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Abstract

Endophytic microorganisms absorb nutrients and prevent pathogen damage, supporting healthy plant growth. However, the
relationship between endophytic bacteria and berberine synthesis in the medicinal plant Coptis teeta Wall. remains unclear.
Herein, we explored the community composition of endophytic bacteria related to berberine in roots, stems, and leaves of
wild-type and cultivated C. teeta. Endophytic bacterial communities were analyzed by 16S rRNA sequencing, and berberine
content in roots was analyzed by high-performance liquid chromatography. Proteobacteria, Actinobacteria, and Bacteroidetes
were the major phyla, and Mycobacterium, Salmonella, Nocardioides, Burkholderia-Paraburkholderia, and Rhizobium were
the dominant genera in root, stem, and leaf tissues. Root berberine content was positively correlated with total N, total P, total
K, and available K in rhizosphere soil. In addition, root berberine content was positively correlated with Microbacterium and
norank_f_7B-8, whereas soil total K was positively correlated with Microbacterium and Burkholderia-Paraburkholderia
in roots. Our results demonstrated a clear correlation between dominant endophytic bacteria and berberine synthesis in C.
teeta. The findings are useful for the promotion of berberine production in C. feeta via manipulation of endophytic bacteria.
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Introduction

The genus Coptis belongs to the family Ranunculaceae.
In Chinese herbal medicine, Coptidis rhizome refers to the
dried rhizome of Coptis chinensis Franch., C. deltoidea
CY Cheng et Hsiao, and C. teeta Wall. (Committee 2015).
Coptidis rhizome is often used for clearing heat, eliminat-
ing dampness, and detoxification (Wang et al. 2019). It can
also be used to treat vomiting, diarrhea, jaundice, high fever,
fainting, heartburn, upset stomach, toothache, and various
other ailments (Moon et al. 2017; Goswami and Gogoi
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2019). In addition to use in traditional Chinese medicine,
Coptidis rhizome is a source of compounds used in propri-
etary Chinese pharmaceutical products such as Huanglian
9 and Yinglian tablet. Although statistics are incomplete,
there are numerous pharmaceutical preparations containing
Coptidis rhizome as a raw ingredient. Botanical and pharma-
cological studies have shown that Coptidis rhizome contains
a variety of alkaloids such as palmatine and the more famous
berberine (Committee, 2015; Moon et al. 2017; Goswami
et al. 2019). The root of C. teeta contains 6—7% berberine,
while the stem contains 2-3% and the leaf contains 1-1.97%
(Committee, 2015; Wang et al. 2019).

Coptis teeta is a shade-tolerant plant that grows at high
altitudes, in cold mountainous and rainy regions such as the
Gaoligong Mountain, northwestern Yunnan, China. As long
ago as the Ming Dynasty, Lan Mao recorded in the Diannan
Materia Medica that Coptidis rhizome grown in Yunnan,
namely C. feeta, was more efficacious than that grown in
Sichuan, China. Indeed, C. feeta is widely considered to pro-
duce the best quality Coptidis rhizome. Due to slow growth,
it takes 67 years after sowing before products can be har-
vested. The slow growth is often affected by a variety of dis-
eases and pests, such as anthracnose (Tan et al. 2016). The
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yield of C. teeta is very low, because the rhizome is small
and it produces unusual ‘breeding branches’ that consume
substantial nutrients (Cui et al. 2017). Furthermore, due to
long-term over-harvesting and continuous habitat destruc-
tion, the wild population is on the verge of extinction, and
the species is listed as a second-class endangered plant in
China.

As the growth of C. feeta is dependent on various envi-
ronmental factors including nutrients, moisture, light,
and temperature, these must be taken into full considera-
tion when attempting to maximize the yield and quality of
medicinal materials (Bi and Zhao 2018). N, P, and K play
important roles in plant vegetative growth, indicating that
their combined application may be the key to achieving a
high yield. Although fertilizer application can increase the
growth and development of C. teeta (Zhou 2011), the rhi-
zome quality may decline under cultivated conditions. Arti-
ficial cultivation of C. teeta is the only method capable of
meeting demand, hence the need for an improved, standard-
ized approach. Understanding the effects of fertilizer appli-
cation on the rhizosphere soil of medicinal plants is vital
for improving the yield and quality of medicinal materials
(Veach et al. 2019).

