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Abstract
Plant-associated microorganisms are known to contribute with various beneficial functions to the health and productivity of their
hosts, yet the microbiome of most plants remains unexplored. This especially applies to wild relatives of cultivated plants, which
might harbor beneficial microorganisms that were lost during intensive breeding. We studied bacterial communities of the
Himalayan onion (Allium wallichii Kunth), a wild relative of onion native to mountains in East Asia. The bacterial community
structure was assessed in different plant microhabitats (rhizosphere, endosphere, anthosphere) by sequencing of 16S rRNA gene
fragment amplicons. Targeted bioinformatic analyses were implemented in order to identify unique features in each habitat and to
map the overall community in the first representative of the Amaryllidaceae plant family. The highest bacterial diversity was
found for bulk soil (Shannon index, H′ 9.3) at the high-altitude sampling location. It was followed by the plant rhizosphere (H′
8.9) while communities colonizing flowers (H′ 6.1) and the endosphere (H′ 6.5 and 5.6) where less diverse. Interestingly, we
observed a non-significant rhizosphere effect. Another specificity of the microbiome was its high evenness in taxonomic
distribution, which was so far not observed in plant microbiomes. Pseudomonas was identified among additional 10 bacterial
genera as a plant-specific signature. The first insights into the microbiome of a plant in the widespread Allium genus will facilitate
upcoming comparisons with its domesticated relatives while additionally providing a detailed microbiomemapping of the plant’s
microhabitats to facilitate bioresource mining.
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Introduction

Various members of the Amaryllidaceae plant family find
application in traditional as well as modern cuisine. They are
often characterized by rich secondary metabolite profiles,
which can include sulfur-containing compounds with a

characteristic smell [1]. Globally, the most relevant members
are constituted by various cultivars of the common onion
(Allium cepa L.) and garlic (Allium sativum L.). The direct
ancestor of onions is likely extinct; however, most of the re-
cent wild relatives originate from Asia. Similar to their culti-
vated relatives, distinct wild species of the Amaryllidaceae
also find application as ingredients of traditional dishes as well
as sources of bioactive compounds in phytomedicine [2–4].
This includes the Himalayan onion Allium wallichii Kunth, a
perennial herb with a single, conical, and short bulb, which is
native to India, Nepal, Bhutan, Myanmar, and Southwestern
China (Guangxi, Guizhou, Hunan, Sichuan, Tibet, and
Yunnan provinces). The anatomy of the plant is reminiscent
of the spring onion (Allium fistulosum L.), and it often occurs
in natural monocultures. Another characteristic of the plant is
that it grows at elevations of 2300 to 4800 m [5]. Jiucaiping
Mountain, with an altitude of 2900 m above sea level, is the
highest point of Guizhou Province, China, and harbors the
largest known habitat (approx. 700 ha) of wild A. wallichii
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in the Yunnan-Guizhou Plateau [6]. The mountain is known
for its unique landscape during flowering season of
A. wallichii in August and September. The extracts from the
Himalayan onion were shown to be promising candidates for
medicinal applications due to anti-cancer activity and low cy-
totoxicity [7]. In addition, the extracts exerted anti-microbial
activity against known pathogens including Bacillus cereus,
Escherichia coli, and Pseudomonas aeruginosa [8]. However,
so far, nothing is known about the microbiome found in nat-
ural vegetation predominantly covered by A. wallichii and
microbial communities colonizing the plant itself.

During the last years, the plant microbiota was shown to play
a crucial role for host health, protection against phytopathogens,
and resistance towards abiotic stresses [9, 10]. Plants were
shown to acquire microorganisms from the surrounding envi-
ronment, but can also equip their seeds with beneficial endo-
phytes [11, 12]. In the plant rhizosphere, rhizobacteria and my-
corrhizal fungi can assist plants against drought stress and con-
tribute to the nutrition by nitrogen fixation [13] as well as in-
crease the availability of phosphorus [14] and potassium [15].
Additionally, beneficial microbes that naturally occur in asso-
ciation with distinct plants can be used as a resource for novel
biocontrol and plant growth promotion applications in other
vegetation systems [16, 17]. In addition to commonly exploited
microorganisms from soil, the plant rhizosphere and endorhiza,
microorganism from aboveground tissues, including stem and
flower (anthosphere), are also promising candidates for biotech-
nological applications [18, 19]. Therefore, in order to provide a
complete map of a plant’s microbial community, it is important
to include all major tissue types in the analysis. Bacteria show
specificity not only for plant tissues but also for plant genotypes
[20, 21]. In this context, it was shown that plants with bioactive
secondary metabolites usually harbor highly specific microbial
communities that are shaped by those substances [22–24]. Less
is known about the bacterial component within the microbiome
of the Amaryllidaceae plant family, while its mycorrhiza was
already intensively studied [25]. Moreover, the microbiome of
stored onions (Allium cepa) was recently explored by Yurgel
and colleagues [26]; they identified Pseudomonas as a bio-
marker for healthy onions.

