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Comparing to the well-studied rhizosphere microbiome, the understanding of the root en-
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dophytic microbiome is still in its infancy. Miscanthus sinensis is a pioneering plant that
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could thrive on metal contaminated lands and holds the potential for phytoremediation
applications. Characterizing its root-associated microbiome, especially the root endophytic
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microbiome, could provide pivotal knowledge for phytoremediation of mine tailings. In the

Tailing

current study, M. sinensis residing in two Pb/Zn tailings and one uncontaminated site were

Miscanthus sinensis

collected. The results demonstrated that the metal contaminant fractions exposed strong

Root endosphere

impacts on the microbial community structures. Their influences on the microbial com-

Metal(loid)s contamination

munity, however, gradually decreases from the bulk soil through the rhizosphere soil and
finally to the endosphere, which resulting in distinct root endophytic microbial community structures compared to both the bulk and rhizosphere soil. Diverse members affiliated
with the order Rhizobiales was identified as the core microbiome residing in the root of M.
sinensis. In addition, enrichment of plant-growth promoting functions within the root endosphere were predicted, suggesting the root endophytes may provide critical services to the
host plant. The current study provides new insights into taxonomy and potential functions
of the root-associated microbiomes of the pioneer plant, M. sinensis, which may facilitate
future phytoremediation practices.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
The plant associated microbiome, which is considered as an
extended plant genome, contains a wide range of microor∗
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ganisms, and plays important roles in host nutrition, development, immunity, and health (Schlaeppi and Bulgarelli, 2015).
Among the plant compartments, roots are the primary sites
for plant nutrition acquisition from soil and organic molecule
exudation into soil, and therefore promote plant-soil interactions (Lynch, 1995). It is observed that plant roots are often accompanied by selection of specific root-associated microbiome (Hu et al., 2018), including the rhizosphere micro-
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biome (i.e., microorganism inhabiting nearby roots) and the
root endosphere microbiome (i.e., microorganisms inhabiting
within roots). The rhizosphere microbiome has been extensively characterized for various host plants (Berendsen et al.,
2012; Kolton et al., 2017; Zhalnina et al., 2018), while the endosphere microbiome is less documented and understood.
The root-associated microbiome is recruited by plant from
the soil microbiome pool and then subsequently filtered
through the rhizosphere (Schulz et al., 2006). Thus, the composition of the root-associated microbiome is strongly depending on the geochemical conditions. For instance, the soil
characteristics were strongly impacted the microbial community in bulk, rhizosphere, and endosphere of A. thaliana
(Lundberg et al., 2012). Geochemical conditions, such as N
fertilization, demonstrated strong impacts on both the soil
and root-associated microbial compositions (Yeoh et al., 2016).
The endophytic community composition of Phragmites communis was significantly altered when growing on acid mine
drainage contaminated soil compared to uncontaminated
soils (Li et al., 2020). In turn, the root-associated microbiome
may facilitate the host plants to mitigate the environmental stresses (Hu et al., 2018), such as drought, disease, and
salinity (Berendsen et al., 2012; Rho et al., 2018). In addition, root associated microbiome may help the host plant to
resist metal contaminated soils (Pérez-De-Mora et al., 2006;
Sun et al., 2018b; Xiao et al., 2019). The changes in the microbial community composition alleviated the metal stress,
and further decreased the metal(loid)s accumulation within
the host plants (Etesami, 2018). Further illustration of the rootassociated microbial responses to the metal contamination
could provide critical knowledge for future remediation processes (Wenzel, 2009).
Miscanthus sinensis is a pioneer perennial grass plant native to eastern Asia and often dominates in the contaminated
sites (Shimono et al., 2013), including heavy metal(loid)s contaminated soils (Lee et al., 2002). Therefore, it is reported that
M. sinensis holds the potential for phytoremediation in metal
contaminated sites (Zhao et al., 2019). Root-associated microbiome may be contributed to the growth of M. sinensis under
elevated metal(loid)s stresses. Indeed, the endophytic Pseudomonas koreensis AGB-1 isolated from M. sinensis has exhibited high tolerance to metal(loid)s and plant growth promoting traits (Babu et al., 2015). Further understanding the rootassociated microbiome of M. sinensis may provide valuable
knowledge for future phytoremediation practices.
To investigate the root-associated microbiome and its response to metal(loid)s stresses, we sampled M. sinensis that
was naturally growing in two heavily contaminated Pb-Zn
tailings. An additional site with much less metal(loid)s contamination was also included as a control site. A combination of geochemical analysis, high throughput sequencing,
and bioinformatic tools were utilized to characterize the microbial communities and functions among the microbiomes
in different compartments (i.e. bulk soils, rhizosphere soils,
and root endosphere). The goal of the current study is to: 1)
characterize taxonomic composition of the M. sinensis rootassociated microbiome; 2) elucidate the impact of geochemical condition on the root-associated microbiome; and 3) predict the ecological functions provided by the root-associated
microbiome.

