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Plant-associated bacteria can establish mutualistic relationships with plants to support plant

health. Plant tissues represent heterogeneous niches with distinct characteristics and may thus

host distinct microbial populations. The objectives of this study are to investigate the bacterial
communities associated with two medicinally and commercially important plant species; Ginkgo
biloba and Panax quinquefolius using high Throughput Sequencing (HTS) of 16S rRNA gene, and to
evaluate the extent of heterogeneity in bacterial communities associated with different plant niches.
Alpha diversity showed that number of operational taxonomic units (OTUs) varied significantly by
tissue type. Beta diversity revealed that the composition of bacterial communities varied between
tissue types. In Ginkgo biloba and Panax quinquefolius, 13% and 49% of OTUs, respectively, were
ubiquitous in leaf, stem and root. Proteobacteria, Bacteroidetes, Actinobacteria and Acidobacteria
were the most abundant phyla in Ginkgo biloba while Proteobacteria, Bacteroidetes, Actinobacteria,
Plantomycetes and Acidobacteria were the most abundant phyla in Panax quinquefolius. Functional
prediction of these bacterial communities using MicrobiomeAnalyst revealed 5843 and 6251 KEGG
orthologs in Ginkgo biloba and Panax quinquefolius, respectively. A number of these KEGG pathways
were predicted at significantly different levels between tissues. These findings demonstrate the
heterogeneity, niche specificity and functional diversity of plant-associated bacteria.

Plants live in association with microbial communities, consisting of bacteria, archaea and fungi'. Of special
interest are plant-associated bacteria, which live inside plants (endophytes), on plant surfaces (epiphytes), or in
association with plant roots (rhizosphere bacteria)'. Plant associated bacteria may establish a mutualistic rela-
tionship with a plant! such that the plant provides nutrients and space for its associated bacteria while associated
bacteria support plant health by helping the plant acquire nutrients and resist pathogens. Plant associated bacteria
produce important bioactive secondary metabolites including antimicrobials and antioxidants®*, and can also
affect secondary metabolite production by the plant* A well-known example of such a symbiotic relationship
is nitrogen-fixing Rhizobium in leguminous plants*.

Plants exhibit spatial variation in many characteristics. For example, leaves differ from stems or roots in
structure, anatomy, access to nutrients and environmental conditions’. The different plant parts represent het-
erogeneous niches for associated bacteria. Each niche has its distinct characteristics and may thus host its distinct
microbial population®. This heterogeneity may drive the tissue specificity of some plant associated bacterial
communities®. Localization in specific plant tissues may also be required for plant-associated bacteria to func-
tion optimally’.

The diversity and distribution of plant associated bacteria in the different plant tissues are not well understood
with only few studies that investigated the spatial variation of bacterial communities within plants®’. Studying
the spatial variation of plant associated bacteria may provide clues to the functional roles of the different bacterial
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taxa in the symbiotic relationship with plants®. It can also help understand the role that plant characteristics and
environmental factors play in shaping this spatial variation of associated bacteria.

The objective of this study is to investigate the bacterial communities associated with two important medicinal
plant species; Ginkgo biloba and Panax quinquefolius. Ginkgo biloba and Panax quinquefolius are two medici-
nally and commercially important species, which are commonly used in Natural Health Products (NHP). The
investigation includes characterization of the profiles of bacterial communities associated with the different plant
tissues (leaf, stem, root), to evaluate the extent of heterogeneity in bacterial communities between the different
plant niches, and to predict potential functional pathways in these bacterial communities.

Ginkgo biloba is a very important medicinal plant, that is considered as the most ancient tree on Earth®. This
species and its active ingredients were described in the literature for their diverse therapeutic effects includ-
ing cardioprotective’, anxiolytic'®, neuroprotective'!, cognition and memory enhancer'?**, anticancer'®, anti-
metastatic'®, and anti-inflammatory activities'”. The main active components in G. biloba are terpene trilactones
(ginkgolides A, B, C, J, M and bilobalide) and flavonoids (flavones, flavonols, tannins, biflavones, and glycosides
of quercitin and kaempferol)'®. G. biloba leaf extracts are widely used in Europe as herbal remedies and in the
USA as dietary supplements'®. Indeed, G. biloba EGb 761, which is a dried green leaf extract, is one of the top-
selling herbal medicine worldwide®, used for the treatment of cardiovascular and neurological disorders®..

Panax quinquefolius (American ginseng) is another popular NHP with differing pharmacologically active
tissues*’. Ginseng root was reported to have cardioprotective”, antihypertensive?’, immunomodulatory®*?>,
neuroprotective, central nervous system modulatory®>?, antitumor®?¢, and anti-diabetic?>* effects. The activity
is mainly attributed to its content of triterpene glycosides, including the protopanaxadiol and the protopanaxa-
triol ginsenosides®%.

In this study, High Throughput Sequencing (HTS) was used to characterize Ginkgo biloba and Panax quinque-
folius associated microbiota®” ~?. As the vast majority of microbes are not easy to culture using common labora-
tory conditions*”*%, HTS is commonly used to characterize plant associated microbiota. HTS generates millions
of sequencing reads in a single run and hence facilitates the investigation of complex microbial communities.
The HTS sequence data was analyzed to determine alpha diversity (taxonomic richness, Chao-1, Simpson’s index
and Shannon’s index), beta diversity (Principle coordinates analysis, Bray—Curtis) and taxonomic abundance of
bacterial taxa in Ginkgo biloba (GB) and Panax quinquefolius (PQ) tissues. Functional prediction of the bacterial
communities based on 16S rRNA HTS data was also investigated.

Results

Considerable microbial diversity was recorded from the sequencing results. Sequencing of 24 samples resulted
in 3279574 reads. Quality trimming and adapter trimming resulted in 3274322 reads. Fixed length trimming
resulted in 3172566 reads trimmed to 251 bases. Following removal of chimeric reads, 1382861 reads from GB
samples were assigned to 4100 OTUs and 1240075 reads from PQ samples were assigned to 4195 OTUs. Removal
of OTUs with low abundance (combined abundance less than 50) yielded 923 and 1057 OTUs for GB and PQ,
respectively. After removal of OTUs belonging to host DNA, 916 and 1040 OTUs from GB and PQ, respectively,
were used in further analyses.

Alpha diversity of the bacterial communities in the different tissue types. Sampling of alpha
diversity revealed considerable diversity among the tissue types within and among species. Alpha diversity was
estimated using total number of OTUs, Chao-1, Simpson’s index, and Shannon’s index. Total number of OTUs
and Chao-1 index showed that a deeper sequencing depth may be needed to fully capture the diversity of plant-
associated microbiota in GB (Fig. 1A,B) and PQ (Fig. 2A,B). However, Simpsons index and Shannon’s index
showed sufficient sequence coverage using sampling (sequence read) intensity curves in GB (Fig. 1C,D) and PQ
(Fig. 2C,D).

