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Abstract

Screening for tolerant and high biomass producing plants is important for phytoextraction efforts in remediating agricultural soils
contaminated by heavy metals. We carried out a greenhouse experiment involving a soil cadmium (Cd) concentration gradient
(0.1,0.5, 1,2, 4, and 8 mgkg ") to assess growth and phytoextraction capacity of king grass (Pennisetum sinese Roxb.) in soils
contaminated by Cd and to explore changes in diversity and structure of rhizosphere soil bacterial communities in response to
long-term Cd pollution. A significant positive relationship was observed between Cd concentrations in P. sinese stems, leaves,
and roots and soil Cd concentration. The highest Cd concentrations in shoots and roots were 28.87 and 34.01 mg kg ', respec-
tively, at 8 mg kg 'of soil Cd supply. Total extraction amounts of Cd in P. sinese were 0.22—1.86 mg plant ' corresponding to
treatment with 0.5-8 mg kg~ Cd. Most of the Cd was stored in shoots, and the largest accumulation was 1.56 mg plant” ' with
54.02 g dry shoot weight. After phytoextraction, changes in rhizobacterial community composition were found with different
levels of Cd application, whereas there were no clear trends in diversity and richness. Results of this study show the feasibility of
P. sinese in accumulating Cd and provide support for its application in remediation of soil moderately contaminated by Cd.
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Introduction

In recent years, soil cadmium (Cd) pollution has become one of
the most noteworthy global environmental issues because of
the high toxicity of the metal and its threats to agricultural
security and human health (Li et al. 2010; Xiao et al. 2013).
In China, a national investigation found that Cd content in soil
in 7.0% of sites sampled exceeded the national safety threshold
and that it ranked first among the eight inorganic pollutants for
exceeding acceptable levels (MEP and MLR 2014). Therefore,
it is of vital importance to remove Cd from contaminated soils.
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Phytoextraction, which uses hyperaccumulators or accumu-
lators to clean up heavy metals, is a promising in situ remedi-
ation technique because of its cost-effective and environmen-
tally friendly characteristics. Efficient transfer of heavy metals
from soil to the plant shoot and high biomass are two crucial
traits in plant species for developing effective phytoextraction
(Garbisu and Alkorta 2001). However, many verified Cd
hyperaccumulators, such as Sedum alfredii (Zhu et al. 2012)
and Arabidopsis halleri (McGrath et al. 2006), have shown
unsatisfactory results owing to their small biomass or slow
growth. Therefore, some studies have concentrated on identi-
fying fast-growing species with higher biomass and strong tol-
erance towards heavy metals (Lu et al. 2014a; Sun et al. 2009).

King grass (Pennisetum sinese), a perennial hybrid giant
Napier grass species used as a bioenergy source, has adequate
yield with well-developed roots and strong tillering ability (Lu
et al. 2014b). P. sinese was selected for this study because its
biomass is harvested every year. In addition, it displays a num-
ber of characteristics suitable for phytoextraction of Cd from
heavy metal-polluted soils. For instance, Zhang et al. (2014)
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reported that leaves of P. sinese had no visual toxicity symp-
toms and that the species could remove 0.94-1.31 kg ha ' of
Cd with 28-79 t ha™" of dry biomass under 8-100 mg kg ' of
soil Cd. Moreover, P. sinese was more effective at removing
Cd than Sedum plumbizincicola or Chrysopogon zizanioides
(Cui et al. 2016). However, such studies have been conducted
usually under conditions where Cd pollution was caused by the
new introduction of exogenous substances or soil amendments
applied to soil. Phytotoxicity of metals in these studies may be
different from that of metals occurring in the natural environ-
ment, and results may overestimate the phytoextraction capac-
ity of P. sinese. Therefore, it is necessary to explore the perfor-
mance of this species under Cd stress levels more similar to
those found in nature.