1.

Materials and methods

1.1.

Sample collection

The M. sinensis plants were collected from two Pb/Zn mine
tailings, Gudan (GD, 24°55‘50“ N, 109°30 40 E) and Silang (SL,
24°57‘33“ N, 109°31 48 E). Additional control samples were
collected from a nearby uncontaminated site, Siding (SD,
25°02‘29“ N, 109°32 24 E). From each site, five plant samples
and the corresponding soil samples were collected using an
ethanol sterilized shovel. All the samples were immediately
stored on ice until transport back to the laboratory, where the
samples were kept at −80 °C.
The samples were separated into different compartments,
including bulk soil, rhizosphere soil, and plant material (root
and shoots). Briefly, the soil collected through vigorous shaking is considered as the bulk soil. The rhizosphere soil strongly
adherent to the roots were washed off using TE-buffer (pH 7.5)
and Tween 20 (2%). To completely remove the microorganisms
adhering to the root surface, the remaining roots were first
surface sterilized with NaClO (2%) and then wash with 70%
ethanol for 5 times.

1.2.

Geochemical analysis

For both the bulk soils and rhizosphere soils, the samples
were air-dried, pestled, and subsequently sieved. For the pH
measurement, the samples (1 g) were mixed with distilled
water (10 mL) and then measured with a HQ30d pH meter
(Hach, USA). For measuring the soil organic carbon (SOC), the
bulk soil samples were first digested with 5% HCl to remove
the inorganic carbon and then analyzed with a Vario MARCO
cube elemental analyzer (Elementar, Germany). The watersoluble fraction of the anions in the bulk soil, including nitrate, phosphate, and sulfate, were analyzed on an Ion Chromatography (IC, Dionex, CA, USA) following published protocol (Bommarito et al., 2007). The total contents for various
metals in both the bulk soil and the rhizosphere soil (i.e. As,
Cd, Cr, Cu, Ni, Pb, Sb, and Zn) were obtained by digesting the
samples with a mixture of HCl and HNO3 (3:1, V/V). The acidextractable fractions of the metal contaminants in both the
bulk soil and the rhizosphere soil were obtained by digesting
samples with 0.11 mol/L HOAc following the published protocol (Cappuyns and Swennen, 2008). The metal uptake by M.
sinensis was also measured. The plant material (both the roots
and shoots) was oven-dried at 55 °C and pestled to pass an 80mesh sieve. The samples were then digested with a mixture
of HCl and HNO3 (3:1, V/V). The measurement of the metal
concentrations (both total and acid-extractable fractions) was
analyzed on an Inductively coupled plasma – optical emission
spectrometry (ICP-OES, Vista MPX, Varian, USA).

1.3.

DNA extraction and sequencing analysis

The DNA of the tailing and soil samples were extracted using
DNeasy Powersoil kit (Qiagen, Germany) following the manufactures’ protocol. For the plant material, the roots froze with
liquid nitrogen and pestled. The mixture of the plant root tissue and the endophytes were extracted with the DNeasy Pow-
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ersoil kit (Qiagen, Germany) following the manufactures’ protocol. The resulted DNA was then amplified with the primer
set 515F/907R (Zhou et al., 2011) to construct amplicon libraries and then subject to high throughout sequencing on
an Illumina NovaSeq at the Personal Biotechnology company
(Shanghai, China). The sequence libraries were analyzed following previously published protocol (Xu et al., 2020). The operational taxonomic units (OTUs) were clustered at the cutoff
of 97% sequence similarity and then assigned taxonomy with
Greengene (DeSantis et al., 2006). The OTUs associated with
host genome (i.e. chloroplast and mitochondria) and unclassified at the kingdom level were removed.
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concentrations in two tailing sites. The M. sinensis demonstrated resistance to As and Sb contamination with only a minor fraction accumulated in the roots.

