can release soluble phosphorus
from insoluble phosphate, meaning that they play an important role in the soil phos-
phorus cycle [39]. The soil P activation coefficient (PAC) is the proportion of Olsen-P to
total P, which can reflect the degree of conversion of the total P to Olsen-P [40,41]. In
this study, the organic P, Olsen-P, and total P amounts in the treated groups were sig-
nificantly higher than in the CK group, and the PAC was significantly increased. In the
rhizospheric soil, the Olsen-P and organic P concentrations showed significant positive
correlation, which is consistent with the results of Qi et al. [40]. Furthermore, the Olsen-P
and total P concentrations showed highly significant positive correlation, which is con-
sistent with the results of Wang et al. [42], indicating that the organic P, Olsen-P, and total
P contents can interact with each other to improve soil fertility. The effects of different
organophosphate-degrading bacteria on the quality of P. polyphylla var. yunnanensis and
the soil P content were discussed in this study. Zhao et al. [43] discussed the effects of
different potassium-solubilizing bacteria on the medicinal quality and soil potassium form
of P. polyphylla var. yunnanensis. Huang et al. [44] studied the effects of arbuscular mycor-
rhizal fungi on the growth and development of P. polyphylla var. yunnanensis and the content
of steroidal saponins. Liu et al. [45] showed that the biotransformation of endophytic fungi
could improve the content of saponins and its anti-tumor effect. It can be seen that the
growth-promoting effect of microbial fertilizer on P. polyphylla var. yunnanensis is a hot
topic at present, although the related studies have mainly focused on the effects of single
species of bacteria. Whether the interaction of different bacteria groups strengthens or
weakens the growth-promoting effect on the P. polyphylla var. yunnanensis is still unknown,
meaning that further research and discussion are needed.
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4. Materials and Methods
4.1. Bacterial Materials

The bacteria strains utilized in the experiment were strains preserved in our own labora-
tory, which were isolated from the rhizospheric soil of P. polyphylla var. yunnanensis in the field
and identified as Bacillus mycoides, B. wiedmannii, and B. proteolyticus by Du et al. [24]. The
bacteria were activated and placed in the solution, and they were then transferred by pipette
into a triangular flask containing 50 mL of beef paste peptone medium. Approximately 4 L
of each bacterial strain was cultured in this way.

4.2. Plant Materials

All the tested seedlings were obtained from the same batch of four-year-old P. polyphylla
var. yunnanensis seedlings with the same size and free from diseases and pests. They were
provided by the standardized planting garden in Pulang, Suyang, Yongping, Dali, Yunnan
(25◦39′13.56” N,99◦33′58.38” E), China, and identified. The seedlings were preserved as
single plants and conventionally treated to ensure the stability and homogeneity of the
germplasm resources. Their substrate was made of common loam, sand, and organic
fertilizer at a ratio of 2:1:1, and it was passed through a 2 mm sieve, autoclaved at 121 ◦C
for 30 min, and then cooled and sealed for use.

The potted experiment was carried out at Anshun College, Anshun, Guizhou, China
(26◦14′37.86′ ′ N,105◦54′3.75′ ′ E). The seedlings were planted in December 2020. The experi-
ment was divided into eight groups, including seven treatment groups (S1–S7) and one
control group (CK). Details of the inoculated treatments are shown in Table 4.

Table 4. The arrangement of each treatment in this experiment.

Treatments Details

S1 Inoculation with Bacillus mycoides
S2 Inoculation with B. wiedmannii
S3 Inoculation with B. proteolyticus
S4 Inoculation with B. mycoides and B. wiedmannii
S5 Inoculation with B. mycoides and B. proteolyticus
S6 Inoculation with B. wiedmannii and B. proteolyticus
S7 Inoculation with B. mycoides, B. wiedmannii, and B. proteolyticus
CK No inoculation with any organophosphate-degradation bacteria

Note: S1–S7 stand for Sample 1–Sample 7.