In GB, the total number of OTUs varied significantly by tissue type (ANOVA P value <0.0001). Multiple com-
parisons showed that total number of OTUs in root was significantly higher than that in leaf (P value <0.0001)
and stem (P value <0.0001) (Fig. 1E). Total number of OTUs in stem was significantly higher than that in leaf
(P value=0.0012). Analysis of other alpha diversity metrics (Chao-1, Shannon, Simpson’s index) yielded similar
results (Fig. 1F-H).

The ginseng (PQ) samples showed a different pattern where the total number of OTU was not significantly dif-
ferent between the different tissue types (ANOVA P value=0.1096) (Fig. 2E). Similarly, Chao-1 index showed no
significant difference (ANOVA P value =0.2185 (Fig. 2F). However, Simpson’s index and Shannon index showed
significant difference (ANOVA P value =0.0055 and 0.0135, respectively) (Fig. 2G,H). According to Simpson’s
index, PQ leaf has significantly lower diversity compared to stem (P value=0.0176) and root (P value =0.0066)
(Fig. 2G). Shannon index showed similar results where PQ leaf has significantly lower diversity compared to
stem (P value=0.0334) and root (P value=0.0171) (Fig. 2H).

Beta diversity of the bacterial communities in the different tissue types. There was consider-
able variation in community composition among the tissue types for both species. The composition of bacterial
communities varied between GB tissue types (Bray-Curtis Permanova P-value <0.0001) (Fig. 3A). Similarly,
bacterial communities varied between PQ tissue types (Bray—Curtis Permanova P-value <0.0001) (Fig. 4A). For
PQ, distance-based redundancy analysis ({bRDA) showed that 36.4% of variation in community composition
could be explained by tissue type (Fig. 4B).

The extent to which OTUs were unique or ubiquitous among GB different tissues was investigated. Out of 916
OTUs, 117 OTUs (13%) were ubiquitous in leaf, stem and root (Fig. 3B), 80 OTUs were unique to stem, 423 OTUs
were unique to root, 99 OTUs overlapped between root and stem, 121 OTUs overlapped between root and leaf,
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Figure 1. Alpha diversity in Ginkgo biloba tissues. (A-D) Rarefaction curves indicating sufficient depth of
sequencing based on (A) Total number of operational taxonomic units (OUT), (B) Chao-1 index, (C) Simpson’s
index, and (D) Shannon’s index. (E-H) Alpha diversity in Ginkgo biloba tissues based on (E) Total number of
OTU, (F) Chao-1 index, (G) Simpson’s index, and (H) Shannon’s index.
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Figure 2. Alpha diversity in Panax quinquefolius tissues. (A-D) Rarefaction curves indicating sufficient
depth of sequencing based on (A) Total number of operational taxonomic units (OUT), (B) Chao-1 index, (C)
Simpson’s index, and (D) Shannon’s index. (E-H) Alpha diversity in Panax quinquefolius tissues based on (E)
Total number of OTU, (F) Chao-1 index, (G) Simpson’s index, and (H) Shannon’s index.
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Figure 3. Beta diversity in Ginkgo biloba tissues (A) Principle coordinates analysis (PCoA) based on
Bray-Curtis Index (B) Venn diagram demonstrating the proportions of unique and overlapping operational
taxonomic units (OTUs) between the different tissues. Venn diagrams were created using BioVenn online tool
(http://www.biovenn.nl). GBL, GBR, and GBS refer to Ginkgo biloba leaf, root and stem, respectively.

and 76 OTUs overlapped between leaf and stem (Fig. 3B). The extent to which OTUs were unique or ubiquitous
among PQ different tissues was also investigated. Out of 1040 OTUs, 511 OTUs (49%) were ubiquitous in leaf,
stem and root (Fig. 4C), 62 OTUs were unique to stem, 30 OTUs were unique to leaf, 49 OTUs were unique to
root, 232 OTUs overlapped between root and stem, 20 OTUs overlapped between root and leaf, and 136 OTUs

overlapped between leaf and stem (Fig. 4C).
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Figure 4. Beta diversity in Panax quinquefolius tissues (A) Principle coordinates analysis (PCoA) based

on Bray-Curtis Index (B) Distance-based redundancy analysis (dbRDA) based on Bray-Curtis Index and
constrained by tissue type (C) Venn diagram demonstrating the proportions of unique and overlapping
operational taxonomic units (OTUs) between the different tissues. Venn diagrams were created using BioVenn
online tool (http://www.biovenn.nl). PQL, PQR, and PQS refer to Panax quinquefolius leaf, root and stem,
respectively.
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Figure 5. The most abundant bacterial phyla in Ginkgo biloba tissues (A) Leaf, (B) Stem, (C) Root. (D) The
mean relative abundance of the most abundant phyla in Ginkgo biloba tissues. The mean relative abundance is
shown as columns with Standard Error of Mean (SEM).

Microbiota profiles in GB and PQ tissues and variability in taxa diversity among the different
tissue types. GB tissues were found to host 916 bacterial taxa belonging to 227 species in 211 genera in 151
families in 18 phyla. PQ tissues were found to host 1040 bacterial taxa belonging to 291 species in 264 genera in
163 families in 19 phyla. Microbiome taxonomic diversity varied among plant tissues in which there were tissue-
specific patterns in community assemblage.

At the bacterial phyla level, Proteobacteria was the most abundant phylum in GB leaf samples at 52% rela-
tive abundance, followed by Bacteroidetes at 19% and Actinobacteria at 9% relative abundance (Fig. 5A). The
pattern was different in GB stem where the most abundant phyla were Bacteroidetes at 42% relative abundance,
followed by Proteobacteria at 38%, and Actinobacteria at 10% relative abundance (Fig. 5B). The major phyla
in GB root were Acidobacteria at 26% relative abundance, Proteobacteria at 23%, and Actinobacteria at 10%
relative abundance (Fig. 5C). Three phyla showed significant differences in their relative abundance among GB
tissues (Fig. 5D). GB stem had significantly higher relative abundance of Bacteroidetes compared to leaf and
root (ANOVA P-value <0.0001) (Fig. 5D). GB root had significantly higher relative abundance of Acidobacteria
compared to leaf and stem (ANOVA P-value=0.0013 and <0.0001) and significantly lower relative abundance
of Proteobacteria compared to stem and leaf (ANOVA P-value =0.0024 and <0.0001) (Fig. 5D).

The microbiome in ginseng (PQ) had a different assemblage of taxa than what was found in ginkgo. Proteo-
bacteria was the most abundant phylum in all PQ tissues with relative abundance of 73%, 45%, and 41% in PQ
leaf, steam and root, respectively (Fig. 6A-C). Other abundant phyla in PQ leaf were Bacteroidetes at 7% and
Actinobacteria at 6% relative abundance (Fig. 6A), and in PQ stem were Bacteroidetes at 18%, Acidobacteria at
12% and Actinobacteria at 8% relative abundance (Fig. 6B), and in root were Plantomycetes at 29%, Bacteroidetes
at 8%, and Actinobacteria at 6% relative abundance (Fig. 6C). Two phyla showed significant differences in relative
abundance among PQ tissues (Fig. 6D). The relative abundance of Plantomycetes was significantly higher in root
compared to leaf and stem (ANOVA P-value=0.0001) (Fig. 6D). The relative abundance of Proteobacteria was
significantly higher in leaf compared to root (ANOVA P-value =0.0060) (Fig. 6D).