2.2.

Microbial community analysis

2.

Results

The microbial community diversity and compositions were
characterized for three different compartments: bulk soil, rhizosphere soil, and root endosphere (Fig. 3). In GD and SD sites,
significantly elevated alpha diversity measurements were observed in the bulk soil comparing to the rhizosphere and the
root endosphere. The alpha diversity indices in SL were significantly lower comparing to the other two sites in each individual compartment (Fig. 3a). The beta diversity analysis demonstrated distinct microbial community compositions between
the root endosphere and the other two compartments (Fig. 3b).
This observation agreed with the PERMANOVA analysis, which
showed both the different compartments (bulk soil, rhizosphere, and root endosphere) and the sampling sites were major factors shaping the microbial community structures. In addition, true differences in community structures between the
root endosphere and the other two compartments were suggested by the betadisper analysis (PERMANOVA p < 0.05, betadisper p > 0.05).
Proteobacteria was the dominant phylum, contributing 54%
± 18% of the microbial community in each individual sample. Within this phylum, Alphaproteobacteria (30% ± 14%) was
the most abundant class, following by the Gammaproteobacteria (15% ± 13%). The second most abundant phylum was Acidobacteria (18% ± 13%). At lower taxonomy level, Acidobacteria
Gp6, Halomonas, Bradyrhizobium, Rhizobium, and Spartobacteria
genera incertae sedis were among the most abundant microbial
genera (Fig. 3c).

2.1.

Geochemical conditions

2.3.

1.4.

Data and statistical analysis

Further analysis of the sequencing libraries was conducted
in R package ‘phyloseq’(McMurdie and Holmes, 2013). Briefly,
the alpha diversity (i.e. Observed species, Chao1, ACE, Shannon, and Simpson) was calculated using rarified libraries
(17,450 reads/library). The beta diversity was visualized as a
Bray-Curtis distance matrix in a NMDS plot. The core microbiome was calculated using the package “MicrobiomeSeq”
(Ssekagiri et al., 2017). The interactions between environmental parameters and the microbial communities were calculated and visualized in “Cytoscape” (Shannon et al., 2003).
The interactions within the microbial community was calculated in the R package “igraph” (Csárdi and Nepusz, 2006)
and then visualized in “Gephi” (Newman, 2006). PICRUST2
(Douglas et al., 2020) was employed to predict the community
functions using the COG database (Tatusov et al., 2003).

Geochemical conditions across three sampling sites were
characterized (Fig. 1). Among the three sampling sites, GD
and SL were heavily contaminated tailings while SD were
relatively less contaminated and considered as a control in
this study. Except pH, no significant differences in marco elements (i.e., SOC, nitrate, and sulfate) were observed between
these three sites. The pH was significantly higher (p < 0.05,
hereafter) in two tailings than the control site. Different scenarios were observed in the metal-related geochemical parameters: metal(loid)s from two tailings showed significantly
higher concentrations, including Crtotal , Cutotal , Cdtotal , Pbtotal ,
Zntotal , Astotal and Nitotal . Elevated Sbtotal concentration was
only identified in the SL compared to the other sites. The acid
extractable metal contents were less variable among sites,
with significant differences were found only in Cuacid , Cdacid ,
Pbacid , Znacid , and Niacid in more contaminated sites than
those in SD.
The accumulation of metal(loid)s in roots and the vertical
transportation to the shoots were also measured and compared (Fig. 2). Generally, higher concentrations of metal(liod)s
were observed in roots to their corresponding shoots. Among
different metal(loid)s, the Crroot and Niroot was significantly
higher in the controls site than those in the two tailings, while
the other measured metal(loid)s showing significantly higher