Therefore, a total of 8 treatments were included in this experiment, with each treatment
being replicated 10 times and each pot containing 5 seedlings. The inoculated treatment
was supplied with 150 mL suspension of designed OPDB per pot. The rhizomes and rhizo-
spheric soil of the seedlings were harvested after they had ripened. After determination
of the rhizome biomass, the rhizomes were crushed, sieved through 0.18 mm, sealed, and
dried for storage. The rhizospheric soil was obtained by shaking the roots, dried naturally
at 25 ± 1 ◦C, sieved, and sealed for drying and storage.

4.3. Determination of Rhizome Biomass

The freshly harvested rhizomes were cleaned before determining their fresh biomass.
They were then dried in an electric thermostatic blast oven at 45 ◦C to a constant weight for
the dried biomass. Each treatment group was replicated five times. The drying rate = the
dry weight of the rhizome/fresh weight of rhizome [46].

4.4. Determination of Steroidal Saponin Concentration in Rhizomes

The content of total saponins was determined using an optimized UV spectrophotom-
etry (Shanghai Jing Hua Ltd., Shanghai, China) [47]. The concentrations of the six steroidal
saponins (pseudoprotodioscin, polyphyllin VII, polyphyllin H, polyphyllin II, dioscin, and
polyphyllin I) in the rhizomes were determined by means of H-Class ultra-performance
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liquid chromatography (Waters Inc., Milford, MA, USA). First, 0.5 g of rhizome powder
(0.5 g) was incubated with 15 mL of methanol under ultrasonic conditions (SB-5200DTN,
Ningbo Xinzhi Biological Technology Co. Ltd., Zhejiang, China, 40 kHz) for 30 min. The
extracts were centrifuged at 4000 r/min and the supernatant was filtered through a 0.22 µm
microporous membrane for 10 min [38]. Each set of samples was replicated three times.
The condition of chromatography was as follows: chromatographic column: Accucore
PFP (2.1 × 100 mm, 2.6 µm); mobile phase: acetonitrile (A)–water (B), gradient elution:
0–5 min, 20–25% A; 5–15 min, 25–50% A; 15–17 min, 50–20% A; 17–20 min, 20% A; detection
wavelength: 203 nm; flow rate: 0.3 mL/min; injection volume: 5 µL; column temperature:
30 ◦C ; and sample chamber temperature: 10 ◦C . The measured peak areas were substituted
into the linear regression equation to calculate the concentrations of the various steroidal
saponins in the P. polyphylla var. yunnanensis root samples. The chromatograms of the
controls and samples are shown in Figure 5.
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Paris polyphylla var. yunnanensis. (A) Control chromatogram; (B) Paris polyphylla var. yunnanensis
chromatogram: 1. pseudoprotodioscin; 2. polyphyllin VII; 3. polyphyllin H; 4. polyphyllin II;
5. dioscin; and 6. polyphyllin I.

4.5. Methodological Validation

The six steroidal saponins had good linearity in the corresponding linear ranges. The
precision investigation revealed that the RSDs (n = 6) of the peak areas of the pseudopro-
todioscin, polyphyllin VII, polyphyllin H, polyphyllin II, dioscin, and polyphyllin I were
0.34%, 1.02%, 1.18%, 1.25%, 0.60%, and 0.33%, respectively, all of which were less than
2.00%, indicating that the precision of the instrument was suitable. Likewise, the repeata-
bility study resulted in good repeatability scores for the assay: I RSDs (n = 6) of the peak
areas of the pseudoprotodioscin, polyphyllin VII, polyphyllin H, polyphyllin II, dioscin,
and polyphyllin I were 1.87%, 0.51%, 2.04%, 0.75%, 0.64%, and 1.63%, respectively, all of
which were less than 3.00% (Table S1). The mean recoveries of the six steroidal saponins
ranged from 95.80% to 102.52%, with RSDs between 0.84% and 2.76%, all of which were
less than 3.00%, indicating that the assay used in this experiment had high recovery rates
as well as accurate and reliable results (Table S2).