At the family level, the most abundant families in GB leaf were Sphingomonadaceae (28%), Cytophagaceae
(18%), Oxalobacteraceae (8%), Deinococcaceae (7%) and Methylobacteriaceae (5%) (Fig. 7). The most abundant
families in GB stem were Cytophagaceae (25%), Sphingomonadaceae (14%), Sphingobacteriaceae (11%), and
Acetobacteriaceae (10%). The most abundant families in GB root were uncultured Acidobacteria family (14%),
Bacillaceae (7%), Pirellulaceae (5%), an unidentified Chloroflexi (5%), Nitrososphaeraceae (4%) and Hyphomi-
crobiaceae (4%) (Fig. 7). On the other hand, the most abundant families in PQ leaf were Moraxellaceae (32%),
Sphingomonadaceae (12%), Enterobacteriaceae (7%), and Comamonadaceae (5%). The most abundant families
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Figure 6. The top bacterial phyla in Panax quinquefolius tissues (A) Leaf, (B) Stem, (C) Root. (D) The mean
relative abundance of the most abundant phyla in Panax quinquefolius tissues. The mean relative abundance is
shown as columns with Standard Error of Mean (SEM).

in PQ stem were Sphingomonadaceae (11%), Chitinophagaceae (7%), and Moraxellaceae (6%) (Fig. 8). The most
abundant families in PQ root were Pirellulaceae (26%), an unidentified Deltaproteobacteria family (5%) and an
unidentified Gammaproteobacteria family (4%) (Fig. 8).

At the level of bacterial genera, the most abundant genera in GB leaf were Sphingomonas (27%) and Hyme-
nobacter (14%), in GB stem were Hymenobacter (16%) and Sphingomonas (10%), and in GB root were an uni-
dentified genus in the phylum Acidobacteria (14%) and Bacillus (5%). The most abundant genera in PQ leaf
were Acinetobacter (32%), and Sphingomonas (11%), in PQ stem were unknown genus in Ellin6075 (9%), Sphin-
gomonas (8%), and Acinetobacter (6%) and in PQ root were an unidentified Pirellulaceae genus (24%), and an
unidentified Myxococcales genus (5%).

Prediction of functional pathways in GB and PQ associated bacterial communities. Diversity
analysis using MicrobiomeAnalyst revealed 5843 KEGG orthologs, 140 KEGG pathways, and 11 KEGG metabo-
lism functions in GB, and 6251 KEGG orthologs, 141 KEGG pathways, and 11 KEGG metabolism functions in
PQ. The most abundant KEGG metabolism function in GB and PQ were amino acid metabolism, carbohydrate
metabolism and energy metabolism (Figs. 9A, 10A). There were 23 predicted Clusters of Orthologous Groups of
proteins (COG) in both GB and PQ and the most abundant COG were amino acid transport and metabolism,
followed by translation ribosomal structure and biogenesis, inorganic ion transport and metabolism, energy
production and conversion, replication, recombination and repair, and carbohydrate transport and metabolism
(Figs. 9B, 10B).

Out of 140 KEGG pathways in GB, 71 pathways were predicted at significantly different levels between GB
tissues (Supplementary Table S1). Among these pathways are multiple antibiotic biosynthesis pathways, which
were significantly more abundant in root compared to stem (tetracycline biosynthesis, penicillin and cephalo-
sporin biosynthesis and vancomycin group biosynthesis). Additionally, multiple xenobiotic biodegradation and
metabolism pathways were more abundant in stem compared to root (degradation of chloroalkane and chloro-
alkene, naphthalene, styrene, atrazine, aromatic compounds, Polycyclic aromatic hydrocarbons).

Out of 141 KEGG pathways in PQ, 80 pathways were predicted at significantly different levels between PQ tis-
sues (Supplementary Table S2). Among these pathways are multiple xenobiotic biodegradation pathways, which
were more abundant in root compared to leaf or leaf and stem (chlorocyclohexane and chlorobenzene degrada-
tion, fluorobenzoate degradation, polycyclic aromatic hydrocarbon degradation, chloroalkane and chloroalkene
degradation, naphthalene degradation, atrazine, and degradation of aromatic compounds). Multiple antibiotic
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Figure 7. Taxonomic abundance of bacterial families in Ginkgo biloba tissues.

biosynthesis pathways were significantly more abundant in leaf compared to root (penicillin and cephalosporin
biosynthesis, macrolides, tetracycline, neomycin, kanamycin and gentamicin biosynthesis).

Discussion

Plants live in association with communities of microorganisms including fungi, bacteria and Archaea. The
relationship between plants and associated microbes can be symbiotic where microbes get access to habitat and
nutrients while plants benefit from microbes that can support plant health, growth and disease resistance. Plant
associated microbes can be vertically transmitted through seeds from generation to generation, horizontally
transmitted between plants or could be acquired from soil®. Some plant associated bacteria are tissue specific
while others are ubiquitous throughout the plant’. In this study, the profiles of the bacterial communities associ-
ated with the different tissues of two medicinally and economically important plants (G. biloba and P. quinque-
folius) were characterized using high throughput sequencing.

Alpha diversity of the bacterial communities in the different tissue types. Characterization of
the bacterial communities associated with GB and PQ revealed variation in alpha diversity between tissue types
(Figs. 1, 2). Higher diversity was observed in GB root compared to leaf and stem. This was not surprising, as the
plant rhizosphere is nutrient rich, attracting soil microorganisms to colonize the rhizosphere, resulting in higher
colonization in roots’. Moreover, roots are protected from harsh environmental conditions such as extreme
temperatures, solar radiation and draught, and hence represent a more stable site for associated bacteria®'. Vari-
ation in alpha diversity can also be attributed to the shorter lifespan of leaves that shed every year, compared
to established roots where bacterial communities can survive for years or decades®. This can also explain the
lower bacterial diversity in PQ leaf compared to root and stem according to Simpson’s index and Shannon index.

Beta diversity of the bacterial communities in the different tissue types. Distinct bacterial com-
munities (Beta diversity) were observed for the different tissues of both GB and PQ (Figs. 3, 4). Bacterial com-
munities clustered by tissue type and composition varied significantly between leaf, stem and root. For PQ, the
leaf and stem communities were not well resolved on the first two axes using PCoA but were better resolved
using dbRDA (Fig. 4A,B). The Venn diagrams show that some OTUs were ubiquitous throughout the plant
while some OTUs were tissue specific (Figs. 3, 4). A higher percentage of ubiquitous OTUs was observed in PQ
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Figure 8. Taxonomic abundance of bacterial families in Panax quinquefolius tissues.

(49%) compared to GB (13%). The variation in microbiota composition between different plant tissues can be
attributed to differing inoculum sources’. The leaf and stem associated bacteria can originate from root associ-
ated bacteria, but can also be acquired directly from the surrounding environment such as air and rain splash®'.
Other mechanisms underlying this variation are tissue specific environmental selection such as biochemicals,
exudates’, and tissue specific biotic and abiotic stresses.