Up to now, the ultimate purpose of the phytoextraction pro-
cess has been to restore soil capacity by removing pollutants
(Epelde et al. 2008; Jusselme et al. 2013). The recovery state of
soil health derived from phytoextraction should be close to the
conditions of a target soil (i.e., similar unpolluted soil populated
by the plant). Therefore, appropriate indicators are required to
evaluate the soil environment and its quality and the success of
the phytoextraction process. Soil microorganisms are good can-
didates in this regard as they show higher sensitivity to heavy
metals than soil animals or plants under the same stress (Epelde
et al. 2009). Furthermore, the structure and diversity of the
microbial community are good indicators of the effects of
heavy metal stress on soil ecology (Zhang et al. 2016). Our
previous study found that ammonium chloride (NH4Cl) en-
hanced bacterial and actinomycete activities after P. sinese
phytoextraction in soil contaminated by Cd, Pb, and Zn
(Chen et al. 2017). However, an in-depth understanding of the
influence of Cd stress on the soil bacterial community follow-
ing phytoextraction is lacking. High-throughput sequencing of
16S rRNA, such as 454 pyrosequencing and MiSeq sequenc-
ing, is an optimal tool for studying soil microbial communities
and small changes in diversity (Deng et al. 2015; Li et al. 2014).

We aimed to study the growth of P. sinese under different
levels of Cd pollution and its tolerance and accumulation of
the metal and to explore the response of the rhizosphere bac-
terial community to Cd toxicity. We hypothesized that (1)
elevated Cd would reduce shoot biomass but increase Cd con-
centration in P. sinese, (2) the efficiency of P. sinese for
extracting Cd would differ between Cd treatments, and (3)
Cd exposure would reduce the diversity of soil microbial or-
ganisms and change microbial community structure.

Materials and methods
Site description and soil characterization

A greenhouse experiment was conducted at Fujian
Agricultural and Forestry University (FAFU, 119° 13’ 56" E,
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26° 06’ 20" N), Fujian Province, China. The experiment used
topsoil (020 cm) collected from Minhou County in Fuzhou.
After air-drying, the soil was pulverized with a hammer and
sieved (<2 mm) before storage. Its texture was loamy clay,
consisting of 43.35% clay, 31.49% silt, and 25.15% sand.
Other selected parameters were soil pH level of 4.81, organic
matter concentration of 19.52 g kg ™', cation-exchange capac-
ity of 12.13 cmol kg, free iron oxide concentration of
10.09 g kg !, and total Cd concentration of 0.10 mg kg .

Experiment designs

Plastic basins (upper diameter =265 mm, lower diameter =
200 mm, height =240 mm), filled with 7 kg of air-dried soil,
were used as potting containers. The soil was first spread on a
plastic tray, and then aqueous solution of Cd** was sprayed to
the soil layer with repeated mixing using a stainless steel shov-
el. The spiked soils were mixed again for another 5—10 min
using an electric agitator and sieved again through a 2-mm
mesh to ensure homogeneity. Treated soils were packed again
into the containers. Six levels of Cd (0, 0.5,1, 2, 4, and
8 mg kg ') were added to the soil using a solution containing
cadmium acetate. A similar method was reported by Wu et al.
(2010). Each treatment consisted of three replicates (V= 18).
Those treated soils were placed and stabilized for 4-year dura-
tion of the experiment. We selected uniform and healthy inter-
modal cuttings of P. sinese, which were transplanted two cut-
tings per pot. Fertilizer was applied at an amount equivalent to
0.2 g N kg soil, containing N:P,05:K,0 =2:1:1.5. Moisture
content of soils was maintained at 70-85% by watering every
day. The pots were placed randomly in the greenhouse and
kept free of weeds and pests throughout the experimental pe-
riod. The experiment with the cultivation of P. sinese, starting
on April 18, 2015, involved a total growth period of 102 days.

Physicochemical analysis of plant tissue and soil

When P. sinese leaves began to turn yellow at maturity, the
whole plants were dug up and divided into leaves, stems
(culms), and roots (including rhizomes). All plant samples
were washed thoroughly with deionized water and then
oven-dried at 75 °C to constant weight. Dry plant samples
were weighed for biomass determination, ground, and stored
in plastic bags for chemical analysis. Ground plant parts were
digested with a concentrated acid mixture of HNO5:HCIO4
(4:1, V/V) for tissue Cd determination.

