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Abstract
Background: The plant microbiome is vital for plant health, fitness, and productivity. Interestingly, plant metabolites and the plant microbiome can influence each other. The combination of metabolomics and microbiome may
reveal the critical links between the plant and its microbiome. It is of great significance to agricultural production
and human health, especially for Chinese medicine research. Aconitum vilmorinianum Kom. is a herb with alkaloid
activities, and its roots are the raw material for some Chinese medicines. Former studies have investigated alkaloidal
metabolites and antibacterial activities of endophytes in A. vilmorinianum roots. However, there are limited reports on
the root microbiota that can influence the alkaloidal metabolome of A. vilmorinianum.
Results: This research used ultra performance liquid chromatography-tandem mass spectrometry technology and
high-throughput sequencing to examine the alkaloidal metabolome, bacterial microbiota, and fungal microbiota in A.
vilmorinianum roots at two different sites in China. The results revealed that the samples from the two sites were rich
in distinct alkaloidal metabolites and recruited significantly different root microbiota. Based on bioinformatics analysis,
we found the potential bacterial and fungal microbiota impacting the alkaloidal metabolome in A. vilmorinianum.
Conclusion: Our findings reveal the composition of the alkaloidal metabolome, bacterial root microbiota, and fungal
root microbiota in A. vilmorinianum roots at two different sites. Potential root microbiota that can influence the alkaloidal metabolome of A. vilmorinianum are indicated. This study provides a strategy for the cultivation and research of A.
vilmorinianum and other Chinese herbs.
Keywords: Aconitum vilmorinianum Kom., The alkaloidal metabolome, Root microbiota, Bacterial microbiota, Fungal
microbiota
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Background
In nature, plants interact with microorganisms throughout their growth processes, and plants hardly survive
without microorganisms [1, 2]. The plant microbiome is
vital to plant health, fitness, and productivity [1, 3–5]. A
lot of studies have shown that plants provide nutrients
for microorganisms, and some microorganisms supply
nutrients, minerals, and vitamins to hosts. In addition,
beneficial microorganisms can also enhance host plants’
resistance under abiotic and biotic stresses [6, 7]. These
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discoveries mean that the growth and survival of plants
are the common results of plants and the plant microbiome, and the explanation of the plant phenotype according to its own genomes is not sufficient, so more and
more researchers regard the plant as a holobiont of plant
and its plant microbiome [7–9].
In recent years, microbiome and metabolomics have
attracted much attention. Previous research has indicated that metabolites in plants can shape the plant
microbiome [2, 10]. It is well understood because microorganisms live inside and outside host plants, and hosts
provide the relevant nutrients for these microorganisms.
The growth condition of the plant determines what it can
give the microorganism. Amazingly, the plant microbiome also can influence the related metabolome in plants
[11–16]. For instance, the phyllosphere microorganisms
in tobacco can alter Vitamin B6 converting of tobacco
[12]. A Pseudomonas fluorescens strain in Arabidopsis
(Arabidopsis thaliana) has been found that it is able to
enhance the host’s resistance to a few bacterial pathogens and induce metabolic changes in the host, including
indolyl, D-gluconate, and yet unknown metabolites [13].
Inoculation of some bacteria can alter the metabolism of
carbohydrates, arginine, and phytoalexins in Arabidopsis leaves [14]. Additionally, the composition of bacterial
microbiota in Arabidopsis roots can be influenced by the
triterpene biosynthesis of the host, and several root bacteria are involved in the triterpene transformations [16].
A Paenibacillus strain has been found that its nitrogenfixing effect results in increasing the content of some
metabolites in poplar [12, 13, 15].
With technological advancements, combining the plant
microbiome and the metabolome leads to a better understanding of the interactions between the plant microbiome and hosts, thus promoting the development of
agriculture, pharmaceutical research, and other aspects.
Some beneficial microorganisms have been found to produce the metabolites that can promote plants growth
and protect plants from biotic and abiotic, such as indole
acetic acid, gibberellin, cytokinin, 2,3-butanediol, polyamines, lytic enzymes, and 1-aminocyclopropane-1-carboxylate deaminase [17–22]. Nowadays, agricultural
production has faced tremendous pressure resulting from
various environmental problems, including the continued global population growth, climatic changes, reduced
soil fertility, and increased urbanization. Compared with
traditional chemical fertilizers, microbial fertilizers are
more friendly to humans and the environment at a low
price. Besides, microbial fertilizers have great potential
to increase crop yields and enhance crop resistance. So
the plant microbiome may be used as a strategy to relieve
these stresses. Furthermore, the plant microbiome is of
great significance to human health. For example, some
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secondary metabolites from the plant microbiome,
especially endophytic fungi, are potentially valuable for
treating several diseases [11, 17, 18, 23]. These microorganisms produce compounds with various bioactivities,
including cytotoxic, antioxidant, antitumor, antibacterial, and antifungal. Some microorganisms can induce
the synthesis of medicinal ingredients in host plants or
directly produce compounds similar to the host’s medicinal ingredients [17, 18, 23–25]. The research on these
unique microorganisms is likely to advance pharmaceutical-based research on related diseases. The most famous
example is the paclitaxel-producing endophyte. Paclitaxel
is a well-known antitumor drug. Numerous endophytes
have been identified to produce paclitaxel since Stierle,
Strobel, and their team isolated a paclitaxel-producing
endophytic fungus (Taxomycesan dreanae) from Taxus
brevifolia [26, 27].
The combination of microbiome and metabolomics
also has excellent potential in the development of Traditional Chinese medicine (TCM), which is also of positive
significance to human health. TCM is a branch of medicine with a history of thousands of years, and it still plays
a vital role in human health. However, the studies on how
the plant microbiome influence secondary metabolites
of Chinese herbs, which are the raw materials of Chinese
medicine, are insufficient [28]. The links between certain metabolites and the plant microbiome can improve
our knowledge of TCM to help people cultivate Chinese
herbs better and promote the application of TCM.
Aconitum vilmorinianum Kom., belonging to the family Ranunculaceae, is a perennial crop. The central medicinal part of A. vilmorinianum is its roots. The tuberous
mother roots (axial roots) and the tuberous son roots
(lateral roots) of A. vilmorinianum are usually made into
Huangcaowu and Fuzi, respectively, which are famous
Chinese medicine in southwestern China [29]. A. vilmorinianum is also the primary raw material of other
well-known Chinese medicines, such as Yunnan Baiyao
and Bulleyaconitine A Tablets [30]. People in southwestern China believe that A. vilmorinianum possesses
healthcare functions, so they use A. vilmorinianum roots
in dietary therapies [31]. But it is important noted that
A. vilmorinianum is poisonous when using it without
sufficient experience and proper methods. Moreover,
the flower of A. vilmorinianum, a rare blue-purple one,
has a horticultural value in the future [32]. The major
bioactive ingredients in A. vilmorinianum are alkaloids,
particularly diterpenoid alkaloids (such as vilmorrianine
A-C and yunaconitine), acting as pain killers and having
anti-inflammatory and immunoregulatory roles [30, 33].
The association research on the alkaloidal metabolome
and root microbiota in A. vilmorinianum will enrich our
understanding of the links between specific medicinal
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Fig. 1 The changes in the alkaloidal metabolome of the samples. A, B Green represented the samples from Luquan, and orange represented the
samples from Weixi. A The PCA analysis of the samples from Luquan and Weixi. B The OPLS-DA score plot

