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ABSTRACT

This study aims to better understand the relationship between the response to acid mine drainage (AMD) stress of tolerant
plants and changes in root-related bacterial communities. In this study, reed stems were planted in AMD-polluted and
unpolluted soils, and high-throughput sequencing was conducted to analyze the bacterial community composition in the
soil, rhizosphere, rhizoplane and endosphere. The results showed that the effect of AMD pollution on root-associated
bacterial communities was greater than that of rhizo-compartments. Proteobacteria were dominant across the
rhizo-compartments between treatments. The microbiomes of unpolluted treatments were enriched by
Alphaproteobacteria and Betaproteobacteria and depleted in Gammaproteobacteria ranging from the rhizoplane into the
endosphere. However, the opposite trend was observed in the AMD pollution treatment, namely, Gammaproteobacteria
were enriched, and Alphaproteobacteria and Deltaproteobacteria were mostly depleted. In addition, endophytic
microbiomes were dominated by Comamonadaceae and Rhodocyclaceae in the unpolluted treatment and by
Enterobacteriaceae in the AMD-polluted soils. PICRUSt showed that functional categories associated with membrane
transport, metabolism and cellular processes and signaling processes were overrepresented in the endosphere of the
AMD-polluted treatment. In conclusion, our study reveals significant variation in bacterial communities colonizing
rhizo-compartments in two soils, indicating that plants can recruit functional bacteria to the roots in response to AMD
pollution.
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INTRODUCTION

Acid mine drainage (AMD), caused by mining and smelting activ-
ities, has strong acidity and is rich in multiple heavy met-
als. Once AMD is discharged into the soil ecosystem, a large

number of hydrogen ions cause soil acidification, which could
inhibit plant respiration and nutrient absorption by the root
system (Karaca, Cameselle and Reddy 2018). In addition, the
increased heavy metals in soils caused by AMD are not easy
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to remove. The increased potentially toxic metals (such Cd
and Pb) and metalloid elements (such As), can contribute to
great changes in the ecological dynamics of the rhizosphere
niches (Gray and Smith 2005; Pajuelo et al. 2008; Chen et al.
2018). In addition, heavy metals also have negative effects on
plant growth, biomass and photosynthesis (Nagajyoti, Lee and
Sreekanth 2010), thereby affecting ecosystem development.

The most cost-effective and environmentally friendly reme-
diation method to remove potentially toxic elements, the
assisted phytoremediation technique, is widely applied to
improve soil properties, preventing hydraulic erosion and wind
dispersion and reducing pollution mobility (Adamo et al. 2015).
The selection of remediation plants has always been an impor-
tant part of phytoremediation, and native plants with high
adaptability are preferred (Pandey 2015). Previous studies have
focused on the mechanisms and physiological characteristics of
plant tolerance. For example, plants can regulate the expres-
sion of gene(s) that are involved in signaling and regulatory
pathways and in the synthesis of functional and structural pro-
teins and metabolites (Singh et al. 2016). Plants can also change
their photosynthetic efficiency, stomatal movement and root
morphology to ameliorate the effects of heavy-metal toxicity
(Nazir, Hussain and Fariduddin 2019). Recent studies have inves-
tigated the role of related functional microorganisms in the
plant root zone. In particular, plant growth-promoting bacte-
ria (PGPBs) play an important role in promoting plant growth
and remediating soil pollution (Rajkumar et al. 2012; Chauhan
et al. 2015; Chen et al. 2018; Khanna et al. 2019). These PGPBs
effectively promote the migration of heavy metals by several
mechanisms, such as dissolving metal minerals, acidifying the
rhizosphere environment, improving the surface area of the
root system and increasing the release of root secretions (Glick
2010; Rajkumar et al. 2012; Sessitsch et al. 2013). In recent years,
some PGPBs tolerant of heavy metals are believed to promote
the growth of plants in metal-contaminated fields and reduce
the bioavailability of toxic metals. Many studies of PGPB heavy-
metal resistance have shown a series of reactions to metal ions,
such as metal biosorption, bioaccumulation, precipitation, com-
plexation, reductive oxidation and enzymatic metal transforma-
tion, to reduce the toxicity of heavy metals to plants (Rajku-
mar et al. 2012; Ma et al. 2016). However, there is little direct evi-
dence that plants can recruit specific functional microorganisms
to enhance their resistance to and alleviate the negative effects
of soil pollution. Bell et al. (2013) found that willow can preferen-
tially recruit Pezizomycetes in the rhizosphere of hydrocarbon-
contaminated soils. Knowledge of the compositional and func-
tional differentiation of bacterial communities in different root-
associated compartments and their roles in remediating plant
growth, which can reflect the migration process of microorgan-
isms affected by the plants, is scarce.