In recent years, plant microbiomes have received much
attention from researchers (Kwak et al. 2018; Rodriguez
et al. 2019), with knowledge gradually being converted
into field applications (Beckers et al. 2017; Cordovez et al.
2019). Leaf endophytes, stem endophytes, and rhizosphere
soil microorganisms form a planet-wide ecosystem that plays
a crucial role in many processes on a global scale (Zhu et al.
2018). A better understanding of the relationships between
plant microbiomes, crop growth and development, and soil
environment could help us to improve fertilizer use effi-
ciency (Bulgarelli et al. 2012). In addition, microorganisms
are closely related to plant health; some beneficial bacte-
ria such as Bacillus and Pseudomonas can reduce the inci-
dence of scab (Cernava et al. 2019). Relevant knowledge
could allow us to reduce the use of chemical fertilizers and
pesticides whilst improving the yield and quality of plant
products (Muller et al. 2016; Lu et al. 2018). With the devel-
opment of molecular biological technology, it is possible
to study interactions between microbial communities and
functional components or stress resistance in plants (Yang
et al. 2017). However, previous studies have mainly focused
on food crops such as rice and wheat (Cernava et al. 2019;
Jiang et al. 2019; Zhang et al. 2019), whereas less research is
available on the relationships between the soil environment,
endophytic bacteria, and medicinal components of medicinal
plants (Cicatelli et al. 2019; Wolfgang et al. 2019).

The present work expands on recent research on C. teeta
by investigating the endophytic bacterial community compo-
sition in the roots, stems, and leaves of wild-type (WT) and
cultivated plants. We hypothesized that berberine synthesis
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in C. chinensis is related to the endophytic bacterial commu-
nity shaped by soil environmental factors. WT and cultivated
C. teeta samples were collected from the country of origin
in Yunnan, China, and endophytic bacterial communities
of root, stem, and leaf tissues were analyzed by 16S rRNA
sequencing. Rhizosphere soil samples were collected to
determine the content of total P (TP), total N (TN), total K
(TK), and available K (AK). In addition, berberine content
in roots was analyzed by high-performance liquid chroma-
tography (HPLC).

Materials and methods
Sample collection

A total of 10 C. reeta plants (5 WT and 5 cultivated, aged
5 years) were collected from Tengchong (98° 49" E, 25°
03’ N), Yunnan, China. The surface of plant samples was
cleaned with sterile water, disinfected with 95% ethanol, and
washed again with sterile water. Root, stem, and leaf tissues
were separated and stored at — 80 °C until used. Rhizos-
phere soil samples were collected at the same time as plants
and thoroughly air-dried before testing. A flowchart of the
experimental process is presented in Fig. 1.

16S rRNA gene sequencing of endophytic bacteria
DNA extraction and PCR amplification

Extraction of total genomic DNA from plant samples was
performed using E.Z.N.A.® soil DNA Kit (Omega Bio-
tek, Norcross, GA, USA) according to the manufacturer’s
protocols. The final DNA concentration and purity were
determined using a NanoDrop 2000 UV-Vis spectropho-
tometer (Thermo Scientific, Wilmington, DE, USA), and
DNA quality was checked by 1% agarose gel electrophoresis.
The V3-V4 hypervariable regions of the bacteria 16S rRNA
gene were amplified with barcoded primers 338F (5'-ACT
CCTACGGGAGGCAGCAG-3') and 806R (5'-GGACTA
CHVGGGTWTCTAAT-3") (Cregger et al. 2018).

PCR was performed on an ABI GeneAmp 9700 thermo-
cycler (Applied Biosystems, Foster City, CA, USA). All
reactions were performed in triplicate 20-pL mixture con-
taining 4 pL of 5 x FastPfu Buffer, 2 pL of 2.5 mM dNTPs,
0.8 pL of each primer (5 pM), 0.4 pL of FastPfu Polymerase,
and 10 ng of template DNA. The PCR program was as fol-
lows: 3 min of denaturation at 95 °C, 27 cycles of 30 s at
95 °C, 30 s for annealing at 55 °C, and 45 s for elongation
at 72 °C, and a final extension at 72 °C for 10 min. The
resulted PCR products were extracted from a 2% agarose
gel, followed by purification using the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA, USA)
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Fig. 1 Flowchart of experimen-
tal processes
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and quantification using QuantiFluor™-ST (Promega, Fitch-
burg, WI, USA) according to the manufacturers’ protocol.