Our objective was to analyze the microbiome of Allium
wallichii grown in their native environment to provide a first
basis to understand and manage the microbiome of our oldest
and still widely used crops: onion and garlic. Due to the
unique karst landscape and large-scale natural monoculture,
we hypothesized that Allium wallichii plants growing on the
Jiucaiping Mountain, which is a central part of the Yunnan-
Guizhou Plateau, are colonized by uniquely composed, spa-
tially organized bacterial communities in its different tissues.
Pseudomonas, the biomarker for healthy onions [26], was
expected to be a prevalent colonizer of their wild relative.
Therefore, we explored the microbiome of Allium wallichii
by amplicon-based 16S rRNA gene sequencing, in order to

make it available as a novel bioresource for upcoming bio-
technological applications.

Material and Methods

Sample Collection and Total Community DNA
Extraction

All samples were obtained from a large, natural A. wallichii
monoculture growing on Jiucaiping Mountain in Guizhou
Province (China; 26° 59′ 42″ N, 104° 45′ 36″ E). All plants
were unearthed during the flowering stage and stored on ice in
sterile zip bags until their arrival in the laboratory. Soil sam-
ples that were used for complementary analyses were samples
in a radial distance of 20–30 cm from the plants. First, the top
soil was removed, then root-free material was obtained from a
depth of 10 cm and immediately manually homogenized in-
side sterile zip bags to remove macro-aggregates. For soil
samples, four replicates were obtained, while for the rhizo-
sphere samples and each plant tissue type, six replicates were
obtained, respectively. The plant samples were further proc-
essed in the laboratory by separating different plant tissues
with sterile scalpels. Rhizosphere samples were obtained by
washing adhering soil from roots in 20 ml of 0.85% NaCl at
120 rpm for 10 min. The suspension was aliquoted into 2-ml
reaction tubes and centrifuged at 14,000×g for 20 min to
obtain pellets for further processing. Samples of the endorhiza
and the pedicule endosphere were obtained by surface steril-
izing 3–5-cm-long segments of each sample type. The seg-
ments were first submerged in 4% sodium hypochlorite
(NaClO) solution and placed on a shaker (120 rpm) for 5
min. Subsequently, the segments were rinsed with sterile
ddH2O and then washed in sterile reaction tubes with sterile
ddH2O on a shaker (120 rpm) for 5 min. The washing stepwas
repeated for two times in order to remove residual NaClO
from the samples. Flowers were directly removed from the
plant under sterile condition and subjected to homogenization
without further treatments. Subsequently, the plant samples
were treated with an automated tissue homogenizer (BBI
Life Sciences; Shanghai, China). The homogenates as well
as the soil and rhizosphere samples were transferred into ex-
traction tubes under sterile conditions. The total community
DNA was extracted from all samples with the FastDNA SPIN
Kit for Soil (MP Biomedicals, USA) following the manufac-
turer’s protocol. Subsequently samples were analyzed with
NanoDrop (Thermo Fisher Scientific, USA) to confirm the
DNA recovery.

Amplification of 16S rRNA Gene Fragments

The total community DNA extracts from six replicates per
sample type were used for PCR-based amplifications with

910 Chen X. et al.



the primers 515f (5′ GTGYCAGCMGCCGCGGTAA) and
806r (5′ GGACTACHVGGGTWTCTAAT) according to
the Ear th Mic rob iome Pro jec t p ro toco l (www.
earthmicrobiome.org) [27] with sample-specific barcodes
and Illumina sequencing adaptors. In addition, specific pep-
tide nucleic acid (PNA) oligomers were added to the PCRmix
to prevent the amplification of mitochondrial (mPNA) or plas-
tidial (pPNA) RNA from eukaryotes [28]. The resulting
amplicons were used to construct a next-generation sequenc-
ing library suitable for sequencing on an Illumina PE250 plat-
form and processed with a targeted output of ≥ 100,000 reads
per sample (Novogene; Beijing, China).