After gathering plant samples, soil samples of each pot were
collected, air-dried, and ground for analysis. Basic physico-
chemical properties were measured according to Jackson
(1985). Soil pH level was measured by a pH meter
(SevenCompact™ S210, Mettler-Toledo AG, Analytical CH-
8603, Schwerzenbach, Switzerland) in a suspension of
decarbonated distilled water with soil:water ratio of 1:2.5 (W/
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V). Soil available Cd was extracted using diethylene triamine
pentaacetic acid (DTPA) with soil:liquid ratio of 1:5 (W/V).

Cd concentrations of the plant and soil extracts were deter-
mined by inductively coupled plasma mass spectrometry
(ICP-MS, NexION 300, PerkinElmer, San Jose, CA, USA).
A certified plant reference material (GBW10020, National
Research Center for Certified Reference Materials, China)
and a soil reference material (GBW07415a) were included
in plant and soil sample analysis, respectively. In addition,
both analytical contained blanks in digestion batches to ensure
accuracy of analytical data.

Soil microbial analysis

Rhizosphere soil samples, tightly attached to roots, were col-
lected as described by Baudoin et al. (2003). They were then
freeze-dried and sealed in plastic bags at — 80 °C until analy-
sis. Organic carbon (Corg), total nitrogen (Nt), total sulfur
(St), and carbon/nitrogen ratio (C/N) of soil samples were
analyzed with a CNS analyzer (Elementar Vario MAX cube,
Elementar, Germany). Soil DNA was extracted from 0.25 g of
fresh rhizosphere soil with MO BIO PowerSoil® DNA
Isolation kit (MO BIO Laboratories, Carlsbad, CA, USA)
and 16S rRNA was amplified in a polymerase chain reaction
(PCR). PCR amplification was carried out in 2 x 25 pl reac-
tion mixtures containing 1 pl of 909R, 2.5 ul of 1x PCR
buffer, 2 pl of ANTP, 2 pl of MgCl,, 0.17 ul of Tag polymer-
ase, 15.33 ul of sterilized water, 1 pl of 515, and 1 ul of DNA.
The PCR cycle was run as an initial denaturation of 3 min at
94 °C, 30 cycles of 40 s at 94 °C, 60 s at 56 °C, 60 s at 72 °C,
and a final elongation of 10 min at 72 °C. After PCR ampli-
fication with 25 ul of reaction mixture and electrophoresis
with 1.0% agarose gel, the targeted gene fragment band was
separated and purified using the SanPrep DNA Gel Extraction
Kit (Sangon Biotech, Shanghai, China). The concentration
and quality of DNA were detected by using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific Inc.,
Shanghai, China) to observe the ratio of A260/A280.
Extracted DNA was diluted to 10 ng ul™" and stored at —
40 °C for downstream use. All samples were pooled together
in a single tube with an equal molar amount from each sample.
The mixture was then sent to a specialized agency for testing.

Universal primers used to span the V4 region of the 16S
rRNA genes in PCR were 515F (5'-GTGC
CAGCMGCCGCGGTAA-3") and 909R (5'-CCCC
GYCAATTCMTTTRAGT-3") (Caporaso et al. 2012, 2011).
Bacterial 16S rRNA genes were sequenced on an I[llumina
Miseq sequencer and data were assembled with QIIME
Pipeline (version 1.7.0 (http://qiime.org/)). Read lengths of
> 150 bp and average base quality scores of >30 were
considered high-quality sequences for downstream analysis.
Operational taxonomic units (OTUs) were classified at a 97%

identity threshold. Sequence depth was randomly resampled
to 9566 reads.

Statistical analysis

Translocation factor (TF), bioconcentration factor (BCF), and
Cd extraction amounts were used to evaluate efficiency of
phytoextraction (Wu et al. 2010). Data were presented as mean
values of three repeat samples and were analyzed using one-way
ANOVA with IBM SPSS Statistics 19. Tukey’s test was used for
multiple means comparison at the 5% significance level.

For pyrosequencing-derived data, x-diversity of the bacte-
rial community (Chaol species richness and Simpson’s and
Shannon’s diversity indices) was generated from the number
of OTUs. Correlations between microbial diversity and soil
properties were tested using Pearson’s correlation coefficient.
Principal coordinate analysis (PCoA) based on UniFrac dis-
tance matrices was carried out to observe community relation-
ships. The relationship between bacterial community compo-
sition and soil characteristics was analyzed with redundancy
analysis (RDA) in Canoco for Windows 4.5.