lllumina Miseq library construction and sequencing

The Illumina adaptor sequence was added to the outer
end of the target region by PCR. Then PCR products were
recovered using a gel extraction kit, eluted with Tris—HCI
buffer, analyzed by 2% agarose electrophoresis, and hydro-
lyzed with sodium hydroxide. A single-stranded DNA frag-
ment was purified using the TruSeq DNA Sample Prep Kit
(Illumina, San Diego, CA, USA). Purified amplicons were
pooled in equimolar and paired-end sequenced (2 x 300 bp)
on an Illumina Miseq® platform (Illumina, San Diego, CA,
USA) according to the standard protocols by Majorbio Bio-
pharm Technology Co., Ltd. (Shanghai, China).

Data processing and bioinformatics analysis

Raw sequencing data were analyzed using the free online
Majorbio I-Sanger Cloud Platform (https://www.i-sange
r.com/). Raw fastq files were quality-filtered by Trimmo-
matic and merged by FLASH with the following criteria:
(1) The reads were truncated at any site receiving an aver-
age quality score <20 over a 50 bp sliding window. (2)
Sequences with overlap > 10 bp were merged according

in Soil
to their overlap with mismatch <2 bp. (3) Sequences of
each sample were separated according to barcodes (exactly
matching) and primers (allowing 2 nucleotide mismatching),
and reads containing ambiguous bases were removed.

Sequences were clustered into operational taxonomic unit
(OTU) at 97% similarity using UPARSE v7.1 (https://drive
5.com/uparse/) with a novel ‘greedy’ algorithm that per-
forms chimera filtering and OTU clustering simultaneously.
Taxonomic classification was performed by RDP Classi-
fier algorithm (https://rdp.cme.msu.edu/) against the Silva
(SSU123) 16S rRNA database using confidence threshold
of 70% (Sonnenburg et al. 2016). Sequencing depth analysis
was performed on the OTU dataset. Bacterial alpha-diversity
was analyzed using different indices that reflect the richness
and diversity of microbial communities. The Chao index
reflects community richness, and the Shannon diversity and
evenness indices indicate community diversity (Caporaso
et al. 2010).

Two taxonomic levels (OTU and genus) were selected
to calculate the beta-diversity of endophytic bacterial com-
munities. Principal component analysis (PCoA) plots of
30 samples at the OTU level were generated based on the
unweighted UniFrac distance matrix. Hierarchical clustering
(Hcluster) was performed to reveal the distances of sample
branches, and a hierarchical clustering tree was generated
based on the unweighted pair group method with arithmetic
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mean (UPGMA). In addition, an analysis of similarities
(ANOSIM) was performed using the Bray—Curtis algorithm
to calculate differences between pairs of samples, and to test
whether differences between pairs of groups were signifi-
cantly greater than intra-group differences.

Determination of soil nutrients
N analysis

Soil TN content was determined using the Kjeldahl method
(Rukun 2000). In a sealed diffuser, soil samples were hydro-
lyzed with a 1.8 M NaOH solution. The nitrogen converted
to an ammonia adduct at constant temperature (40 °C) was
continuously diffused and absorbed by boric acid (H;BOj3).
The content of soil hydrolysable nitrogen was determined by
titration with standard hydrochloric acid.

P analysis

Soil TP content was determined by spectrophotometry
(Rukun 2000). Briefly, 1 g of soil sample was digested
with 5 mL of H,SO, solution. The digested solution was
brought to a constant volume of 50 mL with water after
filtration or clarification. A 10.00-mL aliquot (phosphorus
0.05-0.75 mg) was transferred into a 50-mL volumetric
flask, followed by the addition of two drops of dinitrophenol.
The indicator was neutralized to a yellow color by dropwise
addition of 6 M NaOH, and 10.00 mL of ammonium vana-
dium molybdate reagent was added to react with phospho-
rus. The solution volume was adjusted to a constant vol-
ume with water. After 15 min, the absorbance of the sample
was measured at a wavelength of 440 mm. The instrument
was calibrated with a blank digestion solution prepared as
described above. A standard curve was established and its
linear regression equation was obtained. The P concentra-
tion in solution was estimated using the regression equation.