Bioinformatic Analyses

The data was subjected to a standardized workflow for further
quality filtering and dereplication. Paired end reads obtained
from an Illumina PE250 instrument (paired-end reads; 250-bp
read length) were assigned to samples based on their unique
barcode sequence and truncated by removing barcode and
primer sequences by the sequencing company (Novogene;
Beijing, China). Demultiplexed paired end reads were
imported in QIIME 2 (2018.11) and further subjected to qual-
ity filtering. By applying the dada2 algorithm, paired-end se-
quences were denoised and dereplicated and chimeras were
removed. Taxonomic analysis of amplicon sequencing vari-
ants (ASVs) was based on a Naïve-Bayes classifier that was
trained on the SILVA 128 release database with clustering at
99% similarity [29]. The generated feature table (Table S1)
was used for all subsequent analyses. After removing mito-
chondrial, chimeric, and plastid sequences, the 16S rRNA
dataset was normalized to 1677 reads per sample to account
a variation in the samples reaching from a maximum
of 616,087 to a minimum of 1677 reads. Following
rarefication of the feature table, alpha and beta diversity anal-
yses were conducted in combination with complementary sta-
tistics using QIIME 2 core diversity metrics. Principal coordi-
nate analysis (PCoA) plots were constructed on the basis of an
unweighted UniFrac distance matrix that is implemented in
QIIME 2. Phylogenetic metrics were generated by aligning
representative sequences using the mafft program. After
masking the multiple sequence alignment, a phylogenetic tree
was generated with FastTree. Statistics were calculated by
applying analyses of similarity (ANOSIM) within the
QIIME 2 pipeline for identifying significant differences in
beta diversity between groups. The alpha diversity was
assessed through observed OTU and Shannon diversity indi-
ces and statistics calculated by applying Kruskal-Wallis tests
including Benjamini/Hochberg FDR adjustment within
QIIME 2. Significantly different abundant features were iden-
tified by applying the Kruskal-Wallis test including FDRmul-
tiple test correction within QIIME 1.9.0. As input for calcula-
tions, a non-rarefied feature table excludingmitochondrial and

plastid sequences was used. Differences in evenness were cal-
culated using one-way ANOVA including Bonferroni multi-
ple test correction in IBM SPSS (version 25.0; IBM
Corporation, NY, USA).

For constructing the OTU network, the feature table was
reduced by retaining only features which occur in ≥ 75% of
the replicates in each group (further referred to as core micro-
biota) and with a mean relative abundance of at least 0.1% in
the whole dataset. The OTU network was constructed using
the QIIME 1.9.0 pipeline (make_otu_network.py) and visual-
ized using Cytoscape version 3.7.0. For generating bar charts,
features were collapsed on genus level and a reduced table
containing only taxawith amean relative abundance of at least
0.5% in the whole dataset served as input. Bar charts represent
mean relative abundance of each group. A collapsed feature
table (genus level) served also as input for the generation of
the phylogenetic tree including all taxa with a mean relative
abundance of at least 0.05% within the whole dataset. A phy-
logenetic tree was constructed with extracted Pseudomonas
ASVs by usingMEGAX (version 10.0.4) and the implement-
ed neighbor-joining method with 1000 bootstraps.

Physicochemical Soil Analyses

Bulk soil was obtained at the same sampling location as
A. wallichii and collected at a depth of 10 cm, which corre-
sponds to the approximate root depth of the plants. A total of
500-g soil was obtained and characterized in terms of pH
level, organic matter fraction, total nitrogen content, total
phosphorous content, total potassium, total water-soluble
salts, and cation exchange capacity by the service provider
United Nation Quality Detection Co., Ltd. (Xi’an, Shaanxi,
China).