Microbiota profiles in GB and PQ tissues and variability in taxa diversity among the different
tissue types. 'The most abundant phyla in GB and PQ varied by tissue type. The most abundant phylum in
both GB leaf and PQ leaf was Proteobacteria followed by Bacteroidetes and Actinobacteria. The major phyla in
GB stem were Bacteroidetes, Proteobacteria and Actinobacteria while major phyla in PQ stem were Proteobacte-
ria, Bacteroidetes, Acidobacteria and Actinobacteria. A similar finding was reported from a study of Eucalyptus
microbiota where Proteobacteria, Bacteroidetes and Firmicutes were the dominant phyla in Eucalyptus leaf®.
In another study, Proteobacteria was the most abundant phyla in rice phyllosphere followed by Actinobacteria,
Bacteroidetes and Firmicutes®. Proteobacteria was also found to be the most abundant phyla in the shoots
of the herb Thlapsi geosingense™. Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria were the most
abundant phyla in romaine lettuce leaf*®.

The major phyla in GB root were Acidobacteria, Proteobacteria, and Actinobacteria while the major phyla
in PQ roots were Proteobacteria, Planctomycetes, Bacteroidetes, and Actinobacteria. In a study of Arabidopsis
thaliana, Proteobacteria, Bacteroidetes and Actinobacteria were found to be the most dominant phyla in roots®.
Acidobacteria, the most abundant phylum in GB root, was reported as one of the most abundant bacterial phyla
in soil and rhizosphere soil*®. Acidobacteria were isolated as endophytes from internal plant tissues®*®, and
were found to have plant growth-promoting effects, possibly mediated by auxin production®®. Acidobacteria was
significantly more abundant in GB root compared to stem and leaf. A similar finding was reported in a study of
Populus microbiome’. This is in agreement with a previous finding that Acidobacteria produce exopolysaccharide
during root colonization, which supports its adhesion to root surface®. The second most abundant phyla in PQ
roots was Planctomycetes. Planctomycetes is a phylum of aquatic bacteria that is present in different habitats
such as the oceans, freshwater lakes, wastewater and terrestrial soils*. This can explain the significantly higher
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abundance of this phyla in PQ roots compared to leaf and stem, a finding which was also reported in a study of
Populus microbiome’. Members of Planctomycetes play important role in global carbon and nitrogen cycles*.
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At the genera level, the genus Sphingomonas was abundant in GB leaf and stem and in PQ leaf and stem. In
a previous study of Sphingomonas in plant leaf, seed and flower tissues, the genus was detected at high popula-
tions in 26 plant species belonging to 11 families*. Other studies reported the isolation of Sphingomonas from
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soybean leaves* and from Zea mays stems*. Sphingomonas is known to be a soil and plant associated bacterium®!
with nitrogen fixing*#*°, pathogen resistance*, growth promotion*”*%, as well as xenobiotic degrading abilities*.

Another abundant genus in GB leaf and stem is Hymenobacter. The genus was previously isolated from
the weedy grass Setaria viridis®, and was identified in stripe rust resistant wheat leaf, suggesting a role in dis-
ease resistance®’. The study suggested direct selection from air by leaves since the genus was reported to be
airborne®"*2. Some species in the genus Hymenobacter are radiation resistant, giving them the ability to survive in
plant leaves®"**. Hymenobacter applied to flaxseed and black cumin at seedtime resulted in increased nutritional
and functional properties™.

The genus Bacillus was abundant in GB root. Bacillus species were previously isolated from G. biloba and
were reported to have antimicrobial activities. For example, strains of Bacillus amyloliquefaciens isolated from G.
biloba were found to have antifungal activities against Phytophthora capsici®. In another study, a Bacillus subtilis
strain isolated from G. biloba was found to have antibacterial activity against foodborne pathogenic bacteria®.

Prediction of functional pathways in GB and PQ associated bacterial communities. The micro-
biota associated with GB and PQ demonstrated high diversity of functional pathways. This diversity reflects the
potential roles these microbes can play as plant symbionts. It was interesting to see higher abundance of anti-
biotic biosynthesis pathways in bacteria associated with GB root compared to GB stem, and in bacteria associ-
ated with PQ leaf compared to PQ root. One of the important mechanisms by which plant associated bacteria
promote plant health is combating plant pathogens through the production of antimicrobials. The variation in
abundance of antibiotic biosynthesis pathways between plant tissues may suggest a variation in the level of biotic
stresses that the different plant niches are exposed to.

A higher abundance of xenobiotic biodegradation pathways was observed in GB stem compared to GB root.
A different pattern was observed in PQ where xenobiotic biodegradation pathways were more abundant in root
compared to leaf or leaf and stem. Xenobiotic degradation by plant associated bacteria enable bacteria to utilize
xenobiotics as a source of carbon and energy while simultaneously helping with environmental bioremediation
of these highly persistent contaminants®. The variation in abundance of xenobiotic biodegradation pathways
between plant tissues may suggest a different level of accumulation of xenobiotic in these plant niches.

Reports on adulteration in NHP are increasing, especially with heavy processing and grinding leading to
loss of morphological characteristics®®-%. Adulteration can be encountered as species substitution, or plant
tissue substitution when the therapeutic value is associated with a particular plant tissue (e.g. Ginkgo biloba
leaves or Panax quinquefolius roots). Several chemical and DNA based methods enable detection of species
substitution®®®!, however, there are limited analytical chemistry methods®%* and no DNA tools to differentiate
plant tissues. An attractive approach is to investigate the potential of building upon the tissue specificity of some
plant associated bacteria that can be used as indicator taxa to identify plant tissues.

Conclusions

This study characterized the bacterial communities associated with Ginkgo biloba and Panax quinquefolius, two
medicinally and commercially important plant species. The study demonstrated the variation in alpha diversity
and beta diversity between bacterial communities associated with different plant tissue types. The most abun-
dant bacterial taxa varied by plant species and by tissue type. Ginkgo biloba and Panax quinquefolius showed
differences in the percentage of ubiquitous versus tissue specific OTUs. Furthermore, the study investigated
the functional pathways in bacterial communities associated with Ginkgo biloba and Panax quinquefolius and
highlighted the functional diversity of plant-associated bacteria.

Methods

Sample collection and DNA extraction. Ginkgo biloba (GB) samples were collected at the Arboretum,
University of Guelph, Canada in August 2017, and P. quinquefolius (PQ) samples were collected from Victory
Ginseng Ontario, Canada in September 2017. Both G. biloba and P. quinquefolius plants were 2-4 years old,
and the habitats where they were sampled were homogeneous habitats. Three tissues were sampled: leaf, stem
and root, with four replicates each. Samples were washed before DNA extraction using sterile double distilled
water. Root samples were placed in sterile falcon tubes containing sterile double distilled water and tubes were
vortexed for 15 s at maximum speed to remove soil particles. Roots were transferred to fresh tubes and washing
was repeated until the water remained clear after vortexing®. All samples were ground using mortars and pestles
before DNA extraction. DNA was extracted from all samples (100 mg from each sample) using Nucleospin’
Plant IT kit (740770, Macherey Nagel, Germany) according to the manufacturer’s instructions. DNA was quanti-
fied using Qubit 3.0 Fluorometer and kept in a — 20°C freezer.