ingredients and the root microbiota to identify the members associated with therapeutic ingredients and provide
relevant strategies for the cultivation and application of
A. vilmorinianum. Alkaloidal metabolites and the antimicrobial activities of A. vilmorinianum root endophytes
have been investigated previously [34, 35]. Still, little is
known about which root microbiota can impact the synthesis of alkaloids in A. vilmorinianum.
Here, we examined the alkaloidal metabolome and
the composition of root microbiota in A. vilmorinianum
from two different sites in southwestern China, and
explored potential root microbiota that can affect the
synthesis of alkaloids in A. vilmorinianum. Our research
has reference value to the cultivation and study of A. vilmorinianum and other Chinese herbs.

Results
Metabolomic changes in A. vilmorinianum roots
between Luquan and Weixi

Alkaloids are basic organic compounds containing nitrogen atoms, with antitumor, antiviral, antibacterial, and
anti-inflammatory effects [36]. Alkaloids are essential to
human health. Lots of plant alkaloids have the potential
to treat cancer [24]. The main bioactivity of A. vilmorinianum roots is from alkaloidal metabolites. To identify
differences in medicinal ingredients between our samples
from the two sites in southwestern China, we investigated the alkaloidal metabolome in the samples.

The principal component analysis (PCA) revealed
that the samples from the two sites showed an obvious
separation trend (Fig. 1A). To further analyze the differences in the alkaloidal metabolome between the samples
and find differential metabolites, we perform orthogonal
partial least squares–discriminant analysis (OPLS-DA).
The OPLS-DA score also displayed a distinct separation in the samples. The OPLS-DA model exhibited
R2X = 0.903, R2Y = 0.999 and Q
 2 = 0.999, suggesting the
model was stable (Fig. 1B and Fig. S1). These results suggested that the differences in the alkaloidal metabolome
of the samples between Luquan and Weixi were significant. We selected 75 differential metabolites between the
two sites using variable importance in project (VIP) ≥ 1
and a fold change ≥2 or a fold change ≤0.5 as the criteria (Fig. S2). These differential metabolites included vilmorrianine A-C and yunaconitine, which are classically
medicinal components in A. vilmorinianum. In addition,
the samples from Weixi contained aconitine, which has
been rarely reported in A. vilmorinianum before [32].
The different planting places led to the distinct alkaloidal metabolome in A. vilmorinianum roots. However, the
specific factors causing these differences need to be further confirmed.
Diversity, composition, and functional prediction of root
microbiota