K analysis

Soil TK content was determined by flame photometry
(Rukun 2000). Briefly, 5 g of soil sample was digested
with 100 mL of NaHCO; solution. The digested solution
(5.00-10.00 mL) in a 50-mL volumetric flask was diluted
to the required volume using water and directly analyzed for
K by flame photometry at a wavelength of 700 nm. A linear
regression equation for the standard curve was established
and used to estimate the K concentration in solution. Soil
AK was extracted using a 1 M NH,OAc solution (Rukun
2000). The K concentration in solution was directly deter-
mined by flame photometry.
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Berberine analysis by HPLC
Instruments and reagents

HPLC analysis was performed on an Agilent 1260 HPLC
system (Agilent Technologies, Santa Clara, CA, USA), with
a diode-array detector coupled to an Agilent Zorbax SB C18
column (250X 4.6 mm, 5 um internal diameter). An appro-
priate amount of berberine reference standard (purity >99%;
Puxin, Beijing, China) was added to methanol to prepare a
reference test solution containing 20% per mL.

Sample preparation

Root samples were completely air dried and prepared into
a powder, then passed through a No. 4 sieve. Approxi-
mately 0.1 g of powder was added to 50 mL of metha-
nol, sealed, weighed, and sonicated (power=250 W, fre-
quency =40 kHz) for 1 h. After cooling, the mixture was
weighed again, and lost weight was supplemented with
methanol. The mixture was shaken and filtered, and the fil-
trate was used to prepare test solutions.

Chromatographic analysis

For chromatography, octadecylsilane-bonded silica gel (Agi-
lent SB C18 column) served as a filler. The mobile phase
consisted of acetonitrile and 0.22 M potassium dihydrogen
phosphate solution (25:75, v/v). The detection wavelength
was 265 nm and the sample size was 10 uL. Berberine con-
tent was determined from the HPLC chromatograms.

Statistical analysis

All data are expressed as mean + standard deviation. Sig-
nificant differences between groups were determined by ¢
tests. Canonical correspondence analysis (CCA) was used to
explore the relationship between berberine content in roots,
major nutrients in rhizosphere soil, and root endophytes at
the genus level. Spearman correlation was used to assess the
relationship between selected bacteria and soil environment.
p values less than 0.05 was considered to indicate statistical
significance.

Results

Quality metrics of sequencing analysis

The average number of sequences cross all 30 samples
was 903,568, the average number of nucleotides was

356,700,253 bp, and the average read length was 394 bp
(Supplementary file 1). The sequences were classified into
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887 OTUs. In the WT plants, 54, 40, and 9 unique QTUs
were identified in roots, stems, and leaves, respectively.
In the artificial cultivar, 230, 59, and 35 unique QTUs
were detected in roots, stems, and leaves, respectively. A
total of 406 common OTUs were found in the six groups
(Fig. 2). The total number of OTUs was the highest in
cultivated root samples (1413) and lowest in WT leaf sam-
ples (816). Generally, cultivated samples yielded a larger
number of OTUs than the corresponding WT samples, and
the number of OTUs in various plant tissues was ordered
roots > stems > leaves (Supplementary file 2). The quality
metrics of sequencing analysis indicated uniform, high-
quality sequencing data suitable for subsequent analysis.

Fig.2 Venn diagram of bacte-
rial operational taxonomic
units (OTUs) identified in
different parts of wild-type and
cultivated C. teeta plants. WL,
WS, and WR represent roots,
stems, and leaves of wild-type
plants, respectively. AL, AS,
and AR represent roots, stems,
and leaves of artificial cultivar,
respectively. Different colors
represent various groupings,
overlapping parts represent
OTUs shared among multiple
groups, non-overlapping parts
represent OTUs unique to
groupings, and numbers indi-
cate the number of correspond-
ing OTUs

1413

Alpha-diversity endophytic bacteria

Alpha-diversity analysis (Fig. 3) revealed that the Chao
index of C. teeta root endophytes was largest (p <0.01) and
the value was greater in cultivated samples than WT sam-
ples. Regarding the Shannon index, the value of stem endo-
phytes for WT plants was largest, while the value of root
endophytes in the artificial cultivar was largest. In addition,
the Shannon index value of root endophytes was greater in
the artificial cultivar than WT plants (» <0.01). According
to the Shannon evenness index, the value of stem endophytes
was largest for WT plants, while the value of root endo-
phytes was largest for the artificial cultivar. The Shannon
evenness index value of root endophytes in the cultivar was
greater than that of WT plants (p <0.01).
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Fig.3 Alpha-diversity estimates of bacterial communities in differ-
ent parts of wild-type (WT) and cultivated C. teeta plants. a OTU
richness estimates (Chao index). b OTU diversity estimates (Shan-
non diversity index). ¢ OTU evenness estimates (Shannon evenness
index). WL, WS, and WR represent roots, stems, and leaves of wild-