Results
Plant growth in response to Cd stress

Dry weights of leaves, stems, and roots in the control (CK)
were 48.50, 40.39, and 11.59 g plant ', respectively (Fig. 1).
Cd application significantly decreased dry weights of leaves
and stems compared to the control (P < 0.05), but there were
no statistically significant differences between Cd treatment
levels (P> 0.05) in root dry weight. This result was confirmed
by linear regression analysis between dry weights of roots,
stems, or leaves of P. sinese and total or DTPA-extractable
Cd concentration in soil (Fig. 2). The highest concentration
(8 mg kg ") only led to reductions in dry weights by 32.5,
47.3, and 29.6% in leaves, stems, and roots, respectively. This
result suggests that P. sinese has a high tolerance for Cd. In all
Cd treatment levels, biomass allocation to leaves was highest
and to roots was lowest (with intermediate allocation to
stems). The shoot:root ratio (S/R) was greater than one, show-
ing that biomass was mainly allocated to P. sinese shoots, and
ranged from 86 to 89%.

Cd concentration in different parts of P. sinese

Roots generally exhibited the highest Cd concentration, follow-
ed by stems and leaves; however, Cd concentration in stems
was higher than that in roots at the highest Cd application rate
of 8 mg kg ' (Fig. 3). Cd concentrations in different parts of P.
sinese (roots, stems, and leaves) increased with increasing soil
Cd levels (P<0.05). A significant positive linear correlation
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was found between Cd concentrations in plant tissues and total
or DTPA-extractable Cd concentrations in soils (Fig. 4). When
the soil Cd concentration reached 8 mg kgﬁl, root, stem, and
leaf concentrations of Cd reached 34.01, 39.93, and
21.70 mg kg ', respectively, a 29-, 61-, and 53-fold increase
compared to those of the control. In addition, Cd concentrations
in shoots and roots ranged from 0.51 to 28.87 and 1.12 to
34.01 mg kg ', respectively (Table 1). Mean Cd concentration
in roots was higher than that in shoots in all treatments.

Cd extraction efficiency of P. sinese

The major extraction amount of Cd was stored in stems,
followed by in leaves, whereas only minor amounts accumu-
lated in roots (Fig. 5). In the control treatment, Cd extraction
amounts in shoots and roots were 0.05 and 0.01 mg plant ',
respectively. The Cd extraction amount in shoots contributed
over 83% to the total Cd extraction amount. Compared to the
control, total extraction amounts increased with increasing Cd
concentration in the soil, from 0.22 mg Cd per plant in the
Cdo0.5 treatment to 1.86 mg Cd per plant in the Cd8 treatment.
In addition, in all Cd treatments, Cd extraction amount in
shoots was higher than that in roots, thus TF, > 1. On the other
hand, when Cd concentration treated in the soil increased from
0 to 8 mg kg ', TF¢ increased from 0.48 to 0.86 while the
BCF of the shoots decreased from 5.06 to 3.56 (Table 1).
These results indicate appreciable efficiency in translocation
of Cd from roots to aboveground parts in P. sinese.

Diversity in the rhizosphere bacterial community
In microbial analysis of the 18 soil samples across the Cd

gradient after plant harvesting, diversity indices were calcu-
lated based on 16S rRNA sequences with 87.1-88.9%
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coverage. Compared to the control treatment, the observed
species, Chaol richness estimator, Shannon index, and
Simpson index at a cutoff of 3% varied insignificantly in the
Cd treatments (P> 0.05), although it was apparent that OTUs
and Chaol in the spiked treatments were generally lower
(Table 2). In addition, no significant relationship could be
observed between diversity indices and soil Cd
concentrations.

PCoA found significant variation in community distribu-
tional (3-diversity) of bacterial assemblages (Fig. 6). UniFrac
values showed some similarities in the bacterial communities
between different sampling groups. However, PerMANOVA
based on the unweighted UniFrac metric showed that the dif-
ferences in bacterial community structure between Cd gradi-
ents were significant (P < 0.05). It suggested an obvious sep-
aration of the bacterial communities along the Cd gradient,
although some samples could not be separated distinctly.