Plants provide nutrients for the plant microbiome,
and their metabolites are the main reason affecting the
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composition of the plant microbiome [2, 10]. Amusingly,
the plant microbiome also impacts the host’s metabolome [11–15]. Studies have indicated that the same
medicinal plant has different secondary metabolites at
various planting sites, which are likely to be related to
the different compositions of microorganisms in different
locations [28, 37]. To further examine whether changes
in root microbiota followed variations of the alkaloidal
metabolome, we performed amplicon sequencing on the
root microbiota of A. vilmorinianum.
We found significant differences in Shannon indexes
of both bacterial and fungal microbiota between Luquan
and Weixi (Fig. 2A and B). Shannon index demonstrated
that the diversity levels of bacterial and fungal microbiota
in Weixi were significantly greater than those in Luquan
(Fig. 2A and B), suggesting that A. vilmorinianum roots
recruited more bacterial and fungal species at Weixi. The
principal coordinate analysis (PCoA) of Bray–Curtis and
Unifrac distances in bacterial communities exhibited the
samples from Luquan and Weixi formed the two distinct
clusters (Fig. 2C and D). The PCoA of Bray-Curtis and
Unifrac distances in fungal communities also displayed
a clear separation in the samples from the two sites
(Fig. 2E and F). The PCoA in bacterial and fungal communities indicated that the different planting sites were
the central source of the variation in bacterial and fungal
microbiota in A. vilmorinianum compositions. The relative abundance at the phylum level of the root microbiota
revealed that the main bacterial microbiota of the samples were Acidobacteria, Actinobacteria, Bacteroidetes,
Chloroflexi, Firmicutes, Proteobacteria, and Verrucomicrobia (Fig. 2G), and the primary root fungal microbiota
were Ascomycota and Basidiomycota (Fig. 2H). Besides,
the relative abundance of Firmicutes and Proteobacteria
were distinct between the two sites, and there was also a
significant difference in the relative abundance of unassigned fungi (Figs. S3-S5). These data suggested that A.
vilmorinianum from Luquan and Weixi recruited distinct
root bacterial and fungal microbiota.
To better understand the role of root microbiota
recruited by A. vilmorinianum at Luquan and Weixi,
we predicted the function of bacterial and fungal root
microbiota in the samples. According to predictions,
there were significantly functional differences in bacterial microbiota between the Luquan and Weixi. The functional abundance of some pathways relating to amino
acid metabolism in Weixi’s bacteria was higher than
Luquan’s bacteria (Fig. 3A), indicating the distinct bacterial microbiota from two sites were likely to have various
contributions to amino acid metabolism. Additionally,
the composition of the fungal functional group was also
not uniform (Fig. 3B). Therefore, the fungal microbiota
recruited by the A. vilmorinianum roots from Luquan
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and Weixi might have different effects on the growth and
metabolism of hosts. These predictions suggested A. vilmorinianum from the two sites recruited root microbiota, which probably had diverse functions. Nevertheless,
more evidence was needed to determine whether these
microbial differences led to the host’s alkaloid metabolome differences.
Potential root microbiota that can affect the alkaloidal
synthesis