In this study, the reed, a resistant plant that can grow in
AMD-polluted soils, was cultivated via cutting. The composition
of bacterial communities in different soil rhizosphere compart-
ments was analyzed after root growth of plants in AMD-polluted
and unpolluted soils. The primary aim of this study was to deter-
mine whether plant growth would change the recruitment of
soil microorganisms under soil pollution.

MATERIALS AND METHODS

Raw materials and experimental design

Phragmites communis (Cav.) Trin. ex Steud. samples were collected
from a pond and utilized for cultivation. The AMD-polluted
paddy soils and the unpolluted paddy soils were both collected

from Zhongming town (Tongling, China), and the AMD-polluted
paddy soils had been irrigated with AMD for a long time. Each
soil was mixed completely after natural drying, and the roots
were removed and milled. The thick reed stalks of P. communis
were cut off from the roots, with the surface being sterilized,
and then planted in the two soils and grown for 4 months. The
plants growing in the AMD-polluted paddy soils were marked as
the AMD pollution group (AMD-pollution) and the plants grow-
ing in the unpolluted paddy soils were marked as the control
group (ck). The basic chemical properties of the two soils and
the heavy metals in plant roots are shown in Table S1. The soils
were irrigated with sterile deionized water every 2 or 3 days to
maintain ∼60% of the soil maximum field capacity. During plant
growth, all weeds were removed from the pots. Each plant col-
lected had all four rhizo-compartments sampled.

Collection of rhizosphere, rhizoplane and endosphere
compartments

Bulk soils were collected from uncultivated soil. The rhizo-
sphere, rhizoplane and endosphere samples were collected
according to the protocols described by Edwards et al. (2015).
First, the loose soil was removed by shaking, and the soil
attached to the roots (rhizosphere soil) was collected using ster-
ile phosphate-buffered saline (PBS) solution by stirring with ster-
ile forceps in a sterile flask. Second, the separated roots were
washed with PBS solution and sonicated for 1 min at 50–60 Hz in
a 50-mL sterile tube with 20 mL of PBS solution, and the soil pel-
let was considered the rhizoplane sample. Finally, the washed
roots were cleaned with PBS solution and sonicated for 1 min
at 50–60 Hz in a 50-mL sterile tube with 20 mL of PBS solution
three times and were considered the endosphere samples. All
samples were stored at −80◦C before DNA extraction.

DNA extraction and bacterial community analysis

A total of 32 bulk soil, rhizosphere, rhizoplane and endosphere
samples with four replicates for each component were prepared
for DNA extraction. Total DNA from soil, rhizosphere, rhizo-
plane and endosphere was extracted from each sample with
the FastDNA R© SPIN Kit for soil (MP Biomedicals, Cleveland, OH,
USA) according to the manufacturer’s instructions. The bacte-
rial communities in all samples were analyzed by pyrosequenc-
ing the 16S rRNA genes from the samples. The 515F/907R (515F:
5′-GTG CCA GCM GCC GCG G-3′; 907R: 5′-CCG TCA ATT CMT T
TR AGT TT-3′) primer pair was used to amplify the V4–V5 region
of the bacterial 16S rRNA gene.

The primers were tagged with unique barcodes for each
sample. Negative controls using sterilized water instead of
soil DNA extract were included to check for primer or sam-
ple DNA contamination. The qualities and concentrations of
the purified barcoded polymerase chain reaction (PCR) prod-
ucts were determined by using a NanoDrop spectrophotome-
ter. High-throughput sequencing was conducted with Illumina
MiSeq from LC-Bio Technology Co., Ltd. (Hangzhou, China). The
raw amplicon sequence data of the 16S rRNA gene have been
deposited in the GenBank short-read archive (SRA) under the
SRA accession code PRJNA641223.