Amplicon PCRand index PCR.  Peptide nucleic acids (PNAs) were previously predicted to be able to block
the amplification of host DNA from a range of plants species®. To validate the utility of PNAs with Ginkgo biloba
and Panax quinquefolius, the sequences of mitochondrial Peptide Nucleic Acids (mPNA) and plastid Peptide
Nucleic Acids (pPNA) were blasted against G. biloba and P. quinquefolius and they were found to match the
sequences corresponding to host organelles at 100% similarity (GB chloroplast: IN867583.1, GB mitochondria:
KM672373.1, PQ mitochondria: HM142340.1, PQ chloroplast: KT028714.1). mPNA (MP01-25, PNA Bio) and
pPNA (PP01-25, PNA Bio, CA, USA) were used to block the co-amplification of mitochondrial DNA and plastid
DNA, respectively.

The 16S V4 region was targeted using 515F and 806R primers, which were modified by adding the Illumina
overhang adapter sequences:
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515F: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGCCAGCMGCCGCGGTAA and 806R:GTC
TCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACHVGGGTWTCTAAT. Primers were purchased
from IDT and working solutions were prepared at 5 uM concentrations. Each PCR reaction contained 20 ng of
target DNA, 12.5 ul of 2 x KAPA HiFi Hotstart Ready Mix (07958935001, Roche, Canada), 1.25 pl from each of
the primers (5 uM), 1.25 pl from each of pPPNA and mPNA (10 uM) and up to 25 pl of water. Reaction condi-
tions were 95 °C for 45 s, 25 cycles of 95 °C for 155, 78 °C for 10's, 64 °C for 30 s and 72 °C for 30 s, followed by
a hold at 4 °C. Each sample was run in duplicate PCR reactions, which were pooled before the next step. The
resulting 16S amplicons were purified using 40 ul AMPure XP beads (A63881, Beckman Coulter, CA, USA) as
described in Illumina 16S metagenomics protocol® and were eluted in 25 pl of 10 mM Tris pH 8.5. From each
cleaned PCR product, 5 pl were used in index PCR along with 25 pl of 2 x KAPA HiFi Hotstart Ready Mix, 5
ul from each Nextera XT index primer, and 10 pl of PCR grade water. The reaction conditions were 95 °C for 3
min, 8 cycles of 95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s, then 72 °C for 5 min followed by a hold at 4 °C.
The resulting amplicons were purified using 56 ul AMPure XP beads as described in Illumina 16S metagenomics
protocol®® and were eluted in 20 pl of 10 mM Tris pH 8.5. The expected final PCR product size was ~ 430 bp and
was verified using Agilent Bioanalyzer. PCR products were then submitted to The Advanced Analysis Centre
(AAC) at University of Guelph for library quantification, normalization and pooling. Libraries were sequenced
using MiSeq v3 600 cycle kit, on a 2 x300 bp run.

Sequence data analysis. The sequencing data was analyzed using CLC Genomics Workbench (QIAGEN
Bioinformatics). The sequence output files were imported, paired, and merged using the following parameters
(mismatch cost=2, minimum score=8, gap cost=3 and maximum unaligned end mismatches=0). Primer
sequences were then trimmed from merged reads. Reads were also trimmed based on quality using a quality
score limit set to 0.05 and maximum number of allowed ambiguities set to 2. Reads were then trimmed to a fixed
length. The resulting reads were used for Operational Taxonomic Units (OTU) assignment. OTU clustering was
performed against a reference OTU database (Greengenes V13_5 97%) with similarity percentage set to 97%.
OTUs with low abundance (threshold minimum combined abundance of OTU =50), as well as, OTUs belong-
ing to host DNA were removed. Phylogenetic trees were constructed using Maximum Likelihood approach
and then alpha diversity (total number of OTU, Chao-1, Simpson’s index and Shannon’s index) was calculated.
Beta diversity (Bray-Curtis) was estimated using MicrobiomeAnalyst®”%, and bioVenn tool was used to deter-
mine the extent to which OTUs overlapped between the different tissues of GB and PQ (http://www.biovenn.
nl)*. Bray-Curtis distance-based redundancy analysis (dbRDA), constrained by tissue type, was run using the
R package vegan’’.

Prediction of functional pathways in GB and PQ associated bacterial communities. Microbi-
omeAnalyst was used for functional prediction of the bacterial communities associated with GB and PQ tissues
based on 16S rRNA HTS data®%. OTU tables and metadata tables were uploaded to The Marker Data Profiling
Module and no extra filtration steps were conducted. Functional prediction was conducted using Tax4Fun func-
tion using QIIME against SILVA database Annotation pipeline. The resulting Kyoto Encyclopedia of Genes and
Genomes (KEGG) Orthology (KO) table”! was imported to the Shotgun Data Profiling Module, and Diversity
and Association analyses were investigated.

Data availability
The raw HTS data produced from this study was deposited into the Sequence Read Archive in NCBI under
accession number PRINA726634.

Received: 15 March 2021; Accepted: 10 May 2021
Published online: 24 May 2021

References

1. Hardoim, P. R. et al. The hidden world within plants: Ecological and evolutionary considerations for defining functioning of
microbial endophytes. Microbiol. Mol. Biol. Rev. 79, 293-320 (2015).

2. Zhang, H. W, Song, Y. C. & Tan, R. X. Biology and chemistry of endophytes. Nat. Prod. Rep. 23, 753-771 (2006).

3. Kéberl, M., Schmidt, R., Ramadan, E. M., Bauer, R. & Berg, G. The microbiome of medicinal plants: Diversity and importance for
plant growth, quality and health. Front. Microbiol. 4, 400 (2013).

4. Soto, M. J,, Dominguez-Ferreras, A., Pérez-Mendoza, D., Sanjuan, J. & Olivares, ]. Mutualism versus pathogenesis: The give-and-
take in plant-bacteria interactions. Cell. Microbiol. 11, 381-388 (2009).

5. Leff, J. W, Del Tredici, P., Friedman, W. E. & Fierer, N. Spatial structuring of bacterial communities within individual Ginkgo biloba
trees. Environ. Microbiol. 17,2352-2361. https://doi.org/10.1111/1462-2920.12695 (2015).

6. Berg, G., Rybakova, D., Grube, M. & Kéberl, M. The plant microbiome explored: Implications for experimental botany. J. Exp. Bot.
67, 995-1002. https://doi.org/10.1093/jxb/erv466 (2016).

7. Cregger, M. A. et al. The Populus holobiont: Dissecting the effects of plant niches and genotype on the microbiome. Microbiome
6, 31. https://doi.org/10.1186/s40168-018-0413-8 (2018).

8. Wang, Y, Liu, Y., Wu, Q,, Yao, X. & Cheng, Z. Rapid and sensitive determination of major active ingredients and toxic components
in Ginkgo biloba leaves extract (EGb 761) by a validated UPLC-MS-MS method. J. Chromatogr. Sci. 55, 459-464. https://doi.org/
10.1093/chromsci/bmw206 (2017).