Beta-diversity of endophytic bacteria

PCoA analysis based on the unweighted UniFrac distances
(Fig. 4a) showed that endophytic bacteria in different parts
of WT and cultivated plants varied considerably. PC1
explained 27.72% of total variation at the OTU level, and
PC2 accounted for 13.46%. Bacteria in roots, stems, and
leaves could be clearly distinguished. Based on sample-level
clustering, samples could be divided into six distinct groups
according to OTUs (Fig. 4b), illustrating differences between
WT and artificial cultivars. ANOSIM results at different
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type plants, respectively. AL, AS, and AR represent roots, stems, and
leaves of artificial cultivar, respectively. The chart shows significant
differences between groups (*p <0.05, **p <0.01, and ***p <0.001).
The abscissa is the group name and the ordinate is the exponential
average of index value for each group

phylogenetic levels (OTU and genus) also revealed signifi-
cant compositional differences in endophytic bacterial com-
munities between various parts of WT and cultivated plants
(Table 1). The difference was most pronounced between the
leaves (or roots) and stems of WT plants.

Dominant members of the endophytic bacterial
community

At the phylum level (Fig. 5a), Actinobacteria (51.9%), Pro-
teobacteria (43.8%), Firmicutes (2.3%), and Bacteroidetes
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Fig.4 Beta-diversity estimates of bacterial communities in different
parts of wild-type (WT) and cultivated C. teeta plants. a Principal
component analysis at the OTU level. WL, WS, and WR represent
roots, stems, and leaves of wild-type plants, respectively. AL, AS, and
AR represent roots, stems, and leaves of artificial cultivar, respec-
tively. Horizontal and vertical coordinates represent two selected
principal coordinate components, and the percentage represents the
contribution of the principal coordinate component to community
composition differences. Different colored points and shapes repre-
sent samples from various groups, and the closer two sample points
are, the more similar the composition of the two sample species. b
Hierarchical clustering tree at the OTU level. The length of branches
represents the distance between samples, and different groups are
shown in different colors

(1.4%) were identified in stem samples of WT plants. Sim-
ilar phyla were detected in root and leaf samples of WT
plants, despite their proportions in the total community var-
ied. For example, the percentages of Proteobacteria (76.0%)
and Bacteroidetes (11.1%) increased, while the percentages
of Actinobacteria (11.1%) and Firmicutes (1.2%) deccreased
in root samples compared with leaf samples of WT plants.
Moreover, Proteobacteria (62.4%), Actinobacteria (32.3%),

Table 1 Analysis of similarities (ANOSIM) of endophytic bacterial
community composition using the Bray—Curtis algorithm

Taxonomic level OTU Genus

ANOSIM output R P R P
WL vs AL 0.396 0.024 0.42 0.024
WS vs AS 0.468 0.032 0.368 0.037
WR vs AR 0.58 0.012 0.524 0.01
WR vs WL 0.924 0.011 0.98 0.014
WL vs WS 0.648 0.009 0.624 0.008
WR vs WS 0.812 0.005 0.76 0.007
AR vs AL 0.992 0.011 0.996 0.007
AR vs AS 0.888 0.008 0.856 0.013
AL vs AS 0.8 0.01 0.82 0.012

WL, WS, and WR represent roots, stems, and leaves of wild-type
plants, respectively. AL, AS, and AR represent roots, stems, and
leaves of artificial cultivar, respectively. The closer the R value is to
1, the greater the intra-group differences; the smaller the R value, the
less significant the differences between and within groups

Bacteroidetes (3.3%), and Firmicutes (0.8%) were identi-
fied in stem samples of artificial cultivar. These phyla also
occurred in the root and leaf samples of artificial cultivar,
accounting for different proportions of the total community.
In summary, bacterial phyla making the largest contributions
were Proteobacteria, Actinobacteria, and Bacteroidetes,
while Firmicutes and Acidobacteria made minor contribu-
tors. The relative abundances of Proteobacteria, Actinobac-
teria, and Bacteroidetes varied widely among the six groups
(p values <0.05; Fig. 5b).