Reads were merged and the raw sequences were quality fil-
tered by QIIME pipeline. Operational taxonomic units (OTUs)
were clustered at 97% similarity, and OTU selection and taxo-
nomic assignment were performed according to the SILVA ref-
erence data (version 128). The reads that did not align to the
anticipated region of the reference alignment were removed as
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chimeras. Reads that were classified as ‘chloroplast’, ‘mitochon-
dria’ or ‘unknown’ (could not be classified at the kingdom level)
were removed.

Data analysis

The PICRUSt package was used to predict the metagenome func-
tional context according to the bacterial 16S rRNA gene data.
To determine the Shannon diversity and the OTU abundance,
the valid reads in each sample were rarefied at 4650 counts.
Clustering analysis according to Bray–Curtis dissimilarity was
calculated in the Vegan package of R v 3.3.2. The unweighted
pair group method with arithmetic mean (UPGMA) was applied
based on Bray–Curtis dissimilarity. Permutational multivariate
analyses of variance (PERMANOVAs) were used to compare the
differences in bacterial community composition between treat-
ments by Vegan’s Adonis function in the R environment, and
the proportion of the total variance explained by soil environ-
ments and rhizo-compartments was computed by Vegan’s cap-
sule function in the R environment. OTUs enriched in bacterial
communities between rhizo-compartments in two soils were
identified by the limma package in combination with linear
statistics on their relative abundance by vcd’s ternaryplot func-
tion in the R environment.

RESULTS

Bacterial diversity and community composition

A total of 748 843 high-quality sequences ranging from 4651
to 69461 were obtained from 32 samples. In terms of bacte-
rial α-diversity, both the compartments and the soil environ-
ments affected the bacterial Shannon index and OTU richness
(P < 0.001) (Table S2). In the AMD-polluted soils, the rhizosphere
and rhizoplane samples reached the highest Shannon index
(rhizosphere 8.98 ± 0.12; rhizoplane 9.06 ± 0.23) and OTU rich-
ness (rhizosphere 1859 ± 63; rhizoplane 1882 ± 143), and the
endosphere samples had the lowest Shannon index (6.69 ± 0.17)
and OTU richness (1150 ± 50) (Fig. 1). In the unpolluted soils, the
rhizoplane sample possessed the highest bacterial α-diversity
(Shannon index 10.48 ± 0.06; OTU richness 2706 ± 54), yet no
consistent change in bacterial α-diversity indexes among soil,
rhizosphere and endosphere samples was discovered (Fig. 1).
In addition, the Shannon index and OTU richness of the rhizo-
sphere and endosphere samples in the AMD-polluted soils were
significantly lower than those in the unpolluted soils (Fig. 1). The
UPGMA cluster of the bacterial communities in samples accord-
ing to their Bray–Curtis dissimilarity showed that the bacterial
communities in the samples were the most distinct within dif-
ferent compartments and soil environments (Fig. 2). In addition,
the dissimilarity among different compartments was less than
that between soil environments (Fig. 2), indicating the tremen-
dous influence of soil environments on the root-associated bac-
terial communities. PERMANOVA (Table 1) using Bray–Curtis dis-
tance also supported the UPGMA cluster result in that soil envi-
ronments exhibited the greatest variation (31.73%, P < 0.001) in
bacterial communities.

The main bacterial phyla with relative abundance >1%,
Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi,
Firmicutes, Ignavibacteriae, Nitrospirae, Proteobacteria and
Spirochaetae, accounted for 92.87% of the total sequences
(Fig. 3A). Proteobacteria was the dominant phylum, with the
highest abundance ranging from 44.18 to 90.83% (Fig. 3A). In

addition, ANOVA with the LSD test indicated a significant differ-
ence in the relative abundance of these phyla and Proteobacteria
classes between the compartments in each treatment (Fig. 3).
Additionally, AMD pollution caused different distributions of
these dominant phyla and Proteobacteria classes in differ-
ent compartments. For example, in ck, the rhizoplane had a
significantly greater proportion of the phyla Proteobacteria
and Firmicutes and class Gammaproteobacteria than any other
compartment and possessed the lowest proportions of the other
dominant phyla and class Deltaproteobacteria; the endosphere
had greater proportions of the classes Alphaproteobacteria
and Betaproteobacteria, in which Gammaproteobacteria were
significantly depleted. However, in AMD-pollution, the endo-
sphere had greater proportions of the phylum Proteobacteria
and class Gammaproteobacteria, and the other dominant phyla
(except for Actinobacteria) and classes Alphaproteobacteria and
Deltaproteobacteria were mostly depleted in the endosphere.