Core root endophytes in M. sinensis

Beta diversity analysis indicated that microbial communities
from root endosphere formed a distinct cluster apart from
other compartments (i.e. bulk soil and rhizospheric soil), suggesting the endophytic microbial community compositions
were highly similar and a group of core root endophytes may
present. Indeed, it is indicated that Bradyrhizobium, Unclassified Rhizobiales, Rhizobium, Bosea, Acidobacteria Gp6, and a population of the Gammaproteobacteria consisted a substantial portion of the endosphere microbiome in majority of the roots
(Fig. 4). Therefore, these microbial populations were considered as the core endophytes of M. sinensis.
Further investigation revealed the niche preference of
these core members among different compartments. The significant enrichment of Bradyrhizobium and Rhizobium in the
root endosphere comparing to the rhizosphere and bulk soil
were observed (Appendix A Fig. S1). Additionally, other microbial members, including Bosea, Steroidobacter, Devosia, Niastella, and Hyphomicrobium, were also suggested to be enriched within the root endosphere. The Acidobacteria Gp6 was
prevalent in all compartments, with significant enrichment in
the bulk soil.
The biotic interactions within the bulk soil, rhizosphere,
and root endosphere microbiome were visualized as cooccurrence networks (Appendix A Fig. S2 and Table S1). The
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Fig. 1 – Geochemical parameters of the soil samples (5 biological replicates from each site) collected from two contaminated
sites (GD and SL) and one uncontaminated site (SD): a) Marco elements and pH; b) total metal contents in bulk soils; and c)
acid-extractabel metal contents in bulk soils.

biotic interaction in the bulk soil demonstrated the densest
connections with 90 nodes generated 930 pairs of connections
(Spearman correlation > 0.6 and p < 0.05, hereafter) with an
average degree of 10.34. The network of the rhizosphere community contented 79 nodes with 586 pairs of connections,
with an average degree of 7.51. The biotic interaction of the
endosphere community was the least complex with 110 nodes
and 492 pairs of connections, and the average degree was 4.47.

2.4.

Impact of the geochemical conditions

The interactions between the microbial populations residing
in each compartment and the geochemical parameters were
visualized by co-occurrence networks, which demonstrates
the impacts of the geochemical condition on the colonization of microbial populations associated with the root of M.
sinensis. According to Fig. 5 and Appendix A Table S2, the geochemical parameters exerted 1641 pairs of (Spearman correlation > 0.6) and significant (p < 0.05) connections on 402 microbial populations residing in the bulk soil. In the rhizosphere,
379 microbial populations were strongly impacted by the geo-

chemical parameters and generated 1918 pairs of connections.
The endophytic microbiome was the least impacted by the
geochemical parameters, which exerted 509 pairs of connections on 151 endophytic microbial populations.
The impact of the geochemical parameters on the relative
abundance of the endophytic microbial populations were visualized (Appendix A Fig. S3). Out of the 620 bacteria genera
residing the M. sinensis endosphere, 4.5% (28 genera) was significantly enriched (p < 0.05) in the control site, whereas 2.7%
(17 genera) was significantly enriched (p < 0.05) in the contaminated sites. Among the preferentially enriched populations,
members of the Alphaproteobacteria was the mostly impacted,
with 5 genera enriched in the contaminated sites and 6 genera
enriched in the control site.

2.5.

Microbial community function analysis

The PIRCUST2 predicted metagenome indicated distinct functional compositions encoded by the endophytes comparing
to the other compartments (Appendix A Fig. S4a). Compared
to the bulk soil, the endophytic community were signifi-
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Fig. 2 – Geochemical parameters of the plant samples (5 biological replicates from each site) collected from two
contaminated sites (GD and SL) and one uncontaminated site (SD): a) total metal contents in the root of M. sinensis; and b)
total metal contents in the shoot of M. sinensis.

cantly enriched (all p < 0.05) for the functions related to carbohydrate metabolism and transport (G), transcription (K),
inorganic ion transport and metabolism (P), and secondary
metabolites biosynthesis, transport, and catabolism (Q) (Appendix A Fig. S4b). Compared to the rhizosphere, functions related to energy production and conversion (C), lipid transport
and metabolism (I), inorganic ion transport and metabolism
(P), and secondary metabolites biosynthesis, transport, and
catabolism (Q) were significantly enriched (all p < 0.05).
Within the functional category P, genes related to high affinity ABC transporters (COG0725, COG1116, COG1118, COG1613,
COG4107, COG4148, COG4208, and COG4778) were significantly
enriched in the endosphere comparing to other compartments (Fig. 6 and Appendix A Table S3). The nitrogen fixation proteins (COG5554), along with several other functions,
belonging to the category Q were also significantly enriched
within the endosphere.

3.