Results

Diversity Analyses

After filtering chimeric, mitochondrial, and plastid se-
quences, feature table was reduced from a total read count
of 8,925,788 to 3,380,349 sequences representing 14,140
features. Highly abundant features that remained without
classification at lower taxonomic levels were manually
blasted against the NCBI nt_collection; results indicated
that several of those features were plastid or chimeric se-
quences and were therefore excluded prior to further anal-
yses. The filtered feature table contained 3,250,046 se-
quences representing 13,361 features. Following normali-
zation of the feature table to 1677 reads per sample, 5266
features remained. These features were collapsed on genus
level resulting in 992 taxa. Alpha rarefaction analyses re-
vealed the highest Shannon index for soil (H′ = 9.34 ±

911The Himalayan Onion (Allium wallichii Kunth) Harbors Unique Spatially Organized Bacterial Communities

http://www.earthmicrobiome.org
http://www.earthmicrobiome.org


0.10) followed by the rhizosphere (H′ = 8.87 ± 0.46).
Shannon diversity indices for flower, pedicel, and
endorhiza were calculated as 6.11 ± 0.80, 6.50 ± 0.44,
and 5.59 ± 0.93, respectively, whereas no significant dif-
ferences in alpha diversity were observed within these
plant-associated microhabitats (p > 0.05). A detailed
breakdown of Shannon indices and complementary statis-
tics is shown in Table S2. The same results were obtained
when assessing bacterial diversity based on observed
OTUs. The highest number of observed OTUs was re-
vealed for soil (950 ± 24) followed by the rhizosphere
(822 ± 107). Flower (195 ± 45), pedicel (204 ± 31), and
endorhiza (146 ± 49) shared similar numbers of observed
OTUs with no significant differences (Figure S1;
Table S3). Beta diversity was assessed by calculating the
unweighted UniFrac distance matrix, and statistics were
calculated using pairwise ANOSIM. Distinct clustering of
plant-associated microhabitats (flower, pedicel, endorhiza)
and soil-associated habitats (rhizosphere and soil) was ob-
served, reflecting the statistical analyses; within the plant
(flower, pedicel, endorhiza), no significant (p > 0.05) dif-
ferences in community compositions were calculated; the
same observation was made when differences in beta di-
versity between rhizosphere and soil were assessed (Fig. 1;
Table S4). Community compositions differed significantly
when pairwise comparisons were conducted between each
plant microhabitat and either soil or the rhizosphere. All
samples showed a very high evenness whereas bacterial
features are most evenly distributed within the soil (E =
0.944 ± 0.010) followed by the rhizosphere (E = 0.917 ±
0.030). Significant differences in evenness were found be-
tween the endorhiza (E = 0.783 ± 0.088) and soil as well as
between the endorhiza and the rhizosphere, respectively
(Fig. 2; Table S5).

Bacterial Community Structure in Different Plant
Microhabitats

Overall, the normalized feature table contained 42 different phy-
la; among them, Proteobacteria were predominating in the rhi-
zosphere (39%) followed byBacteroidetes (14%),Acidobacteria
(12%), Actinobacteria (7%), Firmicutes (6%), Chloroflexi (6%),
Planctomycetes (6%), Verrucomicrobia (5%), and
Gemmatimonadetes (1%). Within the soil, the dominating phyla
were Proteobacteria (28%) followed by Acidobacteria (17%)
and Bacteroidetes (11%), Actinobacteria (9%), Planctomycetes
(8%), Chloroflexi (7%), Verrucomicrobia (6%), Firmicutes
(5%), and Gemmatimonadetes (1%); with 5% relative abun-
dance, Archaea were most abundant in soil while in all other
samples, their relative abundancewas less than 1%. In the flower,
the most abundant bacterial phyla were Proteobacteria (51%),
followed by Firmicutes (20%), Bacteroidetes (15%),
Actinobacteria (7%), Deinococcus-Thermus (1%), and