4.6. Principal Component Analysis

The concentrations of the six steroidal saponins in the rhizomes of P. polyphylla
var. yunnanensis were used as indicators for the principal component analysis. The Kaiser–
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Meyer–Olkin (KMO) measure and Bartlett’s sphericity tests resulted in a KMO of 0.270 and
a Bartlett’s sphericity chi-square of 41.388, with 15 degrees of freedom and p < 0.05. The
data were determined to be suitable for the factor analysis.

The principal component scores were calculated with the formulae as follows:

F1 = 0.417X1 + 0.282X2 − 0.523X3 + 0.351X4 + 0.356X5 + 0.471X6

F2 = −0.458X1 + 0.513X2 − 0.079X3 + 0.541X4 − 0.459X5 + 0.130X6

FZ = 0.624F1 + 0.376F2

F1 and F2 denote the 1st and 2nd principal component scores, respectively, while X1
to X6 denote the standardized data of the six factors. The ratio of the characteristic and
cumulative contributions corresponding to the two principal components was then used as
the weight to calculate and rank the composite score to obtain FZ [27].

4.7. Determinations of Concentrations of Different P Forms in Rhizospheric Soil

The content of Olsen-P in the rhizospheric soil was determined using the sodium
bicarbonate leaching-colorimetric method. The organic P content was determined using
the method described by Bao [48]. The total P concentration was determined via the
microwave digestion of the samples and then via an FIA-6100 Automatic Flow Injection
Analyser (Beijing Jitian Instruments Co. Ltd., Beijing, China).

4.8. Statistical Analyses

Microsoft Excel 2010 was used for the data processing and graphing. SPSS 22.0 was
used for the principal component analysis and correlation analysis. Adobe Photoshop CC
2019 was used to edit the figures.

5. Conclusions

In conclusion, inoculation with different OPDB could effectively increase the Olsen-P
content in the rhizospheric soil, thereby promoting the absorption and utilization of phos-
phorus by P. polyphylla var. yunnanensis herbs. Moreover, it also increased the biomass
and active medicinal components of P. polyphylla var. yunnanensis. Among them, inocu-
lation with the three OPDB species resulted in the highest content of biomass, steroidal
saponins, and Olsen-P. Thus, the inoculation method can be considered in the future
artificial cultivation of P. polyphylla var. yunnanensis as a potent biostimulator.

Supplementary Materials: The following supporting information can be downloaded at: https://
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and linear ranges for steroidal saponins; Table S2: Steroidal saponin spiked recovery experiments.

Author Contributions: Conceptualization, Z.-W.L. and Y.-M.W.; methodology, Y.-H.W., Y.-B.X. and
N.Z.; investigation, Z.-W.L., Y.-H.W., Q.-S.W. and C.L.; writing—original draft preparation, Z.-W.L.
and Y.-M.W.; writing—review and editing, G.-X.L. and N.Z.; supervision, N.Z. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was sponsored by the Natural Science Foundation of Chongqing, China
(cstc2018jcyjAX0770) and the Postgraduate Research and Innovation Project of Chongqing Three
Gorges University (YJSKY22028).

Data Availability Statement: All the data supporting the findings of this study are included in
this article.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/plants12030631/s1
https://www.mdpi.com/article/10.3390/plants12030631/s1


Plants 2023, 12, 631 12 of 13

References
1. Guo, K.; Ren, X.; Mu, R.-F.; Zhou, T.-T.; Li, D.; Hu, H.; Liu, Y.; Li, S.-H. Ecdysteroids and spirosterane steroids from the traditional

Chinese medicine Paris polyphylla var. yunnanensis. Phytochem. Lett. 2021, 45, 117–120. [CrossRef]
2. Chinese Pharmacopoeia Commission. Pharmacopoeia of the People’s Republic of China (Part 1); China Medical Science Press: Beijing,

China, 2020; p. 261.
3. Li, H.-L.; Xu, L.-F.; Li, Z.-W.; Zhao, S.-X.; Guo, D.-Q.; Rui, L.; Zhou, N. Mycorrhizas effect polyphyllin accumulation of