Discussion

Roots are the primary sites for plant to interact with the
soil matrix (Hinsinger et al., 2009). It has been well established that the roots associated microbiome represents
one of the most complex ecosystem for its supportive role
on plant physiology against diverse environmental stresses

(Jones and Hinsinger, 2008). Both root-associated compartments, the rhizosphere and the endosphere, have been suggested to promote plant growth by facilitating nutrient acquisition (Chhabra and Dowling, 2017; Yang et al., 2014) and resisting environmental stresses (Rho et al., 2018; Yang et al.,
2009).
Metal toxicity has been proposed to be one of the severe
stresses that could strongly impede plant growth (Fay et al.,
1978). Especially, in mining impacted regions (e.g., mine tailings), the elevated metal concentrations could severely impose the revegetation process and therefore impede the reclamation of the contaminated sites (Ye et al., 2002). The rootassociated microbiome can alleviate the metal toxicity to
plants and consequently promote plant growth in the mining
contaminated soils (Ma et al., 2015; Sun et al., 2020a,c). The
interaction between the metal contamination and the rootassociated microbiome, especially the root endosphere microbiome, however, remains to be known.
As one of the pioneer plant that could thrive in heavily contaminated mine tailings (Khianngam et al., 2014), the root microbiome of M. sinensis is of special interest for its potential to
promote reclamation of contaminated sites (Lee et al., 2014).
In this study, a systematic comparison of the root microbiome
of Miscanthus sinensis growing in metal-contaminated tailings
and uncontaminated soils allowed us to explore microbial responses to metal contaminated environments.
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Fig. 3 – The characterization of the bacterial community in the bulk soil (5 replicates from each site), rhizosphere soil (5
replicates from each site), and root endosphere (5 replicates from each site). a) difference in alpha diversity as measured by
various indices. b) Bray-Curtis distance plotted as a NMDS plot; c) the distribution of the relative abundances of the
dominant microbial genera among three different sites.

Fig. 4 – The core microbiome at the phylum level residing the M. sinensis root endosphere.
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Fig. 5 – The co-occurrence network analysis showing the correlations between the geochemical factors and the abundant
microbial populations residing in the bulk soil, the rhizosphere soil, and the root endosphere. Only the strong and
significant (Spearman correlation > |0.8| and p < 0.05) correlations were visualized.

3.1.

Roots are the primary site for metal accumulation

Geochemical analyses indicated that high concentrations of
metal(loid)s were present in the contaminated soil matrices
of M. sinensis (Fig. 1). Among the metal(loid)s, elevated concentrations of Pb, Zn, As, and Cd were observed. Consistently,
the presence of elevated acid-extractable metal contaminants
may indicate adverse geochemical conditions to the plant
growth. In contrast, the rhizosphere of M. sinensis growing in
the control site showed significantly lower concentrations of
metal(loid)s. The current study sites include two Pb/Zn tailings
and one uncontaminated site. The mining of Pb and Zn often
associated with the release of other metal contaminants, such
as As, Cd, Cr, Cu, and Ni, into the environment (Lee et al., 2014;
Zhuang et al., 2014), same as the current tailing sites. Therefore, the current sites are representative for investigation the
root microbiome responses to the metal contamination introduced by Pb/Zn mining activities.
The uptake of various metal(loid)s by M. sinensis was also
investigated (Fig. 2). The high relatively acid-extractable fractions in Cd, Pb, and Zn has led to the higher accumulation of
these metal(loid)s in both roots and shoots of M. sinensis growing in the contaminated sites, which agreed with previous ob-

servation (Pavel et al., 2014). Substantial amount of As and Sb
were uptake by M. sinensis in the roots. In contrast, only minor
fractions of the As and Sb were translocated from roots to the
shoots, which is consistent with previous report that the metals were primarily accumulated within the roots of M. sinensis
(Xue et al., 2015). In summary, M. sinensis demonstrated its tolerance to high levels of metal(loid)s and its capability to adsorb certain metal(loid)s, suggesting their potential application for phytoremediation, as reported previously (Babu et al.,
2015; Zhao et al., 2019).
The higher concentrations of metal(loid)s in roots than
in shoots suggested that roots are the primary sites for
metal(loid)s accumulation in M. sinensis. The root-associated
microorganisms could provide critical services to the host
plant to alleviate the metal stress and therefore facilitates the
phytoremediation practices (Gatheru Waigi et al., 2017). Compared to the well-studied rhizosphere microbiome, the ecological role of root endosphere microbiome during phytoremediation is ambiguous and less understood. Here, the microbial
community composition of three compartments (i.e., bulk soil,
rhizosphere, and root endosphere) were characterized, which
may provide prerequisite knowledge of metabolic potentials
that may be contribute for phytoremediation.
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Fig. 6 – The characterization of the predicted COG function abundances in the bulk soil (5 replicates from each site),
rhizosphere soil (5 replicates from each site), and root endosphere (5 replicates from each site). The upper panel included
the functions related to the inorganic ion transport and metabolism (COG category P) significantly enriched (p < 0.05) within
the root endosphere comparing to the other two compartments. The bottom panel included the functions related to the
secondary metabolites biosynthesis, transport, and catabolism (COG category Q) significantly enriched (p < 0.05) within the
root endosphere comparing to the other two compartments.