At the genus level (Fig. 5¢), Mycobacterium, Salmonella,
Nocardioides, Burkholderia-Paraburkholderia, and Rhizo-
bium were the dominant bacteria. In addition, the relative
abundances of Mycobacterium, Salmonella, and Nocardi-
oides differed substantially among the six groups (p val-
ues < 0.05; Fig. 5d).

Major nutrients in rhizosphere soil and berberine
content in roots

Generally, TN, TP, TK, and AK contents were higher in the
rhizosphere soil of WT plants compared with that of culti-
vated plants. In addition, root berberine content was signifi-
cantly higher in WT plants than cultivated plants (Table 2).

Relationship of berberine synthesis, endophytic
bacteria, and soil environment

The CCA results showed that berberine content in roots had
a significant positive correlation with TK, TP, TN, and AK
contents in rhizosphere soil (Fig. 6a, b). Further, correla-
tion analysis based on 50 genera selected from root samples
revealed that root berberine was positively correlated with

iglue Lol auo .
KACST ,161)lg rogLe Ll @ Springer



96 Page8of12 3 Biotech (2020) 10:96
19 Kruskal-Wallis H test bar plot
5 - ws
>
5 =
E Proteobacteria #%%0.0008435 As
S 08 = - AR
> - L
£ E
o ) #¥% 00003296
c
s}
] Bacteroidetes F ** 0003957
c 06 4
[S]
°
< undlassified_k_norank ** 0004951
o
[
‘c 04 4 b
=] H
£ X ®
E Acidobacteria **0.002188
Q
o
5 Chlamyeine 0006997
< 0.2 =
@
o
E A"ﬂa!lmaﬂadt\'&{ * 001854
'8
T T T T T 1
WL ws WR AS AL AR
Samples Planctomycetes 0003244
Pr ia M Acti ia ied_k__norank Firmicutes o 10 20 0 40 s e 7
Acidobacteria [l others Mean proportions(%)

05 4

025

1
075 1 I
—
—
—_—
—

Kruskal-Wallis H test bar plot

-ws
- wr
-we
%% 00005938 As
- AR
=L

Salmonella #¥% 0,0008841

#¥% 0000108

Nocardioides

Burkholderia-Paraburkholderia #¥% 0,0006646

']I["lwl1

Rhizobium ! 007191

anjeng

Bradyrhizobium ** 0009385

My

0 T T
WL WS

| [N T

Percent of community abundance on Genus
>
&
=
=

Samples

M Mycobacterium [l Saimonella Ml Nocardioide:

Jatrophihabitans [l Burkholderia-Paraburkholderia
] -

Jatrophihabitans #¥%0,0005676

=
sl

norank_f_1174-901-12 % 0,0001488

Microbacterium 0001279

Rhizobium [l Bradyrhizobium Microbacteri I

r I_f_Mi 1 .u byl

ium unclassified__Microbacteriaceae 02203

[0 norank_f_1174-901-12 Flavobacterium [ Amnibacterium [ Comamonas

[ Friedmanniella Pseudomonas [l Citrobacter Delftia [ Brevundimonas
Chryseobacterium [l P dia [ Variibacter [ Rhodopseudomonas [ Serratia
Geodermatophilus  [Bl Actinomycetospora Il Stenotrophomonas Aeromonas

ibrio Hyphomicrobium  FM Lelliottia [l norank_f_Elev-165-1332

unclassified_f _Propionibacteriaceae norank_f_0319-6M6
Williamsia [ Staphylococcus [l Duganella Aureimonas Herbaspirillum
unclassified_c_ Actinobacteria [l unclassified_f Acetobacteraceae [l Acidothermus

[ Lysinimonas Variovorax [l Methylocella unclassified_f__Enterobacteriaceae
norank_o_ Xanthomonadales [l norank_c_ Acidobacteria [l Dyella Il others

[ Aquincola
Sphingomonas [ Acidibacter

Fig.5 Distribution of bacterial OTUs at phylum and genus levels.
a Percentage abundance at the phylum level. Different colored col-
umns represent various species, and the length of columns represents
the proportion of identified phyla. b The top 10 dominant phyla. The
vertical axis represents the phylum name, and the column length cor-
responding to the phylum represents its average relative abundance
in each sample group, with different colors indicating various group-
ings. The p-value is shown in the right (*p <0.05, **p<0.01, and