Paris polyphylla var. yunnanensis through promoting PpSE expression. Phyton 2021, 90, 1535–1547.
4. Zhao, J.-L.; Mou, Y.; Shan, T.-J.; Li, Y.; Zhou, L.-G.; Wang, M.-A.; Wang, J.-G. Antimicrobial metabolites from the endophytic

fungus Pichia guilliermondii isolated from Paris polyphylla var. yunnanensis. Molecules 2010, 15, 7961–7970. [CrossRef]
5. Yu, K.; Fan, Q.-L.; Wang, Y.; Wei, J.-R.; Ma, Q.; Yu, D.; Li, J.-R. Function of leafy sepals in Paris polyphylla: Photosynthate

allocation and partitioning to the fruit and rhizome. Funct. Plant Biol. 2013, 40, 393–399. [CrossRef] [PubMed]
6. Pei, Y.-F.; Wu, L.-H.; Zhang, Q.-Z.; Wang, Y.-Z. Geographical traceability of cultivated Paris polyphylla var. yunnanensis using

ATR-FTMIR spectroscopy with three mathematical algorithms. Anal. Methods 2018, 11, 113–122. [CrossRef]
7. Chan, C.; Liao, Y.-Y.; Chiou, T.-J. The impact of phosphorus on plant immunity. Plant Cell Physiol. 2021, 62, 582–589. [CrossRef]
8. Timofeeva, A.; Galyamova, M.; Sedykh, S. Prospects for Using Phosphate-Solubilizing Microorganisms as Natural Fertilizers in

Agriculture. Plants 2022, 11, 2119. [CrossRef]
9. Ji, L.-L.; Chen, S.-C.; Wu, Z.-H.; Chang, J.; Tao, R.-P. Effects of planted grasses on soil nutrients and soil enzyme activities in Carya

cathayensis forest. Non-Wood For. Res. 2022, 40, 19–25.
10. Sattari, S.-Z.; Vanittersum, M.-K.; Giller, K.-E.; Zhang, F.; Bouwman, A.-F. Key role of China and its agriculture in global

sustainable phosphorus management. Environ. Res. Lett. 2014, 9, 054003. [CrossRef]
11. Carpenter, S.-R. Eutrophication of aquatic ecosystems: Bistability and soil phosphorus. Proc. Natl. Acad. Sci. USA 2005, 102,

10002–10005. [CrossRef]
12. Qin, L.-J.; Yang, Y.-Z.; Yang, X.-Y. Advances in mechanisms of soil P solubilization and dissolution by phosphate solubilizing

microorganisms. Life Sci. Res. 2019, 23, 59–64.
13. Hameeda, B.; Harini, G.; Rupela, O.-P.; Wani, S.-P.; Reddy, G. Growth promotion of maize by phosphate-solubilizing bacteria

isolated from composts and macrofauna. Microbiol. Res. 2008, 163, 234–242. [CrossRef]
14. Raj, J.; Bagyaraj, D.-J.; Manjunath, A. Infouence of soil inoculation with vesicular-arbuscular mycorrhiza and a phosphate

dissolving bacterium on plant growth and 32p-up take. Soil Biol. Biochem. 1981, 13, 105–108.
15. Bashan, Y.; Kamnev, A.-A.; De-bashan, L.-E. Tricalcium phosphate is inappropriate as a universal selection factor for isolating and

testing phosphate-solubilizing bacteria that enhance plant growth: A proposal for an alternative procedure. Biol. Fertil. Soils 2013,
49, 465–479. [CrossRef]

16. Kobus, J. The distribute on of microorganisms mobilizing P in different soils. Acta Microbiologia Plolonica 1962, 11, 255–264.
17. Yadav, B.K.; Tarafdar, J.C. Penicillium purpurogenum, unique P mobilizers in arid agro-ecosystems. Arid Soil Res. Rehabil. 2011,