Overall changes in bacterial community structure

Of the classifiable sequences, 29 bacterial phyla and 2
Archaea phyla were identified from the rhizosphere soil sam-
ples. In all samples, the Chloroflexi (24.14-35.02%),
Actinobacteria (11.50-18.59%), Proteobacteria (13.94—
19.89%), Acidobacteria (9.21-16.12%), Cyanobacteria
(4.51-20.08%), Firmicutes (0.90-2.22%), Planctomycetes
(1.70-9.80%), and Gemmatimonadetes (1.15-1.86%) were
the most abundantly represented bacterial phyla, in total
89.1-92.2% of the bacterial community in samples. The other
bacterial phyla were less abundant.

RDA was used to identify soil variables with the largest
effect on the bacterial community structure (Fig. 7). The first
ordination axis was strongly correlated with soil total Cd,
DTPA-Cd, and Corg and explained 35.0% of the total
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variability. The second ordination axis was unrestricted
(11.5% of contribution rate) and mainly associated with pH
and St. According to results of the Monte Carlo permutation
test, soil total Cd (P =0.024) and Corg (P =0.032) were the
major factors explaining the variations in the overall structure
in the study. For example, soil Cd and Corg had a significantly
positive effect on the relative abundances of the
Cyanobacteria, Bacteroidetes, Verrucomicrobia, and NC10
species, while Actinobacteria, Firmicutes, FBP, and
Chloroflexi had the opposite relationship to soil Cd. The
Acidobacteria, Actinobacteria, and Firmicutes had large

DTPA-extractable Cd in soil (mg kg™)

loadings, although not statistically significant, on axis 2 relat-
ed to pH and St.
Discussion

Response of the growth and Cd uptake of P. sinese
to Cd stress

Previous studies have suggested that normal Cd concentra-
tions in plants often range from 0.05 to 0.2 mg kg ', and tissue
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Cd concentrations of 3—10 mg kg™ ' dry weight can cause
plants to suffer toxic effects (Shi and Cai 2009; Solis-
Dominguez et al. 2007). In the current study, P. sinese had
toxic concentrations of Cd in shoots (0.51-28.87 mg kg ")
and roots (1.12-34.01 mg kg "). Nonetheless, P. sinese dem-
onstrated high tolerance of Cd, with only a reduction in bio-
mass and no obvious toxic symptoms such as leaf chlorosis.
Cd applications under 2 mg kg ' did not cause significant
reductions in leaf and stem dry weights of P. sinese, and root
dry weight was not significantly affected by tested Cd con-
tamination levels. This result is in contrast to observation in its
parent plant Napier grass (P. purpureum); Cd stimulated the
growth of P. purpureum at concentration below 8 mg Cd kg™’
soil (Zhang et al. 2010b). This could be explained by the
differences in toxicity between newly spiked and aging Cd-
contaminated soils and the restriction of growing space.

P. sinese took up Cd from contaminated soil and accumu-
lated it in its tissues. In this study, Cd concentrations in stems,
leaves, or roots increased linearly with increasing soil Cd con-
centrations. This indicated that Cd uptake of P. sinese was
affected by soil total Cd and available Cd concentrations. In
the case of soil available Cd extracted by DTPA (0.11—
2.06 mg kg '), DTPA-extractable Cd concentration increased
with increasing total Cd concentration. This is partly due to
acidity of the soil and the high mobility of Cd. Application of
fertilizer and acidification of root exudates during the growth
period decreased soil pH level by at least 0.66. Cd concentra-
tions in P. sinese increased with increasing Cd concentrations
in soil, in agreement with results of Lombi et al. (2000).

Cd phytoextraction potential of P. sinese

When assessing the potential of a metal accumulator to
remove heavy metals, a BCF greater than 1 is more
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important than shoot concentration of the metal (Zhao et
al. 2003). In P. sinese, Cd concentration in shoot was far
below the criterion for Cd hyperaccumulator (>
100 mg kg™ '), which might be restricted by the relatively
low contaminated levels. Meanwhile, the minimum value
for BCF was 3.05, confirming that P. sinese was a Cd
accumulator species, rather than a Cd excluder species.
Yoon et al. (2006) reported Macleaya cordata could be
used as a phytoremediation plant for BCFs in all Cd treat-
ments which were above 1. However, BCF significantly
decreased with increasing total Cd in soil. BCF of some
Cd hyperaccumulator, such as A. halleri (Zhao et al.
2006) and Thlaspi praecox (Vogel-Mikus et al. 2005),
also showed this change.

