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Diversity of endophytic bacteria
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correlation with polyphyllin content
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Abstract

Background Paris polyphylla var. yunnanensis (PPY) is commonly used in traditional Chinese medicine formulas

and folk families. Nearly more than 100 chemical substances with medicinal values have been reported in PPY,
among which steroidal saponins are the main active components. Due to its long growth cycle, the resource of PPY
has become too scarce, and the current production capacity of PPY is still far from meeting the market demand.
Numerous studies have shown that endophytic bacteria not only promote the production of secondary metabolites
in the host plant, but some of them are also able to produce the same secondary metabolites as the host. However,
little is known about the endophytic bacteria associated with PPY in different geographic conditions and tissues. In
order to compare the endophytic bacterial communities associated with PPY in different geographic conditions and
plant tissues, the endophytic bacteria from roots, stems, and leaves of PPY collected from five locations were isolated,
and the diversity, richness, and homogeneity of bacterial communities were analyzed, and the dominant genera
correlation with polyphyllin content was further investigated.

Results A total of 268 endophytic bacterial strains were isolated and identified from PPY. The experimental results
showed that the isolates belonged to 5 phyla, 7 classes, 14 orders and 39 genera of bacteria, of which the dominant
order was Bacillariophyta and the dominant genera were Bacillus, Pseudomonas and Agrobacterium. In general, the
differences in the distribution pattern and diversity of endophytic bacteria in PPY were characterized by the highest
diversity and richness index of endophytic bacterial communities in Er yuan Qisheng (QS) and the highest evenness
index in Dali Fengyi (FY). The diversity, richness and evenness of bacterial communities in terms of tissue state showed
a hierarchical pattern of root > stem > leaf. The three optimal genera were positively correlated with polyphyllin
content.

Conclusion The distribution pattern and diversity of endophytic bacteria in PPY were influenced by tissue type and
habitat. In addition, three endophytic bacteria (Pseudomonas, Bacllius and Agrobacterium) were positively correlated
with the content of polyphylin.
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Introduction

Paris polyphylla Smith var. yunnanensis (Franch.) Hand.-
Mazz. (PPY) is a perennial herb belonging to the genus
(Paris) of the lily family (Linnaeus), which has a long his-
tory of medicinal use in Yunnan, and has been included
in the successive editions of Chinese Pharmacopoeia. The
dried rhizomes of PPY serve as a potent medicinal agent,
renowned for their efficacy in clearing away heat and
detoxification, eliminating swelling and relieving pain,
cooling the liver and calming nerves. Steroidal saponins
of PPY are widely regarded as the main active ingredients
[1-3]. PPY is not only a commonly used drug in tradi-
tional Chinese medicine formulas and folk families, but
also the main raw materials utilized in over forty types of
proprietary Chinese medicines, such as Yunnan Baiyao
series, Gongxuining capsule, JiDeSheng snake tablet, and
LouLian capsule [4, 5]. Modern studies have also found
that PPY possesses multiple pharmacological properties,
including anti-tumor, immunomodulatory, anti-virus
eliminate inflammation, hemostatic, and vascular regula-
tion effects [6—10].

The utilization of PPY is in serious resource crisis due
to its high demand for medicinal herbs, the long cycle
of regeneration, and the indiscriminate exploitation for
more than 30 years. Artificial cultivation is one of the
most effective ways to solve the problem of endangered
medicinal plant resources, but the quality of PPY herbs
from different origins varies greatly [11, 12]. At present, a
large number of studies on the quality of PPY have been
conducted domestically and abroad, yet the outcomes of
these investigations are still in a nascent phase, lacking
definitive conclusions. Therefore, it is imperative to study
the factors influencing PPY quality.

Endophytes are microorganisms that reside in the tis-
sues or cellular interstitial spaces of healthy plants dur-
ing some or all stages of their life cycle and do not cause
any visible plant diseases [13]. Recent studies have dem-
onstrated that endophytes in medicinal plants are closely
related to the quality of herbs [14—16]. In addition, the
type of plant tissue and geographical location signifi-
cantly impact the distribution patterns and diversity of
endophytes [17-19]. In this work, a microbial pure cul-
ture method based on 16 S rDNA sequencing technol-
ogy was employed to isolate and characterize endophytic
bacteria of PPY from different origins. Meanwhile, the
contents of saponins in PPY from different origins were
determined by high performance liquid chromatography
(HPLC). The distribution and diversity of endophytic
bacteria across different geographical locations and
PPY tissues were explored, and the correlation between

endophytic bacterial diversity and steroidal saponin con-
tent was also elucidated.