25, 87–99. [CrossRef]
18. Bai, W.-J.; Hu, R.-R.; Zhang, J.-E.; Feng, L.-F.; Xu, H.-Q. Effects of phosphate-solubilizing bacteria on growth and P uptake of corn

seedling. Ecol. Sci. 2014, 33, 401–407.
19. Jyoti, S.; Minaxi; Anamika, J. Impact of a phosphate solubilizing bacterium and an arbuscular mycorrhizal fungus (glomus

etunicatum) on growth, yield and P concentration in wheat plants. CLEAN-Soil Air Water 2014, 42, 1248–1252.
20. Shen, M.-C.; Li, J.-G.; Dong, Y.-H.; Liu, H.; Peng, J.-W.; Hu, Y.; Sun, Y. Profiling of plant growth-promoting metabolites by

phosphate-solubilizing bacteria in maize rhizosphere. Plants 2021, 10, 1071. [CrossRef]
21. Wang, Y.-M.; Peng, S.; Hua, Q.-Q.; Qiu, C.-W.; Wu, P.; Liu, X.-L.; Lin, X.-G. The long-term effects of using phosphate-solubilizing

bacteria and photosynthetic bacteria as biofertilizers on peanut yield and soil bacteria community. Front. Microbiol. 2021,
12, 693535. [CrossRef]

22. El, M.-S.; Elabed, A.; Alaoui, T.-Z.-E.; Meddich, A.; Filali, M.-A.; Douira, A.; Ibnsouda, K.-S.; Amir, S.; El, M.-C. Effect of arbuscular
mycorrhizal fungi and phosphate-solubilizing bacteria consortia associated with phospho-compost on phosphorus solubilization
and growth of tomato seedlings (Solanum lycopersicum L.). Commun. Soil Sci. Plant Anal. 2020, 51, 622–634.

23. Sirinapa, C.; Chaisit, T.; Mominul, I.; Sabina, Y. Efficiency of phosphate-solubilizing bacteria to address phosphorus fixation in
Takhli soil series: A case of sugarcane cultivation, Thailand. Plant Soil 2021, 73, 1–11.

24. Du, H.-H.; Zhu, F.-R.; Yang, M.; Guo, D.-Q.; Zhao, S.-X.; Li, Q.-T.; Zhou, N. Isolation and identification of phosphatolytic bacteria
in Paris polyphylla var. yunnanensis. China J. Chin. Mater. Med. 2021, 46, 915–922.

25. You, Y.-L.; Zhao, H.-M.; Li, Y.; Wu, R.-X.; Liu, G.-B.; Zhou, J.-D.; Chen, J.-F. Dynamic changes in biomass accumulation and
nutritional quality of triticeae forages. Acta Prataculturae Sin. 2022, 31, 189–201.

26. Zhang, D.-L.; Liu, S.; Liu, Z.-Y.; Ma, C.-C.; Jiang, Y.-H.; Sun, C.; Li, K.-L.; Cao, G.-S.; Lin, Z.-M.; Wang, P. Polyphyllin I induces cell
cycle arrest in prostate cancer cells via the upregulation of IL6 and P21 expression. Medicine 2019, 98, e17743. [CrossRef]

27. Zhang, Y.-F.; Huang, P.; Liu, X.-W.; Xiang, Y.-C.; Zhang, T.; Wu, Y.-Z.; Xu, J.-X.; Sun, Z.-T.; Zhen, W.-G.; Zhang, L. Polyphyllin I
inhibits growth and invasion of cisplatin-resistant gastric cancer cells by partially inhibiting CIP2A/PP2A/Akt signaling axis.
J. Pharmacol. Sci. 2018, 137, 305–312. [CrossRef]

http://doi.org/10.1016/j.phytol.2021.08.008
http://doi.org/10.3390/molecules15117961
http://doi.org/10.1071/FP12257
http://www.ncbi.nlm.nih.gov/pubmed/32481116
http://doi.org/10.1039/C8AY02363H
http://doi.org/10.1093/pcp/pcaa168
http://doi.org/10.3390/plants11162119
http://doi.org/10.1088/1748-9326/9/5/054003
http://doi.org/10.1073/pnas.0503959102
http://doi.org/10.1016/j.micres.2006.05.009
http://doi.org/10.1007/s00374-012-0737-7
http://doi.org/10.1080/15324982.2010.528151
http://doi.org/10.3390/plants10061071
http://doi.org/10.3389/fmicb.2021.693535
http://doi.org/10.1097/MD.0000000000017743
http://doi.org/10.1016/j.jphs.2018.07.008