In addition, higher biomass production can make up
for the relatively weak capacity of plants to absorb heavy
metals (Rosselli et al. 2003). Perennial energy crops not
only can be harvested every year for high yield but also
can be used to promote continuous and gradual purifica-
tion of soils (Kocon and Jurga 2017). P. sinese was se-
lected for this study because of its high annual biomass
yield. In most cases of phytoextraction, shoots are the
generally harvestable parts, leaving roots to rot in the
soil. Similarly, the shoot is the main component of P.
sinese. In P. sinese, biomass is allocated predominantly
to shoots and suppression of shoot growth will decrease
total biomass. Our findings are similar to the results for a
perennial weed Phytolacca americana L. (Liu et al.
2010). In our study, dry weight and Cd extraction amount
in shoots reached 54.02 g plant™' and 1.56 mg plant™',
respectively, at 8 mg kg™ ' soil Cd. This Cd extraction
amount was higher than amounts observed for some Cd
hyperaccumulators. For example, T. caerulescens accu-
mulated 1.48 mg Cd per plant at 100 mg kgf1 soil Cd
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(Epelde et al. 2008). The highest Cd extraction amount in
the shoots of Malva sinensis Cavan. was 0.47 mg per
plant when soil Cd reached 125 mg kg™ ' (Zhang et al.
2010a). The increase in extraction amount with increas-
ing soil Cd concentration in this study could be explained
by high biomass production as well as strong Cd mobil-
ity. Our results agree with those of Ma et al. (2016),
which found that most of the heavy metal was stored in
the stem of Napier grass due to its high biomass. Our
results also imply that P. sinese is an interesting candi-
date for phytoextraction application in Cd-contaminated
agricultural soils.

DTPA-extractable Cd in soil (mg kg™)

Responses of soil bacteria to Cd pollution

The diversity of bacteria in soil is enormous, and soil bacterial
communities can vary greatly in structure. For instance, Sun et
al. (2012) reported that heavy metals deposited in estuarine
sediments caused strong changes in bacterial community
composition and diversity. Khan et al. (2010) found that soil
microbial activities were inhibited and that microbial commu-
nity structure changed in Cd/Pb-amended soils. In the present
study, contaminated and uncontaminated (control) soils had
very similar values for soil bacterial diversity at the end of
the experiment and, therefore, it may be concluded that
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Table 1 Bioconcentration (BCF)

and translocation factors (TF) of Treatments Shoot* (mg kg™") Root (mg kg ™) TF" (root-shoot) BCF*

cadmium (Cd) in Pennisetum

sinese under different Cd CK 0.51+0.10d 1.12£027d 0.48+0.20¢ 5.06+1.00a

treatments Cdo.5 2.21+0.90d 3.00+0.66d 0.72+0.15ab 3.69 +1.50ab
Cd1 3.36+0.39d 6.27 +1.28¢cd 0.54+0.10bc 3.05+0.36b
Cd2 7.23+1.33¢ 11.49+1.19¢ 0.63+0.07bc 3.44+0.63b
Cd4 14.45+2.15b 20.94+2.28b 0.70+0.13abc 3.53+0.80b
Cd8 28.87+2.79a 34,01 £2.15a 0.86+0.08a 3.56 +0.34b

Values in the same column followed by the same letters are not significantly different, whereas by the different
letters are significantly different at P < 0.05. Data are mean + SD (n=3)

2Shoot = (Cgem X Mytem + Ciear X Micat) Mgnoo, Where C is the Cd concentration and M is the biomass