9. Mesquita, T. R. R. et al. Cardioprotective action of Ginkgo biloba extract against sustained p-adrenergic stimulation occurs via
activation of M2/NO pathway. Front. Pharmacol. 8, 220. https://doi.org/10.3389/fphar.2017.00220 (2017).

10. Woelk, H., Arnoldt, K. H., Kieser, M. & Hoerr, R. Ginkgo biloba special extract EGb 761" in generalized anxiety disorder and
adjustment disorder with anxious mood: A randomized, double-blind, placebo-controlled trial. J. Psychiatr. Res. 41, 472-480.
https://doi.org/10.1016/j.jpsychires.2006.05.004 (2007).

Scientific Reports |

(2021) 11:10803 | https://doi.org/10.1038/s41598-021-90309-0 nature portfolio


http://www.biovenn.nl
http://www.biovenn.nl
https://doi.org/10.1111/1462-2920.12695
https://doi.org/10.1093/jxb/erv466
https://doi.org/10.1186/s40168-018-0413-8
https://doi.org/10.1093/chromsci/bmw206
https://doi.org/10.1093/chromsci/bmw206
https://doi.org/10.3389/fphar.2017.00220
https://doi.org/10.1016/j.jpsychires.2006.05.004

www.nature.com/scientificreports/

11.

12.

13.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24.

25.
26.
27.
28.

29.
. Riesenfeld, C. S., Schloss, P. D. & Handelsman, J. Metagenomics: Genomic analysis of microbial communities. Annu. Rev. Genet.

31.

32.
33.

34.

35.

36.
37.
38.
39.
40.
41.
42.
43.
44.

45.

46.

47.

48.

Rojas, P.,, Montes, P, Rojas, C., Serrano-Garcia, N. & Rojas-Castaneda, J. C. Effect of a phytopharmaceutical medicine, Ginko
biloba extract 761, in an animal model of Parkinson’s disease: Therapeutic perspectives. Nutrition 28, 1081-1088. https://doi.org/
10.1016/j.nut.2012.03.007 (2012).

Tan, M.-S. et al. Efficacy and adverse effects of Ginkgo biloba for cognitive impairment and dementia: A systematic review and
meta-analysis. J. Alzheimer’s Dis. 43, 589-603 (2015).

Kennedy, D. O., Jackson, P. A., Haskell, C. E. & Scholey, A. B. Modulation of cognitive performance following single doses of 120
mg Ginkgo biloba extract administered to healthy young volunteers. Hum. Psychopharm. Clin. 22, 559-566. https://doi.org/10.
1002/hup.885 (2007).

Yao, Z.-X., Han, Z., Drieu, K. & Papadopoulos, V. Ginkgo biloba extract (Egb 761) inhibits f-amyloid production by lowering free
cholesterol levels. J. Nutr. Biochem. 15, 749-756. https://doi.org/10.1016/j.jnutbio.2004.06.008 (2004).

Chen, D., Sun, S., Cai, D. & Kong, G. Induction of mitochondrial-dependent apoptosis in T24 cells by a selenium (Se)-containing
polysaccharide from Ginkgo biloba L. leaves. Int. J. Biol. Macromol. 101, 126-130 (2017).

Hamdoun, S. & Efferth, T. Ginkgolic acids inhibit migration in breast cancer cells by inhibition of NEMO sumoylation and NF-«kB
activity. Oncotarget 8, 35103 (2017).

Fei, R. et al. Purified polysaccharide from Ginkgo biloba leaves inhibits P-selectin-mediated leucocyte adhesion and inflammation.
Acta Pharmacol. Sin. 29, 499-506 (2008).

Mahadevan, S. & Park, Y. Multifaceted therapeutic benefits of Ginkgo biloba L.: Chemistry, efficacy, safety, and uses. J. Food Sci.
73, R14-R19 (2008).

Zimmermann, M., Colciaghi, F, Cattabeni, F. & Di Luca, M. Ginkgo biloba extract: From molecular mechanisms to the treatment
of Alzheimer’s disease. Cell. Mol. Biol. 48, 613-623 (2002).

van Beek, T. A. & Montoro, P. Chemical analysis and quality control of Ginkgo biloba leaves, extracts, and phytopharmaceuticals.
J. Chromatogr. A 1216, 2002-2032 (2009).

Lu, X. et al. Combining metabolic profiling and gene expression analysis to reveal the biosynthesis site and transport of ginkgolides
in Ginkgo biloba L.. Front. Plant Sci. 8, 872. https://doi.org/10.3389/fpls.2017.00872 (2017).

Mancuso, C. & Santangelo, R. Panax ginseng and Panax quinquefolius: From pharmacology to toxicology. Food Chem. Toxicol.
107, 362-372 (2017).

Karmazyn, M., Moey, M. & Gan, X. T. Therapeutic potential of Ginseng in the management of cardiovascular disorders. Drugs 71,
1989-2008. https://doi.org/10.2165/11594300-000000000-00000 (2011).

Predy, G. N. et al. Efficacy of an extract of North American ginseng containing poly-furanosyl-pyranosyl-saccharides for prevent-
ing upper respiratory tract infections: A randomized controlled trial. Can. Med. Assoc. J. 173, 1043-1048. https://doi.org/10.1503/
cmaj.1041470 (2005).

Yuan, C.-S., Wang, C.-Z., Wicks, S. M. & Qi, L.-W. Chemical and pharmacological studies of saponins with a focus on American
ginseng. J. Ginseng Res. 34, 160 (2010).

Yang, W.-Z., Hu, Y., Wu, W.-Y,, Ye, M. & Guo, D.-A. Saponins in the genus Panax L. (Araliaceae): A systematic review of their
chemical diversity. Phytochemistry 106, 7-24. https://doi.org/10.1016/j.phytochem.2014.07.012 (2014).

Solieri, L., Dakal, T. C. & Giudici, P. Next-generation sequencing and its potential impact on food microbial genomics. Ann.
Microbiol. 63, 21-37 (2013).

Ercolini, D. High-throughput sequencing and metagenomics: Moving forward in the culture-independent analysis of food microbial
ecology. Appl. Environ. Microbiol. 79, 3148-3155 (2013).

Metzker, M. L. Sequencing technologies—the next generation. Nat. Rev. Genet. 11, 31 (2010).

38, 525-552 (2004).

Robinson, R. J. et al. Endophytic bacterial community composition in wheat (Triticum aestivum) is determined by plant tissue type,
developmental stage and soil nutrient availability. Plant Soil 405, 381-396. https://doi.org/10.1007/s11104-015-2495-4 (2016).
Vorholt, J. A. Microbial life in the phyllosphere. Nat. Rev. Microbiol 10, 828-840. https://doi.org/10.1038/nrmicro2910 (2012).
Dasgupta, M. G. et al. Diversity of bacterial endophyte in Eucalyptus clones and their implications in water stress tolerance.
Microbiol. Res. 241, 126579. https://doi.org/10.1016/j.micres.2020.126579 (2020).