Microbacterium and norank_f_7B-8 (p <0.05), whereas
soil TK was positively correlated with Microbacterium
(p<0.01). In addition, soil TN and AK were positively
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*#%p <0.001). ¢ Percentage abundance at the genus level. Different
colored columns represent various genera, and the length of columns
represents the proportion of identified genera. d The top 10 domi-
nant genera. The vertical axis represents the genus name, and the
column length corresponding to the genus represents its average rela-
tive abundance in each sample group, with different colors indicat-
ing various groupings. The p-value is shown on the right (*p <0.05,
*#p<0.01, and ***p <0.001)

correlated with g_Burkholderia-Paraburkholderia (p <0.05;
Fig. 6¢). Based on the correlation results and the community
composition characteristics of endophytic bacteria in WT
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Table2 Major nutrient contents in rhizosphere soil and berberine
content in roots of wild-type (WT) and cultivated C. feeta plants
(mean +SD; n=>5; mg/kg)

WR AR
Total N 355+34.6 346+37.4

Total P 1098+ 111.7 972+266.5

Total K 7342+ 1546.7 5042+ 1749.4
Available K 1196+284.2 987+131.6
Berberine 2,009,987 + 489,034 1,489,243 + 354,791
#p<0.05

and cultivated plants, 10 genera (Bradyrhizobium, Serratia,
Microbacterium, Aquincola, Acidibacter, Herbaspirillum,
Cupriavidus, Acidothermus, norank_f_7B-8, and Granuli-
cella) were identified as key bacteria related to berberine
synthesis in C. teeta (Fig. 6d).

Discussion

In this study, we characterized the endophytic bacterial com-
munities in C. teeta to explore their relationship with berber-
ine synthesis. We found that the number of OTUs identified
in cultivated and WT plants was always higher in roots than
stems and leafs. Soils are among the most abundant micro-
bial ecosystems on earth. Generally, plant tissues closer to
soil yield a greater number of bacterial OTUs. In addition,
we observed a larger number of OTUs in each tissue of arti-
ficial cultivar compared with WT plants. This result indi-
cates that artificially cultivated C. teeta plants could harbor
more endophytic bacteria in a relatively stable environment.

According to the results of alpha-diversity indices (Chao,
Shannon diversity, and evenness indices), we found that the
richness, diversity, and evenness of endophytic bacteria were
all greater in cultivated plants than in WT plants. This may
be related to the fact that C. teeta is a shade-tolerant plant
that grows at high altitudes. It is often found in cold moun-
tainous and rainy areas with harsh environmental conditions,
which might reduce the alpha-diversity of endophytic bacte-
riain WT C. teeta compared with cultivated plants.

Differences in endophytic bacteria may be explained from
another aspect. The results of beta-diversity analysis based
on PCoA, Hcluster, and ANOSIM revealed significant differ-
ences in endophytic bacterial communities between WT and
cultivated plants, and among roots, stems, and leaves. The
plant root system is the interface between these multicellular
eukaryotes and soil (Hu et al. 2018; Sasse et al. 2018). The
interleaf and associated microorganisms constitute a large
and dynamic ecosystem that is important at a global scale
(Flues et al. 2017).

Based on the OTU dataset, we found that the dominant
phyla were Proteobacteria, Actinobacteria, and Bacteroi-
detes, and the most abundant genera were Mycobacterium,
Salmonella, Nocardioides, Burkholderia-Paraburkholderia,
and Rhizobium. These results revealed details of the endo-
phytic bacterial community composition in the medicinal
plant C. teeta. Compositional differences at phylum and
genus levels could potentially be used to distinguish between
WT and artificial cultivars. In addition, the distinct dominant
bacteria may be related to the absorption of nutrients from
soil and the biosynthesis of pharmaceutical compounds in
the plant.

To explore the influence of soil environment, we deter-
mined TP, TN, TK, and AK contents in the rhizosphere soil
of C. teeta. All these major nutrients occurred at higher lev-
els in rhizosphere soil samples of WT plants than artificial
cultivar. Endophytic bacteria can enhance the adsorption of
N, P, K, and other nutrient elements by host plants (Jacoby
et al. 2017). N is an indispensable component of all organ-
isms, and it is also necessary for the synthesis of key cellular
compounds such as proteins and nucleic acids (Filannino
et al. 2018). However, N in the atmosphere is the largest
stock of freely available N, and few bacteria can fix this inert
gas (Lammel et al. 2018). Soil pH is an important factor
determining the diversity and structure of N-fixing bacterial
communities (Lammel et al. 2018). Taking into account the
lower OTU number and diversity indices for WT plants, we
considered that soil nutrient content is not the only envi-
ronmental factor affecting endophytic bacteria in C. teeta.
Furthermore, these environmental conditions may be related
to the synthesis of medicinal components.