3.2.

Microbial community and diversity

Compared to their counterparts in contaminated sites, significantly higher alpha diversity was observed in all compartments in the control site, indicating that the metal contam-

ination had significant impacts on the microbial community
(Fig. 3a). Significantly lower community diversity was detected
in the root endosphere than that in the bulk soil in GD and
SD, suggesting less complex community in the endosphere
(Beckers et al., 2016). Beta diversity analysis indicted that mi-
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crobial community of the root endosphere was distinct from
the rhizosphere and bulk soil (Fig. 3b), implying that root endosphere microbiome were more similar among different sites
than their respective counterparts (rhizosphere and bulk soil).
Therefore, it is fair to propose that core microbiome may be
present in the root endosphere microbiome.

3.3.

Core microbiome of root endosphere

The microbial populations belong to the order Rhizobiales, including Bradyrhizobium, Bosea, Rhizobium, and unclassified Rhizobiales, were enriched in the root endophytic community of
M. sinensis (Fig. 3c and Appendix A Fig. S1) and were thus identified as the core endophytes. The members of the Rhizobiales
also exhibited an essential role in regulating the community
biotic interactions within the root endosphere microbiome
(Appendix A Fig. S2 and Table S1). The Rhizobiales-associated
OTUs accounted for more than one third of the nodes (42 out
of 110) in the endosphere biotic interaction network, which
was higher compared to the networks in the rhizosphere (14
out of 78 nodes) and bulk soil (7 out of 90 nodes). Members of
Rhizobiales have been frequently detected in both rhizosphere
and endosphere (Carrell et al., 2019; Antoun et al., 1998; Minamisawa et al., 2016), and are well-known for their role as
nitrogen-fixing symbionts that could provide necessary support for their host plants (Ghnaya et al., 2015; Mahieu et al.,
2011). Together, the presence of these beneficial microorganism may be essential for the successful development of the M.
sinensis in the tailings (Sun et al., 2020a,c).
Acidobacteria Gp6 is another member of the core root endosphere microbiome, although its abundance was even higher
in the soil matrix (Appendix A Fig. S1). Accordingly, its biological interactions with other microbial populations decreased
from the bulk soil to the endosphere (Appendix A Fig. S2
and Table S1), indicating it might be more important within
the soil matrix. This observation agreed with previous studies, where the relative abundance of Gp6 decreased from the
bulk soil to the endosphere of other plants, such as Arabidopsis
thaliana and Oryza sativa (Bulgarelli et al., 2012; Edwards et al.,
2015; Lundberg et al., 2012). The Gp6 group is widely present
in the soil environments, including metal contaminated sites
(Janssen, 2006; Randall et al., 2019; Risueño et al., 2020), and
their abundance has been suggested to be significantly related to environmental parameters including soluble organic
content SOC, nitrogen, and temperature (Naether et al., 2012).
Other geochemical parameters, including to C:N ratio, Zn concentration, and cation exchange capacity (Chaves et al., 2019),
could also regulate its distribution in the environments. Although the presence of Gp6 in the rhizosphere and endosphere in plants has been reported (Martinez-Rodriguez et al.,
2019; Poudel et al., 2019), its ecological role on plant growth is
still vague.