Plants 2023, 12, 631 13 of 13

28. Niu, W.-P.; Xu, L.; Li, J.-W.; Zhai, Y.; Sun, Z.-H.; Shi, W.; Jiang, Y.-H.; Ma, C.-C.; Lin, H.-Q.; Guo, Y.-X. Polyphyllin II inhibits
human bladder cancer migration and invasion by regulating EMT-associated factors and MMPs. Oncol. Lett. 2020, 20, 2928–2936.
[CrossRef]

29. Pang, D.; Yang, C.; Li, C.; Zou, Y.; Feng, B.; Huang, C. Polyphyllin II inhibits liver cancer cell proliferation, migration and invasion
through downregulated cofifilin activity and the AKT/NF-κB pathway. Biol. Open 2020, 9, bio046854.

30. Zhou, L.; Song, H.-Y.; Zhang, Y.-Q.; Ren, Z.-Z.; Li, M.-H.; Fu, Q. Polyphyllin VII attenuated RANKL-induced osteoclast
differentiation via inhibiting of TRAF6/c-Src/PI3K pathway and ROS production. BMC Musculoskelet. Disord. 2020, 21, 136.
[CrossRef]

31. Zhang, C.; Li, C.; Jia, X.; Wang, K.; Tu, Y.; Wang, R.-C.; Liu, K.-C.; Lu, T.; He, C.-W. In vitro and in vivo anti-inflflammatory effects
of polyphyllin VII through downregulating MAPK and NF-κB pathways. Molecules 2019, 24, 875.

32. Guan, X.; Li, R.-S.; Duan, B.-Z.; Wang, Y.; Fan, M.; Wang, S.; Zhang, H.-Z.; Xia, C.-L. Advances in research on chemical constituents
and pharmacological effects of Paris genus and prediction and analysis of quality markers. Chin. Herb. Med. 2019, 50, 4838–4852.

33. Zhang, Z.; Zhao, X.-R.; Gao, M.; Xu, L.-N.; Qi, Y.; Wang, J.-H.; Yin, L.-H. Dioscin alleviates myocardial infarction injury via
regulating BMP4/NOX1-mediated oxidative stress and inflammation. Phytomedicine 2022, 103, 154222. [CrossRef]

34. Mao, Z.; Gao, M.; Zhao, X.-R.; Li, L.-L.; Peng, J.-Y. Neuroprotective effect of dioscin against parkinson’s disease via adjusting
dual-specificity phosphatase 6 (DUSP6)-mediated oxidative stress. Molecules 2022, 27, 3151. [CrossRef]

35. Bao, R.-X.; Wang, W.; Chen, B.-B.; Pan, J.-J.; Chen, Q.; Liu, M.-Y.; Wang, D.; Wu, Y.-Z.; Yu, H.-Y.; Han, L.-F. Dioscin ameliorates
hyperuricemia-induced atherosclerosis by modulating of cholesterol metabolism through FXR-Signaling pathway. Nutrients 2022,
14, 1983. [CrossRef]

36. Gai, Y.N.; Li, Y.-S.; Xu, Z.-L.; Chen, J. Pseudoprotodioscin inhibits SREBPs and microRNA 33a/b levels and reduces the gene
expression regarding the synthesis of cholesterol and triglycerides. Fitoterapia 2019, 139, 104393. [CrossRef]

37. Gao, Y.-T.; Yang, L.-R.; Yang, Y.-L.; Wang, X.-M. Study on scavenging reactive oxygen species and antioxidant effects of Paris
poiyphylla extract in vitro. Chin. Tradit. Pat. Med. 2007, 30, 195–198.

38. Gu, W.-C.; Guo, D.-Q.; Yang, M.; Huang, X.-L.; Li, H.-L.; Zhou, N. Determination of 9 steroidal saponins in rhizome and fibrous
roots of wild and cultivated Paris polyphylla var. yunnanensis by UPLC. Tradit. Chin. Drug Res. Clin. Pharmacol. 2020, 31, 838–847.