Given that some studies have found that the plant microbiome can directly or indirectly alter the synthesis of
some metabolites in the host plant [11–15], and microbiota analysis suggested that the samples from Luquan
and Weixi respectively recruited distinct root microbiota
with possibly various functions, especially bacterial root
microbiota, which had significant differences in the functional prediction of amino acid synthesis (Fig. 3A). Consequently, these differences in root microbiota were likely
to be one of the main reasons for the significantly different alkaloidal metabolome in the samples. We performed
microbe-metabolite vectors (MMVEC) analysis and Linear discriminant analysis Effect Size (LEfSe) to explore
this possibility further.
We determined the conditional probabilities between
75 differential metabolites and parts of the root microbiota, and root microbiota that were not related to differential metabolites were excluded. MMVEC results
showed that 137 bacteria and 17 fungi were related to
differential metabolites with different conditional probabilities (Fig. 4A and B). We can preliminarily judge the
correlation between some microorganisms and alkaloids
according to conditional probabilities. The presence of
aconitine possibly was related to bacteria Brevundimonas
and fungus Cladosporium (Tables S4, S5, S6 and S7). But
it’s important to note that the explanation for this correlation is complex. This correlation between microorganisms and metabolites may be that these microorganisms
can influence the synthesis of metabolites, or metabolites
can affect the composition of microorganisms.
LEfSe results revealed the biomarkers, which were
the root microbiota with statistical differences between
Luquan and Weixi, and part of fungal biomarkers were
not fully annotated. At the family level, bacterial biomarkers in Luquan were Glycomycetaceae, Methylophilaceae,
and Xanthomonadaceae, and bacterial biomarkers of the
Weixi samples contained Cytophagaceae, Enterobacteriaceae, Flavobacteriaceae, Microbacteriaceae, and Pseudomonadaceae (Fig. 5A and Fig. S6). The Luquan sample’s
fungal biomarkers had Bulleribasidiaceae, Cladosporiaceae, Erysiphaceae, Glomerellaceae, and Mycosphaerellaceae, and fungal biomarkers in Weixi were Nectriaceae
and Pleosporaceae (Fig. 5B and Fig. S7).
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Fig. 2 Diversity and composition of root microbiota. A, B Alpha diversity of root microbiota in the samples (P < 0.05, ANOVA, Tukey-HSD test). A
Shannon index of bacterial microbiota. B Shannon index of fungal microbiota. C-F The principal coordinate analysis (PCoA) based beta diversity of
root microbiota in the samples (P < 0.05, permutational multivariate analysis of variance (PERMANOVA) by Adonis). C PCoA with Bray-Curtis distance
of bacterial communities. D PCoA with UniFrac distance of bacterial communities. E PCoA with Bray-Curtis distance of fungal communities. F PCoA
with UniFrac distance oft fungal communities. G, H Phylum-level distribution of root microbiota. G The relative abundance of bacterial microbiota.
H The relative abundance of fungal microbiota

We believed that the root microbiota showing significant differences between the two sites and relating to differential metabolites were more likely to
be possible root microbiota we searched. Hence, we
selected potential root microbiota that caused the

differences in alkaloidal metabolites in A. vilmorinianum by combining the results of MMVEC and LEfSe.
The potential root bacterial microbiota at the family
level were Cytophagaceae, Enterobacteriaceae, Flavobacteriaceae, Glycomycetaceae, Methylophilaceae,
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Fig. 3 The functional prediction of root microbiota. A and B Based on results of PICRUSt2 and FUNGuild, respectively. A Extended error bar plot of
predicted metabolic pathways in bacterial microbiota. There were significant differences in 12 metabolic pathways in the functional abundance of
bacterial microbiota from the two sites. Welch’s two-sided t-test and Bonferroni multiple test correction method were performed to test. B Heatmap
for the composition of fungal functional group (guild) in fungal microbiota. The samples included A. vilmorinianum axial roots (AR), lateral roots (LR),
and fibrous roots (FR)

Microbacteriaceae, Nocardioidaceae, Pseudomonadacea, Sphingomonadaceae, and Xanthomonadaceae.
The potential root fungal microbiota were Bulleribasidiaceae, Cladosporiaceae, Erysiphaceae, Mycosphaerellaceae, Nectriaceae, and Plectosphaerellaceae.

To better understand how potential root microbiota
impact the alkaloidal metabolome of the host, we predicted the functions of potential root microbiota. We
found that the target bacteria at the two sites may influence the synthesis of some amino acids (Fig. 6A). These

(See figure on next page.)
Fig. 4 The root microbiota were associated with differential metabolites. A and B Were cluster heatmaps based on MMVEC analysis, revealing the
log conditional probabilities between root microbiota and 75 differential metabolites. The color scale indicated the probabilities of co-occurrence
of microorganisms and metabolites. A The log conditional probabilities between 137 bacteria and differential metabolites. B The log conditional
probabilities between 17 fungi and differential metabolites
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Fig. 5 The cladograms of taxa with significant differences between Luquan and Weix. A and B Represented LEfSe results, which were the taxa with
apparent differences between Luquan (green) and Weixi (red). A The cladogram of bacterial taxa. B The cladogram of fungal taxa

bacteria may cause changes in the alkaloidal metabolome
by affecting the host’s amino acid metabolism. The functional prediction of fungi was not as deep as that of bacteria, but we can find that the richness in the guilds was
different among the samples, and most of the guilds were
Pathotroph and undefined (Fig. 6B). Further experiments
are needed to confirm the detailed functions of these
potential microorganisms.