Chloroflexi (1%). The pedicel was dominated by Firmicutes
(40%) followed by Proteobacteria (33%), Bacteroidetes
(13%), and Actinobacteria (8%). In the endorhiza, the most
abundant phyla were Proteobacteria (47%) followed by
Firmicutes (19%), Actinobacteria (18%), Chloroflexi (2%), and
Acidobacteria (2%). Phyla with a relative abundance of less than
0.5% were not included in deepening assessments (Fig. 3;
Table S6). In order to detect habitat-specific occurrence of dis-
tinct bacterial features, a statistical assessment of differential
abundance was conducted. Within the plant tissues (flower, ped-
icel, endorhiza), no significantly different abundant features were
identified. The same observation was made when soil and rhizo-
sphere were compared. However, when plant tissue-associated
taxa were contrasted to such occurring in the other microhabitats
(group A: flower, pedicel, endorhiza; group B: rhizosphere, soil),
3595 of 13,361 features (27%) were significantly different abun-
dant in the compared groups. Of those 3595 features, only 11
were unique for the plant tissues (Nocardiopsis, Hymenobacter,
Pseudomonas, Aureimonas, Clostridium, Macellibacteroides,
Bacteroides, not further classified Verrucomicrobiaceae, not fur-
ther classif ied Microbacteriaceae , Micrococcus ,
Phascolartobacterium), while 3369 were unique in the
rhizosphere/soil group. In total, 215 features were found in both
groups, but showed significantly different abundances therein.
Only seven of those 215 features were significantly more abun-
dant in the plant than in the rhizosphere/soil. Those features were
assigned to the bacterial genera Streptococcus, Mycobacterium,
Bacteroides, Subdoligranulum, not further classified
Lachnospiraceae, and not further classified Ruminococcaceae.

Habitat-Specific Microbial Signatures

A phylogenetic tree, which was constructed on the basis
of prevalent members of the microbiome, included 269
taxa with a mean relative abundance of 0.05% over the
whole dataset (Fig. 4). For the flower, the pedicel, and
the endorhiza, 44, 62, and 29 bacterial taxa were identi-
fied to occur in their respective core microbiota. The
rhizosphere harbored 131 core taxa and the soil 177.
Overall, only seven bacterial taxa occurred in the core
microbiota of all analyzed microhabitats (Pseudomonas,
Sphingomonas, not further classified Comamonadaceae,
Bacteroides, not further classified Bacteroidales,
Acinetobacter, and Duganella). Five core taxa were iden-
tified to be unique in plant microhabitats (flower, pedi-
cel, endorhiza) including Streptococcus, Nocardiopsis,
Prevotella, Corynebacterium, and Propionibacterium,
while soil and rhizosphere shared in total 98 core taxa.
Only one unique core taxon was identified for the flower
(Macellibacteroides) while 19 taxa occurred only in the
core microbiota of the pedicel and four taxa were iden-
tified as unique core taxa for the endorhiza (not further
classified Planococcaceae, Romboutsia, Tumebacillus,
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Coxiella). The soil harbored 40 unique core taxa, while
for the rhizosphere, no unique core taxa were identified.
Due to the prominent occurrence of Pseudomonas in
plant-associated microhabitats, a detailed analysis was
conducted with all representatives that were recoverable
from the amplicon library (Figure S2). A genus-specific
phylogenetic tree that was constructed with the recovered
Pseudomonas ASVs and available reference sequences
indicated the presence of potentially novel lineages that
showed low sequence similarity to available isolates.

Assessment of Connectivity Between Plant
Microhabitats

The connectivity between all analyzed microhabitats was an-
alyzed by constructing a feature-level network. All features
were visualized as nodes and connected with edges to the
respective microhabitat of the plant where they were detected.
In this analysis, which is based on a higher taxonomic resolu-
tion than the genus-level profiling, most features were found
to be shared between the rhizosphere and the soil (76 fea-
tures), including 43 features assigned to Proteobacteria, 12
features assigned to Acidobacteria, six to Bacteroidetes, five
features assigned to Actinobacteria, four to Chloroflexi, three
to Firmicutes, two to Verrucomicrobia, and one to
Gemmatimonadetes. The second highest number of features
(20) was shared between the flower and the pedicel with 12
features assigned to Firmicutes , f ive features to
Proteobacteria , two to Bacteroidetes, and one to
Actinobacteria. While the flower harbored no unique features,
the most unique features (15) were identified for the pedicel
including seven features assigned to Firmicutes, four to
Bacteroidetes, two to Actinobacteria, and two assigned to
Proteobacteria. The endorhiza, the rhizosphere, and the soil
harbored six, 10, and 13 unique features, respectively. Only
two features were shared by all microhabitats; they were
assigned to Pseudomonas and Duganella. In addition, it was
found that one feature assigned to Bacillales was shared be-
tween the endorhiza and the rhizosphere (Fig. 5).