Materials and methods

Reagents and herbal medicine samples

Reference standards (= 98%) including Polyphyllin I (PPI),
Polyphyllin II (PPII), Polyphyllin VI (PPVI), Polyphyllin
VII (PPVII) were purchased from the National Institutes
for Good and Drug Control (Beijing, China), Polyphyl-
lin H (PPH), Polyphyllin VII (PPVII) and Polyphyllin V
(PPV) were purchased from Shanghai Jinsui Bio-Tech-
nology Co., Itd. (Shanghai, China). Methanol and aceto-
nitrile (HPLC grade) were purchased from Tedia (Ohio,
USA). Deionized water was prepared by a Mili-Q sys-
tem (Millipore, Milford, MA, USA). The other reagents
obtained were analytical grade. The plant samples of
PPY were collected from five different localities in Yun-
nan, namely Yunlong Guanping (GP), Jianchuan Yangcen
(YC), Eryuan Niujie (NJ), Eryuan Qisheng (QS) and Dali
Fengyi (FY). The information of the samples is shown in
Table S1.

High-performance liquid chromatography

0.5 g dry rhizome powder of PPY was weighed accurately,
extracted with 4 mL of ethanol (75%, v/v), and treated
with ultrasonication for 60 min. The ethanol mixture
solution was filtered, and the residue was extracted again
by the same procedure. The filtrate was diluted to 10 mL
with ethanol. The sample was filtered by a 0.22 pum micro-
porous membrane. Standard stock solutions were further
prepared with methanol at different concentrations as
follows: 0.236 mg/mL for PPVII, 0.238 mg/mL for PPH,
0.240 mg/mL for PPVI, 0.650 mg/mL for PPII, 0.736 mg/
mL for PPVIL, 0.660 mg/mL for PPI, and 0.248 mg/mL
for PPV. All of these solutions were stored at 4 °C prior
to use.

An Agilent ZORBAX Eclipse XDB-C18 column
(4.6 mm x 150 mm, 5 pm), thermostat-controlled at
30 °C, was used for the chromatographic separations,
and the gradient elution of wat (solvent A) and acetoni-
trile (solvent B) at a flow rate of 1 mL/min was employed
as follows: 0~39 min (20% ~ 44% B), 39 ~52 min (44%
~ 60% B), 52 ~60 min (60% ~ 20% B). The injection vol-
ume was 10 pL, and the detection wavelength was set at
203 nm for steroidal saponins.

Method validation

Standard stock solutions were diluted to appropriate
concentrations with ethanol for the construction of cali-
bration curves. Six standard solutions were injected into
the chromatographic system at 1 pL, 2 pL, 4 pL, 6 pL, 8
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puL and 12 pL, respectively. Meanwhile, the calibration
curves of PPVII, PPH, PPVI, PPII, PPVII, PPI and PPV
were constructed by plotting the peak area versus the
content (pug). The limit of detection (LOD) and limit of
quantification (LOQ) were also examined in terms of sig-
nal-to-noise ratios of 3 and 10, respectively. The precision
of the method was evaluated by analyzing the standard
solutions. The experiment was repeated six times on the
same day. The relative standard deviation (RSD) for the
peak area of each standard was calculated, separately. To
investigate the stability of the sample solutions, a solution
prepared from PPY rhizome was stored at room tem-
perature and analyzed for 0, 2, 4, 6, 8, 10, 12 and 24 h.
The recovery test was performed by spiking known con-
centration levels of the mixture standard solution into
known amounts of samples.

Endophyte isolation

The sediment and other impurities on the surface of
PPY samples were washed and rinsed three times under
running water. The surface of PPY sample was sterilized
with alcohol (75%, v/v) and HgCl, (0.2%, wt.) solution,
immersed for 0.5~ 1.0 min and 15~ 20 min, respectively,
and then rinsed with sterile water until the sterile water
rinsed was free of microorganism growth [20].