Discussion
The plant is not a completely independent individual
in nature, and its growth and development are closely
related to the plant microbiome inside and outside the
plant [1, 3, 38]. Interestingly, plant metabolites can shape
the plant microbiome, and the plant microbiome can also
impact the metabolome in hosts [11–16]. The association
studies between metabolome and microbiome will provide a deeper understanding of the crucial relationships
between specific metabolites and microbiome.
A. vilmorinianum is a famous Chinese herb with alkaloidal activity in southwestern China. A. vilmorinianum
roots are the major raw materials of some Chinese medicines, and A. vilmorinianum flowers have potential ornamental value. Previous studies on A. vilmorinianum have
focused on the alkaloidal composition and endophytic
fungi. But so far, little is about the relationship between
microorganisms and medicinal ingredients in A. vilmorinianum. This research can complement our understanding of this.
Metabolomic changes in the samples

Existing studies on the metabolome of A. vilmorinianum have mainly focused on detecting its alkaloid

components, especially diterpene alkaloids. Over 40
diterpenoid alkaloids have been found in A. vilmorinianum [32]. The medicinal value of some alkaloids in A.
vilmorinianum has also been explored. Such as vilmorrianine A has been found the narcotic effects [39]. Studies on whether diverse regions can cause the difference
in the medicinal components of A. vilmorinianum are
limited.
This study used UPLC-MS/MS technology to test the
alkaloidal metabolome in A. vilmorinianum from two
sites. The metabolome analysis indicated that distinct
alkaloidal metabolites were enriched in A. vilmorinianum
roots from Luquan and Weixi (Fig. 1A-B), and 75 differential metabolites were found (Fig. S2). The key ingredient, including yunnaconitine and vilmorrianine A, were
up-regulation in the Weixi samples. Amino acids and
derivatives were down-regulation in the Luquan samples.
Surprisingly, we found that the Weixi’s samples contained
aconitine, which had not been formerly reported in A.
vilmorinianum. Before this, little research has explored
the medicinal components of Weixi A. vilmorinianum, so
aconitine is likely to be unique to the aconite that Weixi
grows.
Microbiota changes in the samples

Among the factors affecting the alkaloidal metabolome
of the samples, we investigated A. vilmorinianum root
microbiota. Former researches have focused on identifying endophytes of A. vilmorinianum and their antibacterial activity. Tianpeng et al. found that Fusarium
and Penicillium were the dominant endophytic fungi
in A. vilmorinianum roots from Kunming, Yunnan
Province, China [40]. Zhiying and her group isolated
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Fig. 6 The functional prediction of potential root microbiota that can influence alkaloidal metabolite. A and B Were inferred from PICRUSt2 and
FUNGuild, respectively. A Extended error bar plot of predicted metabolic pathways in potential bacteria. In the functional abundance of the
samples from Luquan and Weixi, 12 metabolic pathways were significantly different, tested by Welch’s two-sided t-test and Bonferroni multiple test
correction method. B Heatmap for the composition of fungal functional group (guild) in potential fungi

endophytic fungi in A. vilmorinianum from Huize
County, Yunnan Province, China. Among these fungi,
the dominant species in the stems was Chaetomium,
and the predominant microorganism in roots was
Fusariu [41]. Zhiying et al. also explored the antibacterial activity of these endophytic fungi [42]. These findings imply that A. vilmorinianum is possible to recruit
diverse root microbiota in different sites. We performed amplicon sequencing and the related analysis to
examine whether changes in the microbiome accompanied changes in the alkaloidal metabolome.

Phylum-level distribution of root microbiota in the
samples from Luquan and Weixi displayed that the species compositions of both bacterial and fungal microbiota
were the same (Fig. 2G-H), whereas there were significant differences in the alpha diversity, beta diversity, and
the relative abundance at the phylum level on some species of bacterial and fungal microbiota in the two group
samples (Fig. 2A-F, Figs. S3-S5). Moreover, the functional
prediction showed that the functional compositions
of bacterial and fungal microbiota from the two sites
were various (Fig. 3A-B). Obviously, A. vilmorinianum
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recruited distinct root microbiota at the two environments, and it was seemly that differences in root microbiota contributed to differences in the function of root
microbiota.
Because all the sampled A. vilmorinianum grew from
tuberous roots of last year’s A. vilmorinianum, the vertical transmission of the relevant endophytes was probably one of the reasons that caused the distinct root
microbiota between the two sites. In addition, the difference in root microbiota was also likely to be related to
the different growth environments of the two sites. The
temperature may be an essential factor. The annual average temperature of Luquan is 11–24 °C, and the average
temperature of Weixi is 7–20 °C. Weixi usually snows in
winter, but Luquan rarely snows. Therefore, A. vilmorinianum may respond to different temperature conditions
by recruiting various root microbiota with different
functions.
Potential root microbiota of affecting alkaloidal synthesis
in A. vilmorinianum