Soil Physicochemical Parameters

The sampled soil from the A. wallichii field on Jiucaiping
Mountain is typical clay loam. It had a close to neutral pH
of 6.81, a cation exchange capacity of 12.2 cmol/kg, and a
medium salinity with 8.5 g/kg water-soluble salts. In terms of

Fig. 1 Beta diversity assessment in different plant tissues, the
rhizosphere, and surrounding soil. A principal coordinate analysis
(PCoA) was conducted to visualize community structure similarity and
clustering between different sample types. The percentages of the three
dimensions, which explain the highest degree of variance, were included

in the visualization. Different colors of the dots indicate distinct sample
types in the plant microbiome and the bulk soil. Complementary statisti-
cal analyses were used to assess the significance of dissimilarity between
samples and summarized in Table S4

Fig. 2 Evenness of the plant-associated bacterial communities and bulk
soil. The dataset was subjected to Pielou’s evenness analysis in order to
obtain a numeric measure for the evenness that was evident from the
community structures across different sample types. Significant differ-
ences in evenness were calculated by pairwise comparison using
ANOVA including Banferroni multiple test correction and summarized
in Table S5
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plant nutrients, the total nitrogen content was 1.31%, the or-
ganic matter fraction 1.48%, the total phosphorus 601 mg/kg,
and the total potassium concentration 114.24 mg/kg.

Discussion

The present study provides a detailed profiling of a native
plant to Eastern Asia that is of local importance in
Southwestern China and which might be a biotechnologically
relevant resource in the future. The Allium wallichii
microbiome was characterized by a high degree of microhab-
itat specificity especially between the aboveground and be-
lowground parts, a missing rhizosphere effect, an unusual
evenness within the bacterial community structure, and
Pseudomonas-rich hotspots. Pseudomonas was identified as
a biomarker for healthy onions [26], but is also a model for
beneficial, plant-associated bacteria for a long time [30, 31].
Further exploration of the natural Pseudomonas population
associated with Himalayan onion is a promising strategy to
discover new biological resources for modern agriculture. It
might harbor distinct strains that are transferable to its culti-
vated relatives that are often affected by disease outbreaks.
Here, especially the high prevalence of soil-borne phytopath-
ogenic fungi affects the cultivation of onion [32] and thus
might profit from new biological solutions.

When the two endosphere habitats (endorhiza and pedicule
endosphere) of the plant were compared, their bacterial com-
munity compositions showed substantial differences. The
endorhiza showed a prevalence of Actinobacteria and
Enterobacteriaceae at higher taxonomic levels while the
pedicule endosphere was colonized by a high number of
Firmicutes. Each of these bacterial groups showed a contrary
trend in the respective other endosphere of Allium wallichii.
We assume that this distribution is due to differences in phys-
icochemical conditions of the two niches. Nevertheless,
Actinobacteria as well as Firmicutes might harbor members
that are of potential interest as new bioresources due to their
high biocontrol potential [17, 33]. Interestingly, we have also
observed a higher similarity of the bacterial community in the
endorhiza to the community found on the plant’s flowers
when compared with the rhizosphere microbiome. This is an
indication for the high selectivity of the plant and a filter effect
that was previously also observed with crop plants [11]. Soil-
borne microorganisms have to either pass through the plant’s
endosphere to reach aboveground plant parts or they are trans-
ferred by repelling raindrops or splashing irrigation water in
cultivated plants [34].