The genera influenced by the plant compartments and soil
environments were further determined. Fig. 4 shows a great dif-
ference in the relative abundance of the top 50 bacterial genera
among soils. For example, some genera, Enterobacter, Klebsiella,
Pantoea, Serratia and Escherichia, showed greater proportions in
the rhizoplane of ck but enhanced their relative abundance in
the endosphere of AMD-pollution. In addition, several genera,
such as Exiguobacterium, Vogesella, Fictibacillus, Uliginosibacterium,
Anoxybacillus, Smithella, Candidatus Competibacter, Desulfatiglans,
Syntrophus, Syntrophorhabdus, Aeromonas, Acinetobacter, Limno-
habitans, Pseudomonas, Massilia, Dechloromonas and Rhizobacter,
showed significant differences among different compartments
in ck but showed very low abundance in AMD-pollution. In
contrast, the relative abundances of several genera, Acidibac-
ter, Bryobacter, Thermoanaerobaculum, Burkholderia, Acidiphilium,
Thiomonas and Metallibacterium, in AMD-pollution were signifi-
cantly higher than that in ck.

OTUs colonized in specific compartments

Venn diagrams showed a total of 2649 and 4853 observed OTUs
in AMD-pollution and ck, respectively (Fig. S1). Additionally, 347
OTUs (13.1%) were common in different compartments of AMD-
pollution and 75 OTUs (1.5%) were common in four compart-
ments of ck. These results showed that the soil environment
led to tremendous changes in the bacterial species that coex-
ist in different compartments. In addition, each compartment
had specific OTUs, which also indicated that the compartments
of each soil environment had unique bacterial population com-
positions.

To determine indicator OTUs that were enriched in each
compartment across different soil environments, a linear model
analysis was performed to identify taxa responsible for the dif-
ferentiation of the observed bacterial community. According to
this, the indicator OTUs in the soil, rhizosphere and endosphere
were marked as soilOTUs, rhizoOTUs and endoOTUs, respec-
tively (Fig. 5). The results showed that the rhizosphere and endo-
sphere compartments shared some OTUs across both soil envi-
ronments. In addition, the subcommunities retrieved from the
rhizoOTUs and endoOTUs were defined by a variant taxonomic
structure. Proteobacteria accounted for the vast majority of rhi-
zoOTUs and endoOTUs (Fig. 5). In addition, Betaproteobacteria
dominated the endoOTUs in ck, but Gammaproteobacteria were
predominant in the endoOTUs of AMD-pollution (Fig. 5). In addi-
tion, the enrichment of Betaproteobacteria in the endosphere
of ck was driven by two families, Comamonadaceae (10/15)
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Figure 1. Shannon index (A) and OTU richness (B) across four root compartments of plants between AMD-polluted soils (AMD) and unpolluted soils (ck). The error bars
show the standard deviations of the four subsamples for each sample. Different lowercase letters show significant differences from each other in the AMD-polluted

treatment, and different capital letters show significant differences across the four compartments in the unpolluted treatment (P < 0.05, LSD). Connecting lines show
significant differences of the Shannon index and OTU richness in the root compartments between AMD-pollution and ck (P < 0.05, t-test).

Figure 2. UPGMA tree showing clusters of bacterial communities based on Bray–Curtis dissimilarity of the whole OTU count data.

Table 1. Determining the soil environment and compartment affecting the bacterial community composition using PERMANOVA with 999
permutations.

Sums of squares Mean squares % F value P value

Soil environment 3.53 3.53 31.73 21.82 <0.001
Compartment 1.71 1.71 15.33 10.54 <0.001
Soil environment:compartment 1.36 1.36 12.23 8.41 <0.001
Residuals 4.53 0.16 40.71 0.41
Total 11.13 1

and Rhodocyclaceae (5/15), and the enrichment of Gammapro-
teobacteria in the endosphere of AMD-pollution was driven by
the family Enterobacteriaceae (10/12). These results suggested
that the soil environment led to differences in unique enrich-
ment community members. The potential role of AMD pollution
in the bacterial profiles could be analyzed by comparing the indi-
cator OTUs in each rhizo-compartment between the two soils. Of
the soilOTUs and rhizoOTUs, no OTU was enriched in both soil

environments, while of the endoOTUs, only a single OTU was
enriched in both soil environments.