Knief, C. et al. Metaproteogenomic analysis of microbial communities in the phyllosphere and rhizosphere of rice. ISME J. 6,
1378-1390. https://doi.org/10.1038/isme;j.2011.192 (2012).

Idris, R., Trifonova, R., Puschenreiter, M., Wenzel, W. W. & Sessitsch, A. Bacterial communities associated with flowering plants
of the Ni hyperaccumulator Thlaspi goesingense. Appl. Environ. Microbiol. 70, 2667-2677. https://doi.org/10.1128/aem.70.5.2667-
2677.2004 (2004).

Rastogi, G. et al. Leaf microbiota in an agroecosystem: Spatiotemporal variation in bacterial community composition on field-
grown lettuce. Isme J. 6, 1812-1822. https://doi.org/10.1038/ismej.2012.32 (2012).

Bulgarelli, D. et al. Revealing structure and assembly cues for Arabidopsis root-inhabiting bacterial microbiota. Nature 488, 91-95.
https://doi.org/10.1038/nature11336 (2012).

Kielak, A. M., Cipriano, M. A. P. & Kuramae, E. E. Acidobacteria strains from subdivision 1 act as plant growth-promoting bacteria.
Arch. Microbiol. 198, 987-993. https://doi.org/10.1007/s00203-016-1260-2 (2016).

Fuerst, J. A. & Sagulenko, E. Beyond the bacterium: Planctomycetes challenge our concepts of microbial structure and function.
Nat. Rev. Microbiol 9, 403-413. https://doi.org/10.1038/nrmicro2578 (2011).

Wiegand, S., Jogler, M. & Jogler, C. On the maverick planctomycetes. FEMS Microbiol. Rev. 42, 739-760. https://doi.org/10.1093/
femsre/fuy029 (2018).

Kim, H. et al. High population of Sphingomonas species on plant surface. J. Appl. Microbiol. 85,731-736. https://doi.org/10.1111/j.
1365-2672.1998.00586.x (1998).

Delmotte, N. et al. Community proteogenomics reveals insights into the physiology of phyllosphere bacteria. Proc. Natl. Acad. Sci.
106, 16428-16433. https://doi.org/10.1073/pnas.0905240106 (2009).

Kampfer, P., Busse, H. J., Mclnroy, J. A. & Glaeser, S. P. Sphingomonas zeae sp nov., isolated from the stem of Zea mays. Int. J. Syst.
Evol. Microbiol. 65, 2542-2548. https://doi.org/10.1099/ijs.0.000298 (2015).

Xie, C.-H. & Yokota, A. Sphingomonas azotifigens sp. nov., a nitrogen-fixing bacterium isolated from the roots of Oryza sativa. Int.
J. Syst. Evol. Microbiol. 56, 889-893. https://doi.org/10.1099/ijs.0.64056-0 (2006).

Videira, S. S., De Araujo, J. L. S., Da Silva Rodrigues, L., Baldani, V. L. D. & Baldani, J. I. Occurrence and diversity of nitrogen-fixing
Sphingomonas bacteria associated with rice plants grown in Brazil. FEMS Microbiol. Lett. 293, 11-19. https://doi.org/10.1111/j.
1574-6968.2008.01475.x (2009).

Innerebner, G., Knief, C. & Vorholt, ]. A. Protection of Arabidopsis thaliana against leaf-pathogenic Pseudomonas syringae by
Sphingomonas strains in a controlled model system. Appl. Environ. Microbiol. 77, 3202-3210. https://doi.org/10.1128/aem.00133-
11 (2011).

Khan, A. L. et al. Bacterial endophyte Sphingomonas sp LK11 produces gibberellins and IAA and promotes tomato plant growth.
J. Microbiol. 52, 689-695. https://doi.org/10.1007/s12275-014-4002-7 (2014).

Asaf, S., Numan, M., Khan, A. L. & Al-Harrasi, A. Sphingomonas: From diversity and genomics to functional role in environmental
remediation and plant growth. Crit. Rev. Biotechnol. 40, 138-152. https://doi.org/10.1080/07388551.2019.1709793 (2020).

Scientific Reports |

(2021) 11:10803 | https://doi.org/10.1038/s41598-021-90309-0 nature portfolio


https://doi.org/10.1016/j.nut.2012.03.007
https://doi.org/10.1016/j.nut.2012.03.007
https://doi.org/10.1002/hup.885
https://doi.org/10.1002/hup.885
https://doi.org/10.1016/j.jnutbio.2004.06.008
https://doi.org/10.3389/fpls.2017.00872
https://doi.org/10.2165/11594300-000000000-00000
https://doi.org/10.1503/cmaj.1041470
https://doi.org/10.1503/cmaj.1041470
https://doi.org/10.1016/j.phytochem.2014.07.012
https://doi.org/10.1007/s11104-015-2495-4
https://doi.org/10.1038/nrmicro2910
https://doi.org/10.1016/j.micres.2020.126579
https://doi.org/10.1038/ismej.2011.192
https://doi.org/10.1128/aem.70.5.2667-2677.2004
https://doi.org/10.1128/aem.70.5.2667-2677.2004
https://doi.org/10.1038/ismej.2012.32
https://doi.org/10.1038/nature11336
https://doi.org/10.1007/s00203-016-1260-2
https://doi.org/10.1038/nrmicro2578
https://doi.org/10.1093/femsre/fuy029
https://doi.org/10.1093/femsre/fuy029
https://doi.org/10.1111/j.1365-2672.1998.00586.x
https://doi.org/10.1111/j.1365-2672.1998.00586.x
https://doi.org/10.1073/pnas.0905240106
https://doi.org/10.1099/ijs.0.000298
https://doi.org/10.1099/ijs.0.64056-0
https://doi.org/10.1111/j.1574-6968.2008.01475.x
https://doi.org/10.1111/j.1574-6968.2008.01475.x
https://doi.org/10.1128/aem.00133-11
https://doi.org/10.1128/aem.00133-11
https://doi.org/10.1007/s12275-014-4002-7
https://doi.org/10.1080/07388551.2019.1709793

www.nature.com/scientificreports/

49. Ali, A. et al. Biotransformation of benzoin by Sphingomonas sp. LK11 and ameliorative effects on growth of Cucumis sativus. Arch.
Microbiol. 201, 591-601. https://doi.org/10.1007/s00203-019-01623-1 (2019).

50. Chhetri, G., Kim, J., Kim, L, Kim, H. & Seo, T. Hymenobacter setariae sp. nov., isolated from the ubiquitous weedy grass Setaria
viridis. Int. J. Syst. Evol. Microbiol. 70, 3724-3730. https://doi.org/10.1099/ijsem.0.004226 (2020).

51. Dai, Y. et al. Wheat-associated microbiota and their correlation with stripe rust reaction. J. Appl. Microbiol. 128, 544-555. https://
doi.org/10.1111/jam.14486 (2020).

52. Buczolits, S. et al. Classification of three airborne bacteria and proposal of Hymenobacter aerophilus sp nov. Int. J. Syst. Evol.
Microbiol. 52, 445-456. https://doi.org/10.1099/00207713-52-2-445 (2002).