Our analysis demonstrated that there were significant
differences not only in the alkaloid metabolome but also
in the composition of root microorganisms between the
samples from Luquan and Weixi. Given existing studies,
the variation in root microbiota was likely to contribute to the difference in the alkaloid metabolome. Hence,
we performed further analysis to explore potential root
microbiota that probably altered the host’s alkaloidal
metabolome.
We used MMVEC in critical association analysis.
MMVEC can predict microbiota–metabolite interactions
through neural networking with higher accuracy than
traditional methods [43]. MMVEC results showed that
137 bacteria and 17 fungi were associated with 75 differential metabolites (Fig. 4A-B). MMVEC results revealed
that In MMVEC results, a fungus Cladosporium showed
a high conditional probability with aconitine, denoting
that the appearance of aconitine in the Weixi sample was
possible to be related to this fungus. Kai et al. have found
that an endophytic fungus Cladosporium cladosporioides in roots of Aconitum leucostomum, which belongs
to the same genus as A. vilmorinianum and can produce
aconitine, is able to synthesize aconitine [44]. Therefore, MMVEC results were of a high reference value and
can better explain the relationship between differential
metabolites and root microbiota. The conditional probability between microorganisms and specific alkaloids can
be used as an important basis for related applications.
LEfSe results indicated Luquan samples contained 3
bacterial and 6 fungal biomarkers at the family level,
while the Weixi samples contained 5 bacterial and 5
fungal biomarkers at the family level (Fig. 5A-B and
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Figs. S6-S7). These microorganisms represented by these
biomarkers were probably a strategy for A. vilmorinianum to survive in different environments. The root
microbiota belonging to the biomarkers in Luquan may
fit better in the milder climate, and microorganisms on
behalf of the Weixi biomarkers may remain active and
are helpful for hosts’ survival at a lower temperature. The
research and application of microorganisms in different
environmental conditions may think about referring to
LEfSe results.
The association between microorganisms and metabolites was challenging to explain whether the metabolites
impacted the compositions of microorganisms or these
microorganisms changed the synthesis of metabolites.
The root microbiota, which were associated with related
differential metabolites and had significant differences
between the two sites, were more likely to potential root
microbiota causing metabolomics differences. Thus,
through combining the results of MMVEC and LEfSe, we
selected10 bacterial and 6 fungal potential microbiota,
which probably influenced the alkaloidal metabolome in
A. vilmorinianum. Except for the discovery of the aconitine-producing fungus Cladosporium cladosporioides
[44], some microorganisms in the families of potential microbiota also have been identified the functions
that affect alkaloid synthesis in plants [18, 45–48]. For
instance, Zhilin et al. have found that inoculation with
Pseudomonas sp. LrLB27 or Enterobacter sp. LrBB42 can
significantly increase the concentration of several alkaloidal metabolites in Lycoris radiata [47]. A Microbacterium maritypicum strain from Ephedra foliate shows
the potential of producing alkaloid and terpenoid compounds [45]. An endophytic fungus Fusarium solani from
Camptotheca acuminata has been found the ability of
synthesizing camptothecin and camptothecin analogues
[46]. Thus, we believe that these potential microbiota
have the value of application and research.
The functional predictions, which were performed
using PRICRUSt2 and FUNGuild, showed potential bacteria were likely to be involved in different amino acid
metabolism pathways resulting in differences in alkaloid
synthesis since alkaloidal synthesis are related to amino
acid metabolism (Fig. 6A) and the functions of most fungal potential root microbiota were uncertain (Fig. 6B).
Predictions of potential microbiota functions have
changed somewhat from previous functional predictions (Figs. 5A-B and 6A-B). This suggested that there
may be other microorganisms that play other important functions, but our results didn’t include these
microorganisms. There were similarities in the two
functional predictions, implying that these potential
microorganisms performed the major relevant functions in the environment. It should be noted that these
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are only functional predictions and do not fully represent the true function of microorganisms. More experiments are needed to identify and prove the function of