Predictive metagenome of the bacterial community

To predict the effect of rhizo-compartments and soil envi-
ronments on metagenome functional content, PICRUSt was
performed based on the functional annotation of the KEGG
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Figure 3. Relative abundances (percentages) of the main identified bacterial taxonomic groups, i.e. (A) the phyla Proteobacteria, Acidobacteria, Chloroflexi, Firmicutes,
Actinobacteria, Planctomycetes, Spirochaetae, Nitrospirae, Ignavibacteriae and Bacteroidetes and (B) the classes Alphaproteobacteria, Betaproteobacteria, Deltapro-
teobacteria, Epsilonproteobacteria and Gammaproteobacteria (within the phylum Proteobacteria). For each sample, the relative abundances of the sequences assigned
to a given taxonomic unit were calculated for each of the four subsamples, and the average value was then used to represent the relative abundance of each sample.

Figure 4. Heat map of the top 50 genera in samples. The eight groups are marked with different colors.
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Figure 5. OTU enrichment in different compartments across the two treatments. Ternary plot depicting relative abundance and proportional contribution of OTUs
with a relative abundance >0.5% across AMD-polluted (A) and unpolluted treatments (B). Each circle represents one OTU. The size of each circle reflects the relative
abundance. The position of each circle was determined by the contribution of the indicated compartment to the relative abundance. The dotted grid and numbers
inside the plot showed 20% increments of contribution from each compartment. The pie charts show the taxonomic composition of soilOTU, rhizoOTU and endoOTU

subcommunities in AMD-polluted (C) and unpolluted (D) treatments. The size of each segment in the chart was proportional to the cumulative relative abundance of
OTUs assigned to the indicated taxa. (E) Venn diagrams display OTU numbers that significantly (P < 0.05) differentiate soil, rhizosphere and endosphere compartments
in the two treatments. The numbers shared by the two treatments indicate the co-occurrences of the compartment-specific OTUs.

pathway. The PERMANOVA results (Table S3) showed that the
rhizo-compartment (F = 4.3227, P = 0.015) and soil envi-
ronment (F = 3.8132, P = 0.030) significantly affected the
metagenome functional content, but their interaction had no
effect (F = 1.7754, P = 0.145). This was also confirmed by the
change in the predictive metabolic functions among samples
at the level of 2–3 (Fig. S2). In ck, several KEGG orthologs (KOs)
assigned to infectious diseases, immune system, enzyme fami-
lies, cancers, digestive system, genetic information processing,
metabolic diseases, energy metabolism, metabolism of cofac-
tors and vitamins, replication and repair, nervous system, cell
growth and death and folding, sorting and degradation showed
a visual increase in abundance across the soils into the endo-
sphere. Among them, some KOs assigned to infectious dis-
eases, immune system, cancers and digestive system were also
increased in abundance from soils to the endosphere of AMD-
pollution, but their abundances were much lower than those
in ck. In addition, some KOs assigned to membrane trans-
port, metabolism and cellular processes and signaling showed a
visual increase in abundance across soils into the endosphere of
AMD-pollution. In addition, some KOs, including transcription,
immune system diseases and metabolism of other amino acids,
decreased in abundance from the soils into the endosphere of

AMD-pollution, but their abundances in the endosphere were
also higher than that of ck.