The sterilized PPY samples were chopped, and 5.0 g
PPY was grinded until homogeneous, and 5.0 mL sterile
water was added for mixing to obtain the PPY suspen-
sion. The concentration of the sample suspension was
diluted to 1071, 1072 and 1072 g/mL by the multiplica-
tive dilution method. 200 pL diluted suspension was
aspirated, spread evenly on the R,A agar medium, and
then incubated at 28+2 °C for 2~4 days in bacterio-
logical incubator. The bacterial colonies (pure colonies)
were picked and streaked on the fresh nutrient agar for
the selection of clone. The isolated strains were stored in
cryopreservation tube containing glycerol at -80 °C.

DNA extraction, PCR amplification and sequencing

Genomic DNA was extracted using a Rapid bacterial
Genomic DNA Isolation Kit (Sangon Biotech Co., Ltd.,
Shanghai, China). The 16 S rRNA gene was amplified
from the isolates using 27 F and 1492R primer sets [21].
The PCR amplification was performed in a 25 pL reac-
tion system containing 2 uL. DNA template, 1 uL of each
primer, 8.5 pL ddH,0, and 12.5 pL 2 x Taq PCR Mas-
ter Mix (Sangon, Biotech Company, Limited, Shanghai,
China). The PCR products were verified by agarose gel
electrophoresis and purified with a DiaSpin PCR Prod-
uct Purification Kit (Sangon Biotech Company, Lim-
ited, Shanghai, China). The purified PCR products were
sequenced in the forward and reverse directions using
the same PCR primer pairs at a commercial sequencing
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provider (Sangon Biotech Company, Limited, Shanghai,
China).

Data analysis

Relative frequency (RF) refers to the ratio of the num-
ber of endophytic bacterium strains to the total number
of isolated strains. Shannon-Wiener diversity index (H’)
and Simpson diversity index (D) were used to analyze
the biodiversity of endophytic bacteria. Pielou homoge-
neity index (J) was used to study the homogeneity of the
species distribution in different parts of the same spe-
cies, and the species richness was assessed by calculating
Margalet index (R). Determination of dominant colonies:
species were considered dominant if P; > 1/S, where P;
was the relative abundance of species (i) and S was the
total number of species present in the community. Pear-
son’s correlation analysis was performed using IBM SPSS
Statistics 25.0 to investigate the correlation between
polyphyllin content of PPY and the dominant taxa (genus
level) among the five provenances.

Results

Validation of method

Figure 1 displays the chromatogram of seven standards
obtained through HPLC. The regression equation and
linear ranges of seven analytes were determined using
the developed HPLC method. The results showed that
the test solution was well separated from the impurities
and without interference. The correlation coefficient val-
ues (r?) indicated appropriate correlations between the
investigated compound concentration and their peak
area within the test ranges. As presented in Table S2, all
R? values obtained using linear regression analysis were
greater than 0.99. The average peak areas of PPVII, PPH,
PPVI, PPII, PPVII, PPI, and PPV were 141.85, 179.63,
107.75, 321.20, 263.43, 257.55, 229.15, and the relative
standard deviations were 0.66%, 0.53%, 0.98%, 0.86%,
0.85%, 0.65%, and 0.70%, respectively.

The relative standard deviation (RSD) of precision for
seven compounds was less than 2%. The RSD values for
repeatability and stability of the compounds were all less
than 2%, suggesting the high repeatability and stability of
the method used. The average recovery was in the range
of 98.34~99.34% with RSD varying from 0.08 to 0.25%
(Table S3), indicating that the method used was accu-
rate and reproducible for quantifying the seven steroidal
saponins present in PPY samples.

Structure and distribution of endophytic bacterial flora in
PPY

A total of 268 culturable endophytic bacteria were suc-
cessfully isolated from PPY tissues sourced from five dis-
tinct origins. Notably, all the bacteria isolated remained
uncontaminated under the specified culture conditions.
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Fig. 1 The HPLC reference substances of PPY
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Fig. 2 Relative frequency (RF) of bacterial groups (a genera, b orders) across PPY host tissues and different sites (GP Guanping, YC, Yangcen, NJ, Niujie,

QS, Qisheng, FY, Fengyi)

The sequences generated were checked and assembled
using SeqMan Pro v.11 (DNAStar Lasergene, Madison,
WI, USA), and then subjected to BLASTn searches in
the NCBI (National Center for Biotechnology Informa-
tion) GenBank nucleotide database. The identification
and classification of the thirty-nine taxa is presented in
Table S4. Among the isolated bacteria, 165 specimens
(comprising 61.57% of the total) were classified as Pro-
teobacteria, while 80 specimens (accounting for 29.85%
of the total) belonged to the Firmicutes phylum. Most of
them were assigned to 14 orders within 7 classes (Alpha-
proteobacteria, Betaproteobacteria, Gammaproteobacte-
ria, Bacilli, Actinobacteria, Flavobacteria, Acidobacteria).