microorganisms.
In general, our study can provide a strategy for
research and application of A. vilmorinianum and other
medicinal plants. A. vilmorinianum and some Chinese
herbs face several problems, including lack of studies
on the interactions of secondary metabolites and the
plant microbiome [28], the wild resources drastically
reducing, and the recent experience of artificial cultivation and introduction is still not sufficient. These
problems have put pressure on cultivation and related
pharmaceutical research. However, the influence of
microorganisms in Chinese herbs on hosts’ secondary
metabolites has not been thoroughly studied [28]. Our
study is likely to provide strategies for relieving stress.
For example, planting A. vilmorinianum in the colder
environment may consider using the biomarkers in the
Weixi samples as the microbial fertilizer (Fig. 5A-B and
Figs. S6-S7). To improve the quality of A. vilmorinianum, such as raising the content of certain alkaloids,
increasing or decreasing the level of certain microorganisms based on MMVEC results in the soil can be
taken into account (Fig. 4A-B). Similar studies in other
plants can use these microorganisms as the research
candidates. In addition, the research on other Chinese
herbs can refer to our methods and explore the important microorganisms related to medicinal ingredients.
It must be acknowledged that our results are only
based on bioinformatics analyses. Thus, not all potential root microbiota that we have indicated can change
alkaloidal synthesis in A. vilmorinianum. Further
experiments need to isolate and identify these potential root microbiota, and perform relevant functional
exploration, such as whether the microorganism affects
the host’s alkaloidal metabolome directly or indirectly.
However, there are some difficulties that subsequent
researches must face. One difficulty that requires the
most attention is the long growth cycle and low transplant survival rate of A. vilmorinianum. In specific
experiments, researchers may consider using the plant
material, which is closely related to A. vilmorinianum,
easy to cultivate, and has a short growth cycle, to
replace A. vilmorinianum. Although the scope of target microorganisms can be narrowed according to our
research, there may still be much work to be done in
practice. We recommend focusing on potential root
microbiota from families with identified functions. For
example, the root bacteria from Enterobacteriaceae,
Microbacteriaceae, and Pseudomonadacea, and the
root fungi from Cladosporiaceae and Nectriaceae can
be given priority.
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Conclusion
The research on combining metabolome and microbiome can help us deepen the understanding of the links
between the plant and its microbiome to find the microorganisms that are able to alter the specific metabolite
synthesis in the host. We conducted this study to explore
the root microbiota that can influence the medicinal
components of A. vilmorinianum. Metabolome data indicated that there were evident changes in the alkaloidal
metabolome of the samples between Luquan and Weixi.
Microbiota analysis also showed that A. vilmorinianum
root recruited distinct bacterial and fungal microbiota,
and both bacterial and fungal microbiota probably performed diverse functions in the host’s roots. Through
further analysis, we found that 137 bacteria and 17 fungi
were associated with differential metabolites, and there
were different bacterial and fungal biomarkers in the two
samples. Ten bacterial and 6 fungal potential microbiota
that caused the differences in the samples were selected.
At the family level, the potential bacteria contained
Cytophagaceae, Enterobacteriaceae, Flavobacteriaceae,
Glycomycetaceae, Methylophilaceae, Microbacteriaceae,
Nocardioidaceae, Pseudomonadacea, Sphingomonadaceae, and Xanthomonadaceae, and the potential root
fungal microbiota included Bulleribasidiaceae, Cladosporiaceae, Erysiphaceae, Mycosphaerellaceae, Nectriaceae,
and Plectosphaerellaceae. The results and methods in
this study can provide relevant strategies for the research
and application of A. vilmorinianum and other medicinal plants. Considering bacteria from Enterobacteriaceae, Microbacteriaceae, and Pseudomonadacea, and
fungi from Cladosporiaceae and Nectriaceae, have been
found to have the ability to synthesize other alkaloids in
other plants, these microorganisms are more likely to
influence the alkaloid metabolome in the host plants.
Further research and application can focus on these
microorganisms.
Materials and methods
Sample collection and processing