DISCUSSION

Previous studies have shown that different compartments in
plants lead to changes in the structure and function of bacte-
rial communities (Edwards et al. 2015; Luo et al. 2017; Singer et al.
2019), but it is still unknown whether this change trend could
be affected by soil pollution. This study proved that the effect
of AMD pollution on root bacterial communities was greater
than that of rhizo-compartments. Luo et al. (2017) reported that
different soil types led to differences in the bacterial commu-
nity, but their plants were transplanted directly. Their work
has not considered the effect of the abundance and compo-
sition of original endophytes in plants on the bacterial com-
munities and function in rhizo-compartments after transplan-
tation. In addition, differences in the soil properties are not
caused by environmental pollution. In this study, the bacterial
community composition and function in rhizo-compartments
also showed great changes, and the difference in the bacterial
community distribution might be related to the rhizodeposi-
tion process (Paterson et al. 2007). In addition, plants can secrete

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sle/article/367/15/fnaa117/5872482 by guest on 24 April 2024



Li et al. 7

organic compounds (Dakora and Phillips 2002) in roots, which
could alter rhizosphere microhabitats, resulting in changes in
the ecological niches of some special groups. Most strikingly,
the new endophytic bacterial communities from the same plant
species reconstructed in soils showed considerable differences
between two soils, which might be related to the migration of
soil microorganisms (Hao, Ma and Qiao 2015; Schulz-Bohm et al.
2018). In unpolluted soils, the selected and established bacterial
communities preferentially colonized the rhizoplane and then
infiltrated the roots (Edwards et al. 2015; van der Heijden and
Schlaeppi 2015). Once the soil was polluted by the AMD, this
phenomenon changed, and the majority of the bacterial com-
munities showed an increasing trend from the soils across the
rhizosphere and into the endosphere (Fig. 4).

In this study, the changes in bacterial community compo-
sition in different rhizo-compartments may be related to their
specific life-history strategies (Luo et al. 2017). For example, simi-
lar to previous studies on Arabidopsis and rice, the abundance of
Proteobacteria in rhizo-compartments was significantly higher
than that in soils, and the abundance of Acidobacteria signif-
icantly decreased from the soils into the roots (Edwards et al.
2015). This result suggests that the root-associated distribu-
tion pattern of different bacteria at the phylum level might be
similar for most plants in different soil environments (Fig. 3).
However, for bacterial classes, the soil environment might be
an important influencing factor. For example, the abundance
of Betaproteobacteria in the unpolluted soils increased signifi-
cantly from the soil across the rhizosphere into the root, but this
change trend only occurred in the class Gammaproteobacteria
in the AMD-polluted soils. In the unpolluted soils, most bacte-
ria were mainly concentrated in the rhizoplane, and the abun-
dance and diversity of bacterial communities within the root
were similar to those in the rhizosphere and soils (Fig. 1). This
was because the root exudate supported the growth of many
bacterial communities, and the generated bacteria recruited by
the root can thrive in the root surroundings and subsequently
colonize the endosphere (Edwards et al. 2015). Once the soils
are polluted, the organic compounds secreted by roots could
protect the bacterial communities in the rhizosphere and rhi-
zoplane from the AMD pollution (Wang et al. 2018), but the
high concentration of heavy metals in roots also inhibited the
survival of most bacteria (Xu et al. 2019). In the environment
with high nutrient availability, r-strategists in the Proteobacte-
ria phylum (mainly the classes Alphaproteobacteria, Betapro-
teobacteria, and Gammaproteobacteria) had great advantages in
the competition for root nutrients (Nemergut et al. 2010). How-
ever, the class Gammaproteobacteria, which had a universal tol-
erance to heavy metals (Ivanova et al. 2002; Feris et al. 2009),
showed good competitiveness once their survival was under the
pressure of heavy metals. These results showed that the colo-
nization of bacteria in roots is not a random process, and plants
can select specific or certain bacteria that are suitable for root-
associated niches.

The changes in the root-associated bacterial communities
caused by soil AMD pollution were also shown at the genus
level in different compartments. The genera Enterobacter, Kleb-
siella, Pantoea, Serratia and Escherichia were widespread in unpol-
luted soils and plant roots (Fig. 4), but they also became the
dominant groups of the AMD-polluted rhizo-compartments.
The existence of these unique endophytic bacteria in the dif-
ferent rhizo-compartments might be related to some of their
own plant growth-promoting traits, such as nitrogen fixation
(Banik, Mukhopadhaya and Dangar 2016), dissolved P (Chen et al.
2014; Ibort et al. 2018) and IAA production (Carlos et al. 2016;