We have identified two specificities in the A. wallichii
microbiome that differentiates it from most other plants that
were subjected to bacterial community analyses in the past
years. First, the rhizosphere effect of the plants was low, and

Fig. 3 Bacterial community structure in the A. wallichiimicrobiome. The
bacterial community structure was visualized up to genus level for each
sample type. When genus-level assessment was not possible, the taxo-
nomic information was provided on family, order, or phylum level and

indicated with a prefixed letter. Taxonomic assignments at higher levels
are provided and clustered in the legend. All taxa with an occurrence of ≥
0.5% were included in the legend. Taxa with a lower abundance were
summarized as “taxa < 0.5%”

914 Chen X. et al.



no significant differences were observed when compared with
the surrounding soil. The complementary physicochemical
soil analyses indicated that the characteristics of the natural
monoculture are representative for this region. Previous stud-
ies that were conducted in the proximity of Jiucaiping
Mountain reported pH values as well as total nitrogen concen-
trations that were in the same range [35, 36]. Plants direct a
substantial amount of fixed nitrogen and carbon to the rhizo-
sphere trough specific exudates [37]. These exudates attract
and nourish populations of beneficial rhizosphere microorgan-
isms through the plant’s whole lifecycle [20, 38]. We hypoth-
esize that either the soil in the A. wallichii fields of Jiucaiping
Mountain is influenced by the naturally occurring monocul-
ture to a level that led to a homogenization of the rhizosphere
and the surrounding soil, or that the plant has a low potential to
attract microorganisms from the surrounding soil. The latter
might be likely, because A. wallichii has a proportionally
small root system that consists of a low number of primary
roots. Plant exudates are mainly excreted from lateral roots,
which also serve as entry points for nodulating bacteria or
other beneficial endophytes [37, 39]. Further indications for

the second hypothesis are given by the fact the bulb plants
have a specific lifecycle and are often associated with a my-
corrhiza [25]. Interestingly, distinct Pseudomonas strains are
known due to their positive interactions with certain fungi as
“mycorrhiza helper bacteria” [40]. Their high occurrence
might be indicative for the same role in the A. wallichii
microbiome, which remains to be confirmed. It is also note-
worthy to mention that plants were collected during the
flowering stage for the current study and that it was previously
found that plants show a lower rhizosphere effect at later de-
velopment stages [41, 42]. Targeted analyses will be required
in the future to clarify if this also applies to members of the
Amaryllidaceae plant family.

As a second specificity of the A. wallichiimicrobiome, our
dataset was characterized by a high microbial diversity, and
more remarkably by an exceptional evenness in the distribu-
tion of different taxa. This is indicative for a stable and undis-
turbed ecosystem and is not commonly observed with culti-
vated plants. While less attention is paid to community even-
ness than to diversity and microbial abundance in general
[43], it is an important determinant for resilience of various

Fig. 4 Assessment of common
bacterial taxa in different tissues
of A. wallichii. The tree graph
includes taxa with a minimum
relative abundance of 0.05%
within the whole dataset. All
features were collapsed at genus
level to reduce the complexity of
the visualization. Coloration in
the outer rings indicates the
occurrence of distinct taxa in the
indicated sample types. Node
sizes correspond to the mean
relative abundance of distinct taxa
over the whole dataset; three
representative node sizes are
provided with the respective
percentages
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ecosystems, especially under stress conditions [44]. In previ-
ous studies, a generally lower evenness was observed for plant
microbiomes [14, 45], even if amendments that can increase
the microbial community evenness were used [46]. We hy-
pothesize that the observed evenness of the A. wallichii
microbiome mainly results from the specific environmental
conditions on the mountain plateau in combination with the
large natural monoculture that has facilitated co-adaption of
microbial communities with their plant host. Therefore,
A. wallichii is also potentially interesting as a model plant to
study the development and maintenance of evenly distributed
bacterial communities for higher resilience against biotic as
well as abiotic stress factors.

Conclusions

In the present study, we could show that A. wallichii harbors a
spatially structured microbiome that showed specific signa-
tures in each tissue type. A. wallichii showed special charac-
teristics in its microbiome that make it distinguishable from
other plants that were subjected to analogous analyses in the
past. Furthermore, the bacterial genus Pseudomonas was
found to be a universal component of the plant’s bacterial
communities. This makes it a promising candidate for targeted
isolation and cultivation experiments in the future. In summa-
ry, the obtained insights provide a reference for microbiome
studies within the Amaryllidaceae plant family as well as a
basis for future approaches tomine for specific bioresources in
the plant’s microbiota that are potentially exploitable as natu-
ral protectants of its cultivated relatives.
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Fig. 5 Identification of common bacterial components across plant
habitats at feature level. The network was rendered with Cytoscape
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A. wallichii illustration to better illustrate the localization of the
analyzed samples in the plant. Edges connect each feature with its
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