The samples used in this research were cultivated artificially. In August and October 2020, we collected A. vilmorinianum in Luquan County (25.573°N, 102.482°E),
Kunming City, and Weixi County (27.338°N, 99.276°E),
Diqing Prefecture, respectively, in Yunnan Province,
China. These samples reproduced through tuberous
roots. We collected A. vilmorinianum roots (each sample had three biological replicates), including axial, lateral, and fibrous roots. All the samples collected were
healthy plants. After that, we transported these samples
to the laboratory on dry ice. After removing soil [49],
the samples were frozen in liquid nitrogen. The frozen
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samples were then stored in a − 80 °C refrigerator. The
formal identification of plant material was performed by
Professor Dake Zhao of Yunnan University. A voucher
specimen of this material with a deposition number
LQ15677 has been deposited in the Herbarium of Yunnan University.
Metabolite extraction and analysis

The samples were ground to powder after freeze-drying,
and the 100 mg powder per sample was dissolved in 70%
methanol extract [50]. The mixtures were mixed well and
placed overnight in a 4 °C refrigerator. After centrifugation, the supernatant of each sample was filtered through
a microfiltration membrane [50]. Then the filtered samples were investigated ultra performance liquid chromatography–tandem mass spectrometry (UPLC-MS/
MS) technology. Amino acids and their derivatives contain nitrogen and are precursors of alkaloid synthesis.
Therefore, amino acids and their derivatives were also
considered.
The alkaloids in the samples were determined by the
relatively quantitative method. The data of mass spectrum was analyzing by Analyst (v1.6.3, (https://sciex.
com/products/software/analyst-software). Total Ions
Current (TIC) graphs of each sample were displayed in
Figs. S8-S43. Based on the self-build metabolome database MWDB (Metware Biotechnology Co., Ltd. Wuhan,
China), the metabolites of the samples were analyzed
qualitatively and quantitatively. Qualitative and quantitative analysis results of each sample were showed in
Table S1. The PCA was carried out using statistics function prcomp within R (www.r-project.org). Besides, the
hierarchical clustering analysis and OPLS-DA were performed using pheatmap and MetaboAnalystR (https://
github.com/xia-lab/MetaboAnalystR) packages, respectively, in R [51]. Then, the permutation test (200 permutations) was performed to avoid overfitting. The
differential metabolites were selected using VIP ≥ 1 and
a fold change ≥2 or a fold change ≤0.5 as the criteria
(Tables S2 and S3). The hierarchical clustering analysis of
differential metabolites was processed using the R package pheatmap.
DNA extraction, PCR amplification, and sequencing

The sample DNAs were extracted by the Cetyltrimethylammonium bromide method. An appropriate amount
of sterile water was added to dilute the DNAs to 1 ng/ul.
The V4-V5 region of the bacterial 16S ribosomal RNA
(rRNA) gene and the fungal the internal transcribed
spacer 2 (ITS2) region were amplified by Polymerase
chain reaction (PCR). We used primers 515F [52] and
907R [53] for bacterial amplification, and primers ITS3
and ITS4 [54] were used for fungal amplification. Each
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primer contained the barcode as a marker to distinguish
the samples. The diluted DNA, primers, Phusion® HighFidelity PCR Master Mix with GC Buffer (New England
Biolabs), and high-fidelity enzymes were used in PCR.
The products were mixed in equal amounts based on
their concentrations, and then mixed the samples were
detected using 2% agarose gel electrophoresis. The Gel
Extraction Kit (Qiagen) was used to extract the target bands. A Truseq® DNA PCR-Free Sample Preparation Kit was used for library construction. The qualified
libraries were sequenced using Illumina NovaseQ6000.
The raw sequence data has been deposited in the
Genome Sequence Archive [55] in National Genomics
Data Center [56], under accession numbers CRA005007
and CRA005008, which are available at https://ngdc.
cncb.ac.cn/gsa.
Microbiota analysis

The raw sequencing results were separated based on the
barcodes and primers. After barcode and primer removal,
we used FLASH (v.1.2.7, http://www.cbcb.umd.edu/softw
are/flash) to splice sequences [57]. Quality filtering and
dereplication were performed using VSEARCH (v.2.17.0,
https://github.com/torognes/vsearch) [58]. USEARCH
(v.10.0, https://www.drive5.com/usearch) was used for
operational taxonomic unit (OTU) clustering [59]. Subsampling to the same depth was performed using the
amplicon package in R [49]. The taxonomy of the OTUs
was created using VSEARCH. The SILVA and Unite databases were used to determine the taxonomy of bacterial
and fungal OTUs, respectively [60, 61]. Non-bacterial or
non-fungal sequences were removed using the amplicon
package within R [49]. Alpha diversity, beta diversity, and
relative abundance were calculated using USEARCH.
Data visualization was carried out using amplicon package in R [49]. To predict the functions of bacterial and
fungal microbiota, we performed PICRUSt2 (v.2.4.1,
https://github.com/picrust/picrust2) and FUNGuild
(https://github.com/UMNFuN/FUNGuild) [62, 63]. Plotting the results of functional prediction used STAMP
(v.2.1.3, http://kiwi.cs.dal.ca/Software/STAMP) [64] and
the R package pheatmap.
Exploration of potential root microbiota causing
differences of the alkaloidal metabolome

We used differential metabolites and microbiota data to
perform MMVEC (v.2.4.1, https://github.com/biocore/
mmvec) in QIIME2 [43, 65], and MMVEC results were
also visualized using QIIME2-MMVEC. LEfSe was performed using Galaxy LEfSe (https://huttenhower.sph.
harvard.edu/galaxy) [66]. The linear discriminant analysis (LDA) score was > 4.00, and the alpha value for the
factorial Kruskal–Wallis test among classes was < 0.05
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to identify significant differences in taxa between the
two sites. We selected the target microorganisms by
combining the results of MMVEC and LEfSe, and the
microorganisms lacking a taxonomy at the family level
were excluded.
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Availability of data and materials
The amplicon sequencing data are available in the Genome Sequence Archive
[30] in National Genomics Data Center [31] https://ngdc.cncb.ac.cn/gsa with
accession numbers CRA005007 and CRA005008. The metabolomics data in
this research are attached to Supplementary Materials (Tables S1, S2 and S3
and Figs. S8-S43).
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