Yu et al. 2018). However, in soils that are polluted by AMD for
a long time, the presence of these bacteria in plants is likely
due to their heavy-metal tolerance (Subrahmanyam et al. 2018;
Moretto et al. 2019; Shahid et al. 2019). In the soils polluted by
AMD, most acidophilic bacteria with unique functions became
the main taxa in plant rhizo-compartments. For example, the
genera Acidibacter (Falagán and Johnson 2014), Bryobacter (Hao
et al. 2018), Burkholderia (Gao et al. 2019; Huang et al. 2019;
Khanna et al. 2019; Lu et al. 2019), Acidiphilium (Sun et al. 2016;
Gao et al. 2019), Thiomonas (Valentı́n-Vargas et al. 2018) and Met-
allibacterium (Brantner and Senko 2014; Sun et al. 2016) had spe-
cial heavy metal-reducing capacity. Among them, the genus
Burkholderia carrying plant growth-promoting traits contributed
to plant growth and inhibited the effects of plant pathogens
(Mittal et al. 2019). In parallel, several PGPBs with high abundance
in the unpolluted soils, such as Exiguobacterium (Chauhan et al.
2015), Aeromonas (Vaikuntapu et al. 2014), Acinetobacter (Syed-Ab-
Rahman et al. 2018) and Pseudomonas (Ul Hassan and Bano 2019),
were restricted in the root zone that was polluted by the AMD
due to the harsh environment.

In this study, a linear model analysis was applied to deter-
mine some bacterial taxa whose abundance in the endosphere
and rhizosphere was significantly higher than that in soils
(Fig. 5). These niche-specific bacterial taxa were the determining
indicator of OTUs in each rhizo-compartment. Both in unpol-
luted and AMD-polluted soils, the bacterial taxonomic com-
position of the three subcommunities was consistently signif-
icantly different, and these differences were evident in spe-
cific phyla and their families, which is the cause of the pro-
teobacterial differentiation in the rhizosphere and endosphere.
In addition, this study found that the Comamonadaceae and
Rhodocyclaceae belonging to the class Betaproteobacteria and
the Enterobacteriaceae belonging to the class Gammaproteobac-
teria were dominant in the endosphere communities of the
unpolluted and AMD-polluted groups, respectively, which indi-
cated that they were a better indicator of pollution. Comamon-
adaceae and Rhodocyclaceae were significantly enriched in the
endosphere of plants growing in unpolluted soil, which might
have an impact on the growth and survival of the host plants
and bacteria–bacteria interactions. Rhodocyclaceae is a com-
mon family of endophytic bacteria. The Comamonadaceae in
roots are closely related to nitrogen uptake in plants (Pagé et al.
2019) and usually possess plant growth-promoting traits (Cope-
Selby et al. 2017; Chen et al. 2018) and inhibit plant pathogens
(Cretoiu et al. 2013; Cretoiu et al. 2014; Li et al. 2015). The Enter-
obacteriaceae is also known to be equipped with PGPBs (Chen
et al. 2018), and its divergent nitrogen fixation paralogs play a
role in different ecological contexts (Sharaf et al. 2019). In addi-
tion, the survival of those bacteria assigned to the family Enter-
obacteriaceae in the roots of plants growing in AMD-polluted
soils might be related to their heavy-metal tolerance and heavy
metal-reducing capacity (Chaturvedi and Pandey 2014).

PICRUSt results showed that some KOs related to infec-
tious diseases, immune system and metabolic diseases, etc. are
enriched from the soils into the roots in unpolluted soils, and
several bacteria are also involved in nutrient metabolism and
energy metabolism in rhizo-compartments (Fig. S2). This sug-
gests that bacterial communities in roots are closely related to
plant immunity and plant growth (Berendsen et al. 2018; Singer
et al. 2019). Once the soil is polluted by AMD, the KOs involved in
the plant immune response remain, most of which are assigned
to membrane transport, unclassified metabolism and unclassi-
fied cellular processes and signaling processes. The abundance
of KOs assigned to membrane transport such as transporters,
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ABC transporters and the phosphotransferase system showed a
significant increase from the soil to endosphere, indicating that
endosphere bacteria in AMD-pollution have a strong ability to
absorb and/or accumulate heavy metals (Rincón-Molina et al.
2019). It also provides indirect evidence that plants can improve
their resistance to harsh environments by changing the migra-
tion of functional bacteria.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSLE online.
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