® The transfer factor (TF¢) = Cd concentration in shoot Cd concentration in root

¢ BCF is defined as the ratio of Cd concentration in shoots to Cd concentration in soil

although Cd pollution changed soil bacterial communities
with obvious changes in bacterial relative abundance, bacteri-
al diversity was not significantly altered after phytoextraction.
Moreover, the structure of soil bacterial communities
depended to the largest extent on soil total Cd. Cd pollu-
tion selectively affected the prevalence of several dominant
bacterial groups, with the abundance of some phyla, such
as the Acidobacteria and Proteobacteria, changing very
little, while other phyla, such as the Actinobacteria,
Planctomycetes, TM7, WPS-2, and Armatimonadetes,
changing significantly across the Cd gradient. This sug-
gests that all the bacterial phyla studied were affected by
Cd pollution in some way. Desai et al. (2009) observed a
distinct bacterial community shift from the Proteobacteria
to the Firmicutes in soils polluted long term with chromi-
um. The structure of soil bacterial communities also de-
pends on organic carbon content; past research has sug-
gested that it changed greatly due to C mineralization
(Fierer et al. 2007).

Other studies have also found, via high-throughput se-
quencing, that long-term nickel (Li et al. 2015) and cop-
per exposure (Berg et al. 2012) altered soil bacterial com-
position, but not its diversity. Two explanations may be
given. Firstly, plants can secrete a variety of organic com-
pounds, such as organic acids, into soil during the course
of phytoextraction. Heavy metal ions can combine with
these organic acids to form a metal ion-organic acid com-
plex, reducing the toxicity of the metal ion to rhizosphere
bacterial populations (ODonnell et al. 2001). Secondly,
soil aging and leaching reduce bioavailability and toxicity
of heavy metals (Guo et al. 2010; Singh et al. 2014). After
4 years with aging, available Cd concentrations in the
present study were even lower than the maximum allowed
Cd concentration according to the second standard of en-
vironmental quality for soils in China (soil pH < 6.5, total
soil Cd <0.3 mg kg '); therefore, metal toxicity was low
enough that it did not significantly change bacterial diver-
sity and richness.
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Table 2 Indices for rhizobacterial
diversity and richness at harvest
under different cadmium (Cd)
treatments

Fig. 6 Principal coordinate
analysis (PCoA) score plot based
on weighted (a) and unweighted
UniFrac metrics (b) from
pyrosequencing data of
rhizosphere soil bacterial
communities under different
cadmium pollution from
pyrosequencing rates

Treatments Observed OTUs Shannon index Simpson Chaol Coverage
CK 2147 +40a 9.54+0.18a 0.995+0.00a 3792+ 107a 0.871
Cdo.5 1939+98a 9.10+0.34a 0.986+0.01a 3332+384a 0.889
Cdl 2043+ 114a 9.36+0.29a 0.994 +0.00a 3783 +55a 0.877
Cd2 2065 +234a 9.29 £0.60a 0.991+£0.01a 3670+323a 0.877
Cd4 2096+31a 9.55+0.18a 0.996 +£0.00a 3503+173a 0.883
Cd8 1897 +348a 8.56+1.50a 0.969 +0.04a 3426+485a 0.887

Values followed with different letters are significantly different (P <0.05) according to Tukey’s test among
treatments. Mean values = SD (n = 3)
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Fig. 7 Redundancy analysis of rhizosphere soil microbial community
composition. Environmental factors include soil total cadmium (Cd),
available Cd (DTPA-Cd), soil pH, and organic carbon (Corg), total
nitrogen (Nt), and total sulfur (St) content, and carbon/nitrogen ratio (C/
N). The ordination diagram shows only those species that can be
explained by restricted axis 1

Conclusions

P. sinese, a source of bioenergy with high biomass production,
is a species that can be grown on moderately Cd-contaminated
soils. Under experimental conditions, Cd concentrations in
different parts of P. sinese (roots, stems, and leaves) depended
greatly on soil Cd concentrations. Accumulation of Cd was
observed mainly in shoots due to their high biomass. This
study also showed that, as a result of phytoextraction, long-
term Cd exposure had few impacts on rhizosphere soil bacte-
rial diversity and richness, but bacterial community composi-
tion changed during soil remediation. In conclusion, P. sinese
will be useful for restoring Cd-contaminated sites. Therefore,
future studies are needed to explore the nature and enhance-
ment of phytoextraction by this species.
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