Berberine is an important medicinal component present
in C. teeta (Meng et al. 2018). Herein, we analyzed the ber-
berine content in the roots of WT and cultivated plants by
HPLC. We found that berberine content in WT roots were
higher than in cultivated samples, indicating a potential
decline in the rhizome quality of artificial cultivar. WT
plants of C. teeta are well adapted to the natural environ-
ment and can freely absorb nutrients from the soil, which
may result in a superior synthesis of medicinal components
such as berberine. Our results revealed that root berberine
content was positively correlated with soil TK, TP, TN, and
AK contents in rhizosphere soil, indicating the relevance
of these major nutrients to berberine synthesis in C. teeta.
In addition, root berberine was positively correlated with
Microbacterium and norank_f_7B-8, whereas particular soil
nutrients were positively correlated with Microbacterium
and g_Burkholderia-Paraburkholderia. These findings indi-
cate that some dominant endophytes are related to berberine
synthesis in C. teeta and affected by the soil environment.

Based on the correlation results and the community char-
acteristics of endophytic bacteria in WT and cultivated C.
teeta, 10 genera were identified as key members related to
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Fig.6 Correlations between berberine synthesis, endophytic bacteria,
and soil environment. a Canonical correspondence analysis (CCA) at
the genus level (1). b CCA at the genus level (2). Different colored
dots and shapes represent sample groups, green arrows represent
bacterial genera, red arrows represent environmental factors, and the
length of environmental factors arrows represents the extent to which
these factors affect the genus data. The angle between s environmen-
tal factors arrows represents the correlation (sharp angle=positive
correlation, obtuse angle=negative correlation, and right angle=no
correlation). ¢ Spearman correlation heatmap. The x- and y-axes are

berberine synthesis. Some of these genera may be positively
linked to berberine synthesis, and others may interfere with
berberine synthesis. For example, Bradyrhizobium spe-
cies are believed to utilize sugars and organic acids, and
studies have found that this genus is resistant to antibiotics
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environmental factors and bacterial genera, respectively. R values are
shown in different colors, p values <0.05 are labeled with an aster-
isk (*), and the legend on the right shows color intervals for differ-
ent R values (*p<0.05, **p<0.01, and ***p<0.001). d The top
10 related genera. The vertical axis represents the genus name, and
the column length corresponding to the genus represents its average
relative abundance of the genus in each sample group, with different
colors indicating various groupings. The p value is shown on the right
(*p<0.05, **p<0.01, and ***p <0.001)

(Filannino et al. 2018). Serratia are found in soil, water,
and on the surfaces of plants, and some members of this
genus are conditional pathogens of humans (Konecka et al.
2019). In addition, members of Microbacterium can produce
the plant growth hormone indoleacetic acid and solubilize
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phosphate (Madhaiyan et al. 2010). Microbacterium strain
EC8 was found to enhance root and shoot biomass forma-
tion in lettuce and tomato (Cordovez et al. 2018), whereas
a Microbacterium strain isolated from soil could suppress
Rhizoctonia root rot infection and enhance seedling growth
in wheat (Barnett et al. 2006). In the present work, Micro-
bacterium was strongly related to berberine synthesis in C.
teeta. The higher abundance of this genus in WT C. teeta
may explain why WT C. feeta produced more berberine in
roots than cultivated plants. However, further verification is
needed to explore the function of Microbacterium in berber-
ine synthesis by this medicinal plant.

Herein, we identified endophytic bacteria related to ber-
berine synthesis in the Chinese medicinal plant C. teeta
using 16S rDNA sequencing. The bacterial community
composition of WT and cultivated plants differed, and endo-
phytes in the roots, stems, and leaves varied. Furthermore,
our results demonstrated a clear correlation between domi-
nant endophytic bacteria and berberine synthesis in C. teeta.
The findings provide evidence for the potential role of endo-
phytic bacteria in berberine production and make it possible
to improve berberine yield of C. feeta through manipulation
of endophytic bacteria.
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