39. Xu, H.Y.; Lv, J.; Yu, C. Study on Growth Promoting of Pinus massoniana Seedlings Regulated by Rhizosphere Phosphate-
solubilizing Paraburkholderia spp. Biotechnol. Bull. 2019, 31, 1–12.

40. Qi, P.; Wang, X.-J.; Jiao, Y.-P.; Guo, G.-W.; Ma, J.-J.; Wu, J.; Cai, L.-Q.; Zhang, R.-Z. Effects of P application on P composition and
availability of spring wheat topsoil on the Loess Plateau of Longzhong. Agric. Res. Arid Areas 2021, 39, 99–106.

41. Li, R.-N.; Wang, Z.-P.; Batbayar, J.; Zhang, D.-J.; Zhang, S.-L.; Yang, X.-Y. Relationship between soil available P and inorganic P
forms under equivalent organic matter condition in a tier soil. Sci. Agric. Sin. 2019, 52, 3852–3865.

42. Wang, Q.-J.; Guo, D.-J.; Ma, Y. Stoichiometric characteristics of soil carbon, nitrogen and P and their relationship with soil available
P under continuous application of organic fertilizer for vegetable cultivation in greenhouse. Jiangsu J. Agric. Sci. 2021, 37, 893–901.

43. Zhao, S.X.; Deng, Q.S.; Jiang, C.Y. Inoculation with Potassium Solubilizing Bacteria and Its Effect on the Medicinal Characteristics
of Paris polyphylla var. yunnanensis. Agriculture 2022, 13, 21. [CrossRef]

44. Huang, Y.P.; Zhang, J.; Yang, M.; Ding, B.; Guo, D.Q.; Pan, X.J.; Zang, D.Q.; Zhou, N. Effects of different inoculation periods on
seedling growth and steroidal saponin content of Paris polyphylla var. yunnanensis. Chin. Tradit. Herb. Drugs 2019, 50, 4438–4448.

45. Liu, D.Z.; Chen, Y.Y.; Zhang, M.; Tian, Y.; Li, Z.H.; Yu, D.; Dou, X.W. Study on biotransformation of endophytic fungus to enhance
saponins content and antitumour activity of Paridis Rhizoma. Chin. Tradit. Herb. Drugs 2022, 53, 4486–4492.

46. Zhang, J.; Zhou, N.; Pan, X.-J.; Guo, D.-Q.; Ding, B.; Wang, L.; Yang, M.; Zhu, L.; Zhang, H. Screening of preponderant
arbuscular mycorrhizal fungi species from Paris polyphylla var. yunnanensis seedlings based on biomass and active components.
Chin. Herb. Med. 2018, 49, 1897–1906.

47. Yang, X.; Zhang, Z.-Q. Contents determination of total saponin of Paridis. Chin. Arch. Tradit. Chin. Med. 2007, 26, 2420–2422.
48. Bao, S.-D. Soil Agrochemical Analysis; China Agricultural Press: Beijing, China, 2003; pp. 14–15.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3892/ol.2020.11839
http://doi.org/10.1186/s12891-020-3077-z
http://doi.org/10.1016/j.phymed.2022.154222
http://doi.org/10.3390/molecules27103151
http://doi.org/10.3390/nu14091983
http://doi.org/10.1016/j.fitote.2019.104393
http://doi.org/10.3390/agriculture13010021

	Introduction 
	Results 
	Changes in Rhizome Biomass 
	Changes in Steroidal Saponin Content 
	Changes in Steroidal Saponin Concentrations in the Rhizome 
	Principal Component Analysis of the Six Steroidal Saponins 

	Changes in Concentrations of Different Soil P Forms 
	Correlation Analysis 

	Discussion 
	Materials and Methods 
	Bacterial Materials 
	Plant Materials 
	Determination of Rhizome Biomass 
	Determination of Steroidal Saponin Concentration in Rhizomes 
	Methodological Validation 
	Principal Component Analysis 
	Determinations of Concentrations of Different P Forms in Rhizospheric Soil 
	Statistical Analyses 

	Conclusions 
	References