53. Su, S.Y. et al. Hymenobacter kanuolensis sp nov., a novel radiation-resistant bacterium. Int. J. Syst. Evol. Microbiol. 64,2108-2112.
https://doi.org/10.1099/ijs.0.051680-0 (2014).

54. Dimitrijevic, S. et al. Plant growth-promoting bacteria elevate the nutritional and functional properties of black cumin and flaxseed
fixed oil. J. Sci. Food Agric. 98, 1584-1590. https://doi.org/10.1002/jsfa.8631 (2018).

55. Yang, R. X, Fan, X. ], Cai, X. Q. & Hu, E P. The inhibitory mechanisms by mixtures of two endophytic bacterial strains isolated
from Ginkgo biloba against pepper phytophthora blight. Biol. Control 85, 59-67. https://doi.org/10.1016/j.biocontrol.2014.09.013
(2015).

56. Islam, M. N., Choi, J. & Baek, K. H. Control of foodborne pathogenic bacteria by endophytic bacteria isolated from Ginkgo biloba
L. Foodborne Pathog. Dis. 16, 661-670. https://doi.org/10.1089/fpd.2018.2496 (2019).

57. Datta, S. et al. Endophytic bacteria in xenobiotic degradation In Microbial endophytes (eds. Kumar, A. & Singh, V. K.) 125-156
(Woodhead Publishing, 2020).

58. Newmaster, S. G., Grguric, M., Shanmughanandhan, D., Ramalingam, S. & Ragupathy, S. DNA barcoding detects contamination
and substitution in North American herbal products. BMC Med. 11, 222 (2013).

59. Gao, Z. et al. Derivative technology of DNA barcoding (Nucleotide Signature and SNP Double Peak methods) detects adulterants
and substitution in Chinese patent medicines. Sci. Rep. 7, 5858. https://doi.org/10.1038/s41598-017-05892-y (2017).

60. Ichim, M. C. & de Boer, H. J. A review of authenticity and authentication of commercial ginseng herbal medicines and food sup-
plements. Front. Pharmacol. https://doi.org/10.3389/fphar.2020.612071 (2021).

61. Dhivya, S. et al. Validated identity test method for Ginkgo biloba NHPs using DNA-based species-specific hydrolysis PCR probe.
J. AOAC Int. 102, 1779-1786. https://doi.org/10.5740/jaoacint.18-0319 (2019).

62. Singh, A., Bajpai, V,, Srivastava, M., Arya, K. R. & Kumar, B. Rapid screening and distribution of bioactive compounds in different
parts of Berberis petiolaris using direct analysis in real time mass spectrometry. . Pharm. Anal. 5, 332-335 (2015).

63. Kim, H. K., Choi, Y. H. & Verpoorte, R. NMR-based metabolomic analysis of plants. Nat. Protoc. 5, 536 (2010).

64. Lundberg, D. S. et al. Defining the core Arabidopsis thaliana root microbiome. Nature 488, 86-90 (2012).

65. Lundberg, D. S., Yourstone, S., Mieczkowski, P., Jones, C. D. & Dangl, J. L. Practical innovations for high-throughput amplicon
sequencing. Nat. Methods 10, 999-1002 (2013).

66. Illumina. 16S Metagenomic Sequencing Library Preparation. Preparing 16S Ribosomal RNA Gene Amplicons for the Illumina
MiSeq System (Part 15044223 Rev. B). (2013), Accessed 07-2017, available at https://support.illumina.com/documents/docum
entation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf.

67. Chong, J., Liu, P,, Zhou, G. & Xia, ]. Using MicrobiomeAnalyst for comprehensive statistical, functional, and meta-analysis of
microbiome data. Nat. Protoc. 15, 799-821. https://doi.org/10.1038/s41596-019-0264-1 (2020).

68. Dhariwal, A. et al. MicrobiomeAnalyst: A web-based tool for comprehensive statistical, visual and meta-analysis of microbiome
data. Nucleic Acids Res. 45, W180-W188. https://doi.org/10.1093/nar/gkx295 (2017).

69. Hulsen, T, de Vlieg, J. & Alkema, W. BioVenn—A web application for the comparison and visualization of biological lists using
area-proportional Venn diagrams. BMC Genom. 9, 488. https://doi.org/10.1186/1471-2164-9-488 (2008).

70. vegan: Community Ecology Package v. 2.5-6 (2019), available at https://cran.r-project.org/web/packages/vegan/index.html

71. Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27-30. https://doi.org/10.1093/
nar/28.1.27 (2000).

Acknowledgements
This work was supported by The Natural Health Product (NHP) Research Alliance, University of Guelph.

Author contributions

H.R.S. helped to design the study, carried out the experiments, performed the analyses, and wrote the manuscript.
T.A.H. helped with data analysis. S.R. Helped to design the study, facilitated sample acquisition and edited the
manuscript. S.G.N. helped to design the study, facilitated sample acquisition and edited the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-90309-0.

Correspondence and requests for materials should be addressed to H.R.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:10803 | https://doi.org/10.1038/s41598-021-90309-0 nature portfolio


https://doi.org/10.1007/s00203-019-01623-1
https://doi.org/10.1099/ijsem.0.004226
https://doi.org/10.1111/jam.14486
https://doi.org/10.1111/jam.14486
https://doi.org/10.1099/00207713-52-2-445
https://doi.org/10.1099/ijs.0.051680-0
https://doi.org/10.1002/jsfa.8631
https://doi.org/10.1016/j.biocontrol.2014.09.013
https://doi.org/10.1089/fpd.2018.2496
https://doi.org/10.1038/s41598-017-05892-y
https://doi.org/10.3389/fphar.2020.612071
https://doi.org/10.5740/jaoacint.18-0319
https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://doi.org/10.1038/s41596-019-0264-1
https://doi.org/10.1093/nar/gkx295
https://doi.org/10.1186/1471-2164-9-488
https://cran.r-project.org/web/packages/vegan/index.html
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1038/s41598-021-90309-0
https://doi.org/10.1038/s41598-021-90309-0
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:10803 | https://doi.org/10.1038/s41598-021-90309-0 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Niche specificity and functional diversity of the bacterial communities associated with Ginkgo biloba and Panax quinquefolius
	Results
	Alpha diversity of the bacterial communities in the different tissue types. 
	Beta diversity of the bacterial communities in the different tissue types. 
	Microbiota profiles in GB and PQ tissues and variability in taxa diversity among the different tissue types. 
	Prediction of functional pathways in GB and PQ associated bacterial communities. 

	Discussion
	Alpha diversity of the bacterial communities in the different tissue types. 
	Beta diversity of the bacterial communities in the different tissue types. 
	Microbiota profiles in GB and PQ tissues and variability in taxa diversity among the different tissue types. 
	Prediction of functional pathways in GB and PQ associated bacterial communities. 

	Conclusions
	Methods
	Sample collection and DNA extraction. 
	Amplicon PCR and index PCR. 
	Sequence data analysis. 
	Prediction of functional pathways in GB and PQ associated bacterial communities. 

	References
	Acknowledgements