The main order is Bacillales, and the main genera are
Bacillus and Pseudomonas (Fig. 2).

Differences in endophytic bacteria between regions and

PPY tissues

The highest number of endophytic bacterial isolates
were collected from GP (73), followed by QS (62), NJ
(47), FY (47), and YC (39). The differences in the dis-
tribution of endophytic bacteria were observed across
the above-mentioned five regions. At the genus level,
Bacillus emerged as the dominant genus in GP, YC, and
FY, accounting for 34.25%, 48.71%, and 29.78% of the
RE, respectively. In contrast, Agrobacterium was the
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Fig. 3 Wayne diagram of endophytic bacterial strain distribution in PPY(a sites, b tissues)

Table 1 Species richness, evenness and diversity indices of
endophytic bacteria isolated from PPY at different sites

sites Shannon’s di- Simpson’s Pielou Margalet
versity index  diversity evenness  richness
(H") index (D) index (J) index (R)
Guanping 3.1179 0.9581 0.8917 74584
Yangcen 25156 09123 0.8879 43673
Niujie 2.7326 0.9184 0.8840 54543
Qisheng 3.2799 0.9619 0.9310 7.9959
Fengyi 2.9697 0.9501 09471 57141

Table 2 Indices of endophytic bacteria species richness,
evenness, and diversity isolated from different PPY tissues

sites Shannon’s Simpson'’s Pielou even- Margalet
diversity index diversity nessindex richness
(H") index (D) J) index (R)
Root 3.8631 0.9492 0.9640 11.5562
Stem 3.3256 0.9691 0.9431 8.2349
Leaf 2.8445 0.9555 0.8447 6.1206

predominant genus in NJ, comprising 25.53% of the RF,
while Luteibacter was the dominant genus in QS, with an
RF of 11.29%. The endophytic bacteria exhibited region-
specificity at the species level, where Pseudomonas poae
was prevalent in both roots and leaves, whereas Sphin-
gomonas taxi was commonly associated with stems and
leaves (Fig. 3). As presented in Table 1, the differences in
endophytic bacterial diversity (H' and D), evenness (J)
and richness (R) were observed across different regions.
The bacterial species diversity at YC exhibited the lowest
values (H' = 2.5156, D=0.9123), and the bacterial species
evenness at NJ was the lowest (J=0.8841). Additionally,
the lowest bacterial richness (R =4.3673) was observed at
YC.

The roots of PPY exhibited the highest number of
endophytic bacterial isolates, with a total of 73 distinct

strains identified, whereas the stems displayed the lowest
number of such isolates, comprising merely 55 strains.
Besides, the diversity (H” and D) and richness (R) of endo-
phytic bacteria showed significant differences in different
tissues (Table 2). The roots possessed the greatest bac-
terial species diversity (H = 3.8631), whereas the leaves
exhibited the lowest (H" = 2.8445). Conversely, according
to the Simpson’s index (D), the stems exhibited the high-
est bacterial species diversity (D=0.9691), and the roots
displayed the lowest diversity (D=0.9492). The assess-
ment of bacterial species richness (R) revealed that the
roots possessed the highest level (R=11.5562), whereas
the leaves exhibited the lowest richness (R =6.1206).

Correlation between endophytic bacterial communities
and steroidal saponin content

The total contents of PPI, PPII and PPVII in PPY samples
sourced from five distinct origins varied between 1.0917
and 1.8656%, all of which conformed to the specifica-
tions outlined in the 2020 edition of the Chinese Phar-
macopoeia. Notably, the concentrations of PPI, PPII and
PPVII in the YC and FY samples surpassed the stipulated
standards by a margin of 2.5 to 3.1 times. The content
of PPIII in the PPY derived from Guanping exhibited a
significant increase (p <0.05) or a highly significant eleva-
tion (p<0.01) compared with those sourced from other
origins. Besides, it was the sole origin in which PPV
was detectable, with a concentration of 0.1070% (Table
S5). The analysis of Pearson’s correlation coefficient was
conducted using SPSS software to assess the relation-
ship between the dominant flora and steroidal saponins
present in PPY samples originating from five distinct
locations. The results are shown in Table 3. A highly sig-
nificant positive correlation was observed between Bacl-
lius and the total content of PPL II and VII (p <0.01). The
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Table 3 Correlation analysis between endophytic bacteria and polyphyllin contents