3.4.
Interactions between geochemical parameters and
innate microbiome
The geochemical conditions substantially impacted the innate microbiome in metal contaminated sites as reported
previously (Sun et al., 2020a2020b). In extremely metalcontaminated tailings, metal resistance has been reported as
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an critical survival strategy adapted by innate microbiome
(Sun et al., 2018a). Therefore, the positive correlations observed in the current study may indicate the populations
could thrive under metal concentrations. On the contrary, the
microbial populations that were sensitive to metal toxicity
were negatively correlated with the metal concentrations. As
revealed by the env-bio network (Fig. 5 and Appendix A Table S2), the geochemical condition had strongest impacts on
the bulk soil microbial community but least impacts on the
endophytic community. Among the geochemical parameters,
the various metal parameters exhibited stronger impacts on
the community compared to non-metal related parameters.
Even different metal fractions exerted different effects on microbiome. Compared to the Mtotal , the Macid had stronger impacts on the microbial community structures, which may attribute to its higher bioavailability (Maiz et al., 2000). Also,
the indigenous microbiome could alter the speciation of the
metal(loid)s, which regulates their bioavailability and uptake
by plants (Turpeinen et al., 2004; Zhang et al., 2020). The decreased impact of the geochemical parameters on the endophytes indicates the host plants could protect the root endophytic microbiome against from the environmental disturbance, as previously suggested (Walitang et al., 2019). Meanwhile, the relative abundance of a minor portion of the endophytes were impacted by the metal contaminant fractions
(Appendix A Fig. S3). Within the significantly impacted genera,
a population specific response towards the metal(loid)s induced stress were observed. For instance, three genera within
the family Rhizobiales, including Pseudolabrys, Steroidobacter, Pedomicrobium, and an unassigned Hyphomicrobiaceae, were enriched in the endosphere in contaminated sites, whereas
three different genera of Rhizobiales, including Rhodomicrobium,
Labrys, and Roseiarcus, were enriched in the endosphere in the
control site.

3.5.

Important predicted functions

Since the assembly of the endophytes was an active process
by the plants, the functional analysis could provide critical
insights on the microbial ecological services required by the
M. sinensis. The ability of endophytes to promote the phytoremediation process may involve diverse microbial functions.
Functions predicted by PICRUST2 related to inorganic ion
transport and metabolism and secondary metabolites biosynthesis were consistently enriched within the endophytes compared to the bulk soil and rhizosphere (Appendix A Fig. S4).
The inorganic ion transport and metabolism related functions
are responsible for the acquisition of necessary elements,
which is essential for the nutrient transport within the endosphere (Udvardi and Poole, 2013; Yanni et al., 2001). For instance, the enrichment of functional traits related to the high
affinity transporters of phosphorus and sulfur (COG4107 and
COG4208, respectively), both are critical nutrients for plant
growth, might indicate the growth promoting potential provided by the root endophytes (Manav et al., 2018). In addition,
enrichment of metal exporters (e.g. COG1276, Putative copper export protein) infers the necessity of metal detoxification
(Fig. 6) (Dameron and Harrison, 1998). The functions related to
the secondary metabolites biosynthesis is often related to the
regulation of the microbial community dynamics (Riley and
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Wertz, 2002). Especially, the combined upregulation of nitrogen fixation protein and ABC transporter for molybdate
(COG5554 and COG0725, respectively), which is the essential
element in the nitrogenase, suggesting that the endophytes
are potential nitrogen providers to the host plants. Indeed,
previous literatures have demonstrated that the plant growth
promotion services provided by the endophytes, such as the
nutrient acquisition and phytohormone production, could directly improve the plant dry weight, and enhances the total accumulated metal content within plant tissues (Ma et al., 2016;
Sun et al., 2010). Furthermore, the microbial manipulation of
metals could alleviate metal stresses by reducing the metal
toxicity to the host plants and indirectly promote plant growth
(Rajkumar et al., 2009). The active recruitment of the bacteria and consistent enrichment of the beneficial functions indicated the potential importance for endophytes for M. sinensis to survive under elevated metal stress in the contaminated
site.

4.

Conclusion

The root associated microbiome could provide essential ecological services, including the nutrient acquisition, resistance
to the pathogens and adverse geochemical conditions, during
the plant growth, and are considered the second genome of
the host plant (Berendsen et al., 2012). Comparing to the rhizosphere microbiome, our knowledge regarding the root endophytes remains in its infancy. Through the investigation of
the pioneer plants M. sinensis residing on both metal contaminated and uncontaminated sites, we have identified the consistent presence of a group of core root endophytes, mainly
constituted of the members of the order Rhizobiales. While the
metal contaminations exerted strong impacts on the soil microbiome, their impacts on the endophytic community is less
pronounced. Consistent enrichment of the endophytic microbial community and the functional traits, which are related
to inorganic ion transport and metabolism (P) and secondary
metabolites biosynthesis, transport, and catabolism (Q), suggested that the host M. sinensis requires specific microbial services, such as plant growth promotion related functions.
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