Genus PPI PPII PPIIl PPVI PPVII PPH PPI+II+VII
Bacllius 0.798 0739 0388 -0.198 0275 -0.582 0974"
Agrobacterium -0.643 -0.799 -0.651 0.680 -0.064 0885 -0.851
Pseudomonas 0.703 0.705 0.582 0.093 0433 -0.380 0935

Note *means p <0.05, ** means p <0.01

Pseudomonas displayed a strong positive correlation with
the total content of PPI, II, and VII (p<0.05). Addition-
ally, the Agrobacterium had high-positive correlation
with the accumulation of PPH content (p <0.05).

Discussion

In this study, the diversity of endophytic bacteria in three
PPY tissues from five different origins was documented.
A total of 268 bacterial isolates were obtained and identi-
fied. The experimental results indicated that the isolates
belonged to 5 bacterial phyla, 7 classes, 14 orders, and
39 genera. The distribution of endophytic bacteria varied
across different locations, which may be attributed to the
influence of both biotic and abiotic factors on endophytic
bacterial communities [22-26]. These factors ultimately
determine their species composition, community struc-
ture, diversity, and functionality [27]. It has been found
that environmental factors not only impact the distribu-
tion of medicinal plants, but also dictate the species com-
position of bacterial and endophytic fungi [28, 29], and
the composition of plant microbial communities is asso-
ciated with the host species, living environment, plant
genetics, and various tissue states [30—33]. The experi-
mental results were consistent with the previous reports
on PPY and various host plant species, the distribution
of endophytic bacteria in the three tissues varied consid-
erably [34-38]. It is noteworthy that we adopted a cul-
ture-dependent isolation method. Due to the inability of
laboratory conditions to fully simulate natural environ-
ments, some microorganisms exhibit “unculturability’,
which may lead to the omission of endophytic bacteria in
the analysis, thereby causing deviations in the results of
geographical and organizational analysis.

PPY is used in different pharmaceutical systems for
the treatment of several diseases. According to reports,
nearly 100 plant chemicals with medicinal value have
been discovered in PPY, among which steroidal sapo-
nin and polyphyllin are the key compounds. However,
the current production of resorcylic acid saponins is far
from meeting market demand. Many studies have shown
that endophytic bacteria can increase the production of
polyphyllin by regulating the expression of relevant genes
in PPY [39, 40]. The experimental results revealed that
three endophytic bacterial genera were associated with
the polyphyllin content in PPY. Specifically, Pseudomonas
and Bacllius were significantly and positively correlated
with the total content of PP I, II and VII, respectively,

while Agrobacterium showed a strong positive correlation
with the content of PPH. Research has found that inocu-
lation with three potassium-solubilizing bacteria (KSB)
(Bacillus thuringiensis, B. polymyxa, and Paenibacillus
amylolyticus) can increase the content of Pseudo-pro-
todiosgenin and diosgenin H [41]. Bacillus cereus LgD2
may effectively promote the accumulation of polyphyl-
lin by regulating key downstream genes in biosynthetic
pathways [40]. However, considering that endophytes
enhance the secondary metabolites of medicinal plants
by a variety of factors, they not only can directly promote
the production of metabolites in the host plant but also
synthesize the same secondary metabolites as the host,
and secrete biologically active secondary metabolites
that can improve the tolerance of the host plant to biotic
stresses and regulate the expression of related genes in
the host [42, 43]. Therefore, comprehensive and in-depth
studies are required to elucidate the mechanistic rela-
tionships between these endophytes and polyphyllin.

Conclusions

The distribution pattern and diversity of endophytic bac-
teria in PPY were influenced by tissue type and habitat.
In addition, three endophytic bacteria (Pseudomonas,
Bacllius and Agrobacterium) were positively correlated
with the content of polyphylin, and could be used as
potential candidates for producing bioactive compounds.
This work will facilitate the development of an alterna-
tive method for the production of secondary metabolites
from endophytes. It is imperative to pay more attention
to the interaction between medicinal plants and micro-
organisms, and enhance research efforts to elucidate
the interaction mechanisms, so as to make better use of
endophytic resources, and provide theoretical guidance
for high-quality and high-yield medicinal plants.
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